
Citation: Kastner, M.; Saporiti, N.;

Lange, A.-K.; Rossi, T. Insights into

How to Enhance Container Terminal

Operations with Digital Twins.

Computers 2024, 13, 138. https://

doi.org/10.3390/computers13060138

Academic Editors: Markus Rabe,

Jesús González-Feliu, Anne Antonia

Scheidler, Marc Stautner and Simon J.

E. Taylor

Received: 9 April 2024

Revised: 23 May 2024

Accepted: 26 May 2024

Published: 30 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

computers

Article

Insights into How to Enhance Container Terminal Operations
with Digital Twins
Marvin Kastner 1,*,† , Nicolò Saporiti 2,*,† , Ann-Kathrin Lange 1,† and Tommaso Rossi 2

1 Institute of Maritime Logistics, Hamburg University of Technology, 21071 Hamburg, Germany
2 School of Industrial Engineering, Università Carlo Cattaneo—LIUC, 21053 Castellanza, Italy
* Correspondence: marvin.kastner@tuhh.de (M.K.); nsaporiti@liuc.it (N.S.)
† These authors contributed equally to this work.

Abstract: The years 2021 and 2022 showed that maritime logistics are prone to interruptions. Ports
especially turned out to be bottlenecks with long queues of waiting vessels. This leads to the question
of whether this can be (at least partly) mitigated by means of better and more flexible terminal
operations. Digital Twins have been in use in production and logistics to increase flexibility in
operations and to support operational decision-making based on real-time information. However, the
true potential of Digital Twins to enhance terminal operations still needs to be further investigated. A
Delphi study is conducted to explore the operational pain points, the best practices to counter them,
and how these best practices can be supported by Digital Twins. A questionnaire with 16 propositions
is developed, and a panel of 17 experts is asked for their degrees of confirmation for each. The results
indicate that today’s terminal operations are far from ideal, and leave space for optimisation. The
experts see great potential in analysing the past working shift data to identify the reasons for poor
terminal performance. Moreover, they agree on the proposed best practices and support the use of
emulation for detailed ad hoc simulation studies to improve operational decision-making.

Keywords: container terminal; digital twin; simulation; terminal operations; Delphi study

1. Introduction

The years 2021 and 2022 showed that maritime logistics is prone to interruptions, such
as COVID-19 or the war in Ukraine, throttling international supply chains and negatively
affecting the world economy [1,2]. For a better understanding, it is worth looking at how
the maritime supply chains are structured. A large number of supply chain partners are
involved in door-to-door transport. They organise and execute transport, transship goods
between vehicles, intermediately store goods, and fulfil the related contractual and legal
obligations [3]. By definition, shipping companies and seaport terminals are part of the
maritime supply chain. Typically, additional parties such as customs, freight forwarders,
railway companies, intermodal terminals in the hinterland, and others are involved as
well. At each of the partners, a huge volume of operational data are digested in day-to-day
business. Among other things, the current states of involved assets are monitored (e.g.,
tracking the position of vehicles and cargoes), information is received from the supply
chain partners (e.g., an updated estimated time of arrival for a vessel), and information is
shared with supply chain partners (e.g., stating that a container is not accepted for further
transportation because it is damaged). In other terms, the operations of several companies
and other parties along the maritime supply chain are deeply integrated, both physically
and information-wise.

A digitalised information exchange between the parties involved achieves short reac-
tion times at low costs. The integration of IT systems between supply chain partners has
steadily improved over recent years, but the degree of digitalisation still varies. This can be
partly attributed to the size of the companies and the fields of activity [3,4]. Moreover, in-
corporating continuously updated information and the related uncertainty into operational
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planning still constitutes a remarkable challenge [5–7]. Extended data collection through
Internet of Things (IoT) techniques bears the potential to improve operational efficiency in
ports but, as of today, ports fall behind other industries, and further research is needed [8].
Enabling supply chain partners to act effectively and efficiently, both in terms of costs
and time at short notice, is a key component in overcoming the above-stated challenges in
maritime logistics today. This requires further support through technological innovation.

In 2021 and 2022, the maritime supply chain struggled because of irregular vessel
schedules and a greater-than-usual variation in transported volumes. the Container Termi-
nals (CTs) in seaports especially struggled to cope with that, leading to peaks in terminal
operations and high yard utilisation [1,2]. While shipping companies could re-scale the
deployed fleets and decide to adjust the vessel schedules, the CTs were restricted by the
existing infra- and superstructure. Terminal infrastructure can only be extended at major
cost in collaboration and coordination with its stakeholders [9]. Thus, in the short term, it
is more promising to better utilise available assets in terminal operations.

2. State of the Art

One promising technological approach to improve terminal operations are Digital
Twins (DTs). A DT can be considered as a virtual replica of a physical environment [10].
The bi-directional transfer of information between the virtual model and the physical world
is crucial [11]. This can be realised by forwarding sensor data in real-time to the virtual twin
that is implemented as a simulation model [12]. Thus, the virtual replica of a CT contains
the latest information available. In the scope of this publication, the term DT covers those
cases when the data exchange is automated; this includes cases when the decision-making
process is only partially automated and a human decision maker is involved. The kind
of information forwarded from the virtual twin to the physical world depends on the
particular use case, of which some are subsequently presented.

Szpytko and Duarte [13,14] propose using DTs to choose the right time for a crane
maintenance task, taking both the crane operations in the terminal environment as well as
the crane maintenance scheduling into account. They assess the level of risk of inefficient
crane operations with the help of a Monte Carlo Markov Chain model optimised by
Particle Swarm Optimisation. Jakovlev et al. [15] claim that real-time sensor data will
reduce uncertainty in daily operations in the future, e.g., by feeding large data streams
into methods enriched by Artificial Intelligence and identify highly possible faults. Both
Szpytko and Duarte [13,14] and Jakovlev et al. [15] focus on monitoring specific assets of
the CT and their respective (structural) conditions supporting maintenance.

Another angle is to closely monitor the container handling processes and make op-
erational decisions smarter. Li et al. [16] suggest that DTs are a suitable tool to optimise
operations at an automated CT in real time. They couple a virtual twin with the physical
space and account for uncertain time consumption in operations. They use Machine Learn-
ing to reduce uncertainty and, thus, improve how the physical and virtual systems are kept
synchronized. In their case, the equipment is controlled by an Equipment Control System
(ECS), which is part of the standard IT setup of a CT. It is sometimes also subsumed in the
term Terminal Operating System (TOS) [17]. Yang et al. [18] describe a DT that monitors
terminal operations enabling anomaly detection and operation analysis, all in real time.
Lou et al. [19] develop an ECS for Automated Guided Vehicles (AGVs) and use a DT to
closely monitor the physical system. Based on the more detailed and repeatedly updated
picture, they predict and then pre-emptively resolve routing conflicts and, thus, improve
time efficiency. Gao et al. [20] also work on improving the path-finding of AGVs. They
develop alternative solution methods that draw the required real-time information from a
DT. Reinforcement Learning methods especially need a simulation environment to learn
the relationship between actions and rewards. Zhang et al. [21] use the simulation ability
of a DT to train a scheduling heuristic with Reinforcement Learning. First, the quay cranes
are scheduled, then the AGVs, and lastly the yard cranes.
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Wang et al. [22] look at DTs of terminals from a port perspective and—among other
things—create a list of existing DT-driven applications of smart ports worldwide. They
present a five-step process to implement a DT: (a) data acquisition covering historical
and real-time data on the entity (such as a CT); (b) a geo-referenced model of the entities
of interest; (c) the integration of real-time information into that model, enabling it to
reflect the current situation of the physical system; (d) a platform for simulation, analysis,
and optimisation, enabling the staff to explore potential future scenarios in detail; and
(e) suitable dashboards and maps, which depict the insights created in the previous steps.
Ding et al. [23] integrate their DT into existing IT systems of a CT. The information gathered
at the physical layer passes through the data layer. There, information is stored in the TOS,
ECS, and additional log files. The developed components of the DT import this information
and focus on how to further support and potentially automate the operational decision-
making. Early warnings are issued when the vessel operations seem to lead to a delayed
vessel departure. This is coupled with a feedback mechanism that triggers the re-scheduling
of terminal resources. Potential delays are identified by starting a detailed simulation model
that represents the current state of the terminal based on the data imported from the TOS,
ECS, and log files. An additional drill-down analysis allows the terminal staff to identify
the cause of bottlenecks in terminal operations.

The aforementioned research aims to obtain a more detailed picture on the terminal
assets and their use in operations. The second key element of a DT is its feedback loop to
the physical system, which allows the DT to create a positive impact on terminal operations.
The idea of gathering sensor data, interpreting them, and updating the information in
the TOS has been around for much longer than the concept of DTs in logistics, cf. [24].
Ding et al. [23] mention two more functions of a DT: (a) running ad hoc simulation studies
based on the current state of the CT and available planning information, and (b) executing
drill-down analyses for bottleneck detection. While the ad hoc simulation study explores
the impact of decisions within the upcoming hours of operations for what-if analyses and
is rather a forecasting tool, in a bottleneck analysis, the recent past is explored to find the
root cause of low productivity. Then, the interpretation of the analysis and appropriate
countermeasures are developed by the terminal staff. Both functions of the DT enable the
terminal staff in the operation control room to make smarter operational decisions.

When the virtual model of the DT is decoupled from the physical environment to
run ad hoc simulation studies, the concept of a DT shows strong parallels with emulation,
cf. [25]. In emulation, the actual TOS (and the related IT systems, such as the ECS) forward
their commands to a simulation model instead of the real terminal, which allows for what-if
analyses to be executed without impacting the actual operations [25]. The simulation
model shows a realistic behaviour, and allows the terminal performance and other relevant
indicators to be measured. Emulation is, thus, a broader term, because it also covers
simulation studies during the terminal design phase (i.e., before its construction) to make
informed investment decisions, or during the go-live phase when the IT systems are set
up and the terminal staff is trained on close-to-real examples before terminal operations
commence. Under these circumstances, the virtual system is a test environment for the
expected future scenarios, and is no replica of any existing physical system. As long as the
virtual and physical system are not coupled, this is not a DT as previously defined.

When there is no actual operational data available yet, scenarios need to be synthet-
ically generated on a large scale [26]. During the operational phase of a CT, however,
operational data are used for the ad hoc simulation studies, and the virtual system starts as
a replication of the physical one. At this stage, the DT can be used to improve the container
handling processes by tuning the TOS parameters, or to prepare the shift plans that fulfil
the contractual berthing windows while the planned workforce for that shift is minimised.
This reduces the labour costs when temporary contract workers are billed per shift, e.g.,
when workforce pooling among several terminals is in place. Moreover, proper planning
reduces the risk of overtime for the regular terminal staff. Specific care must be shown in
the cases of dangerous goods and reefer containers [27]. Dangerous goods can pose a threat
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to occupational safety, and it is crucial for the personnel to be informed and well-prepared
when handling containers containing dangerous goods [28]. When dealing with reefer con-
tainers, the personnel of the CT must frequently check that the cold chain is not broken [27].
Thus, when dangerous goods and reefer containers are handled and stored at a terminal,
this affects the expected workload and task composition for shift planning. In addition, the
terminal operators must increasingly comply with high sustainability requirements and
targets. This can be achieved by using Artificial Intelligence methods in particular which,
in turn, require extensive data from stakeholders [29].

In conclusion, there are several approaches as to how DTs can improve CT operations
in seaports (a more extensive literature review can be found at Neugebauer et al. [30]).
These publications show that in CTs, there is already a rich ecosystem of IT tools, typically
integrated in the TOS, that supports terminal operations by, e.g., tracking the containers
and equipment, gathering information on them, and distributing tasks among the shift
team. In previous publications, DTs were used to fulfil quite different functions, making
the reader wonder which solution creates the most benefit for the terminal operator, and in
which circumstances. This served as an inspiration to the authors of this study to reach out
and connect to people who work in the sector and ask for their assessment. The present
study strives to capture the status quo in terminal operations and to gather features of DT
use cases that could improve terminal operations in the future. On a more conceptual level,
the underlying question is: how can DTs help people working in CT operations master
today’s supply chain disturbances better?

3. Materials and Methods

This study’s focus is on a novel and complex IT solution that supports CT operations
in new ways. A Delphi study was used, as it is ideal for developing an exploratory theory
on poorly investigated issues where expert opinions are the sole informational resource
for developing common knowledge and agreement [31,32]. This technique differs from
other group decision-making methods, such as meetings or focus groups, as it guarantees
the anonymity of experts, iterates questions to allow for responses, and prevents opinion
leadership, resulting in individual replies and real expert opinions [33]. As a consequence,
it is regarded as an excellent forecasting tool for generating causal linkages of intricate social
or economic occurrences, and it includes a model structure while maintaining participant
heterogeneity to assure the validity of the results [34]. The Delphi method is a systematic
iterative process for obtaining a consensus (i.e., agreement on a certain issue) from a
heterogeneous panel of experts with different backgrounds by collecting opinions via
questionnaires, combining and statistically condensing these viewpoints, and delivering
regulated feedback on the opinions [35]. The methodological approaches taken to produce
the results of this research are detailed in depth in the following sections, to guarantee
transparency and replicability.

3.1. Panel Identification

The first stage in the Delphi study is to determine the panel of experts who will take
part in the study. Experts must have at least five years of knowledge on the area of inquiry,
as well as the availability and desire to take part in the research [36], while academics
must be well-recognised and referenced, with numerous papers related to the relevant
research field [37]. A heterogeneous panel of experts needs to be assured, so as to nurture
varied perspectives and, thus, avoid biased conclusions that a homogeneous panel might
yield yield [38–40]. As a result, specialists from diverse domains, both academics and
practitioners, should be chosen to increase variety and reflect multiple views.

Another important factor in the Delphi study is the number of experts. Diamond et al. [41]
examined 100 studies and discovered that 40% of them had 11 to 25 participants (which,
consequently, turns out to be the normal number of experts chosen in a Delphi study), and
78% had less than 50 participants. According to Kembro et al. [37], the panel should not
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include more than 30 experts, as big groups tend to provide limited fresh insights and limit
the study’s examination of the insights.

3.2. Panel Selection

Following all these principles, 17 experts in CT-related domains were chosen for this
study: 15 practitioners and 2 academics. To provide diversity to the panel of experts,
experts who work in CT operations, plan new CTs, or develop software and new methods
to support and improve CT operations were selected. The academic panel was chosen
using bibliometric criteria. Well-known and well-cited authors were selected based on
the number of publications and citations in the CT planning and operations literature.
Scopus was the primary database evaluated for this reason. Manager-level people working
in CT operations and related service and software providers were selected to form the
panel of practitioners. The practitioners were found mostly through LinkedIn and personal
networking. The panel is presented in Table 1.

Table 1. List of experts.

Code Region Employer Shortened Curricula Vitae/Research Focus

1
Eastern
Europe

CT
operator

• Started in an IT position of a CT operator.
• Now in a leading position in IT.

2 Northern America
Labour
organisation

• Started as a CT equipment operator.
• Now in a leading position of a labour organisation.

3 Northern America Port
consultant

• Started as a marine engineer in seaport and terminal development.
• Now in a project management position accompanying terminal

modernisation.

4 Northern
Europe

CT
operator

• Started as office staff at a CT operator.
• Now innovating CT operations through start-ups.

5 Northern
Europe

Port
consultant

• Started in a managing IT position in the maritime sector.
• Worked at several CT operators worldwide in IT-related roles.
• Now owner of a port consultancy driving terminal automation.

6 South
America

CT
operator

• Started in a governmental position on coastal engineering and
masterplanning of ports.

• Now in a supportive position covering market intelligence and business
strategy development with deep insights into terminal operations.

7 South
America

CT
operator

• Started in yard planning at a CT operator.
• Now a key user of the terminal’s TOS.

8 Southern Asia CT
operator

• Started as office staff at a CT operator.
• Now in a leading position in terminal operations.

9 Southern Asia TOS provider
• Started in sales and marketing.
• Now in a managing position driving the development of software

solutions supporting port and shipping activities.

10 Southern
Europe Academia

Research topics:

• Container port operations.
• Short sea shipping.
• Dynamic routing.
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Table 1. Cont.

Code Region Employer Shortened Curricula Vitae/Research Focus

11 Southern
Europe

CT
operator

• Started as an IT professional at a CT.
• Now in a leading position of strategic IT development.

12 Western
Asia

CT
operator

• Started as office staff at a CT operator.
• Now in a managing position in terminal operations.

13 Western
Europe Academia

Research topics:

• CT.
• Usage of IoT in operations.
• Scheduling problems in CT.

14 Western
Europe

CT
operator

• Started in an organising position at a CT operator focusing on IT.
• Now in a leading position developing IT strategies for CTs.

15 Western
Europe

Port
consultant

• Started as office staff at a CT operator.
• Moved to several managing positions within and beyond the company.
• Now self-employed in an advisory position.

16 Western
Europe

Port
consultant

• Has worked as a port consultant focusing on port planning and terminal
process analysis throughout their career.

17 Western
Europe TOS provider • Has worked as a port consultant focusing on TOS and simulation

throughout their career.

3.3. Study Design

First, a pilot Delphi study was performed in combination with expert interviews to
create the questionnaire. Thus, it could be cross-checked by experienced academics and
practitioners to confirm the clarity and relevance of the questions [42]. The final version of
the questionnaire consisted of the 16 propositions listed in Table 2. A category and a focus
are assigned to each of the propositions. The following categories are used:

• Status quo:How well are operations at terminals supported by modern TOS solutions?
What does the current situation look like?

• Best practices: What are common opinions of what operations should look like? In the
case of challenges during operations, what are the appropriate countermeasures?

• IT-supported processes: how can modern IT solutions improve terminal operations in
general and operational best practices specifically?

At the same time, each proposition is associated with a temporal focus:

• Previous shifts: the proposition addresses the analysis of terminal operations during
previous shifts, based on recorded information.

• Current shift: the proposition focuses on terminal operations in real-time.
• Next shifts: the proposition describes shift planning, including workload forecasting

for the next few days.
• General: the proposition covers several of the aforementioned time ranges, or does

not have a clear temporal focus.

In the questionnaire, all IT-related propositions were formulated in an implementation-
agnostic manner. This study takes a user-centred perspective: The users at the terminals
are assumed to judge best what kind of work processes they need to achieve better results,
and what kind of IT functionality supports them best in their daily tasks. Whether the
required IT functionality is implemented best by means of a DT or alternative approaches
is a separate discussion. However, the ongoing academic discussion indicates that DTs are
a promising solution (see Section 2).
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Table 2. List of propositions.

No. Category Focus Proposition

P1 Status quo General
Today’s TOS solutions consider the entire picture of terminal operations. This
includes the terminal equipment, as well as the ships, trains, and external trucks
that visit the terminal.

P2 Status quo Current shift
Today’s TOS solutions are excellent in workload balancing—they take both
internal and external vehicles into account. This successfully prevents waiting
queues in front of cranes inside the terminal.

P3 Status quo Current shift
A modern TOS solution requires little to no manual intervention from the
equipment operators or from the operations control room. Nearly all processes
are automated.

P4 Best
practices Current shift

Centralising the control of container handling processes in a TOS solution (and,
thus, limiting the degrees of freedom for the equipment operators) is essential
for higher efficiency.

P5 IT-supported
processes Current shift

A configurable 3-D visualisation of terminal operations in the control room
enables the office staff to make smarter decisions and, thus, adds value to
terminal operations.

P6 Best
practices Previous shifts

When terminal operations do not meet the required performance indicators, it is
crucial to examine the root cause in retrospect and to discuss the insights with
the whole team.

P7 IT-supported
processes Previous shifts

To find the root cause of poor operations, it is crucial to have proper
visualisation tools to display the operational data in retrospect. Modern TOS
solutions need to have a visual playback mode.

P8 IT-supported
processes General

It is crucial not to tamper with the productive system when trying out new TOS
add-ons or checking the effect of changes in the TOS configuration on terminal
operations. A terminal needs a realistic emulation environment to digitally test
changes under various productive scenarios.

P9 IT-supported
processes Next shifts

Terminal operations can be improved by developing automated what-if analyses
in daily decision-making processes. These analyses could, e.g., take the shape of
ad hoc simulation studies with short execution times.

P10 Status quo Current shift
Today’s TOS solutions lack the ability to properly account for the expected
developments in the next hours, such as vessel schedules, planned maintenance
tasks, shift changes, and similar issues.

P11 Status quo Current shift
Today’s TOS solutions support IMO-container-specific handling processes and
monitoring tasks well. The open tasks, such as applying dangerous goods labels
to the containers as a service, are well communicated to the workforce.

P12 Status quo Current shift
Today’s TOS solutions support reefer-specific processes and monitoring tasks
appropriately. The open tasks, such as plugging in and unplugging reefers, are
well communicated to the workforce.

P13 Best
practices Next shifts To effectively plan the upcoming shifts, an Excel sheet with information on

vessel arrivals and their call sizes is sufficient.

P14 IT-supported
processes Next shifts

When planning upcoming shifts, the planners need to consider many aspects.
Only ad hoc simulation studies that use terminal emulation can sufficiently
account for the complexity of this task.

P15 Best
practices Previous shifts

It is necessary to frequently check the adequacy of shift plans in retrospect.
Especially when terminal performance indicators are missed within a shift, it is
crucial to discuss this with the shift planning team.

P16 IT-supported
processes Previous shifts

To find the root cause of poor shift plans, it is crucial to have proper
visualisation tools to display the operational data in retrospect. Modern TOS
solutions need to have a visual playback mode.

The questionnaire was distributed to the participants via an Internet-based survey
platform. Limesurvey was determined to meet the study’s goals and objectives. The
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inter-quartile range (IQR) approach was used based on a five-point Likert scale to ascertain
consensus among the panel of experts [43]. In general, consensus on a particular element is
considered reached when the IQR of the replies is equal to or less than 1, given the number
of experts included in the Delphi study [44–46]. However, in order to be more cautious,
given the novelty of the topic, this study adopted a mixed methodology that slightly differs
in the development of the consensus at the early stage of the study. In order to enhance
strictness and to allow for the experts to provide more insights on a new and little-studied
topic, in the first round of the Delphi study, a consensus was considered to have been
reached only if the IQR of a proposition is strictly less than 1.

3.4. Rounds

The Delphi study was preceded by a preliminary step that consisted of a set of
interviews with experts (Figure 1). These were used to obtain deeper insights into the
benefits of DT adoption at CTs, as well as to collect reasonable propositions in combination
with the results of the literature review. To reach unanimity, this Delphi research used three
iterations. This falls in the range of number of rounds to expect [41,47].

Final
Evaluation

Experts' evaluation
of relevance of

elements

Final set of elements

Interviews with
experts

Results of the
literature review

Set of elements
for Dephi Study

Preliminary
Step

Round 1 Evaluation of elements in
terms of relevance and

agreement (closed)

Experts's
agreement (IQR)

on elements IQR < 1

Round 2 Evaluation of remaining
elements in terms of relevance

and agreement (closed)

Experts's
agreement (IQR)

on elements
IQR < 1

Round 3 Evaluation of remaining
elements in terms of relevance

and agreement (closed)

Experts's
agreement (IQR)

on elements
IQR < 1

Element not
selectedNo

Yes

Yes

Yes

No

No

Figure 1. Delphi study methodology diagram.

The experts were asked to respond to the 16 propositions in Table 2 using a five-point
Likert scale ranging from strongly disagree (noted as 1 point) to strongly agree (noted as
5 points) to convey their opinion on the importance of the benefits. The process involved
assessing the consensus based on the expert opinions. In the second and third round, the
items that had not yet reached consensus were presented. The third round produced the
final results.
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4. Results

The results of each round in terms of IQR, mean, and standard deviation are reported
in Table 3. At the end of each round, a check mark (✓) in the column IQR Pass marks
that a conclusion has been reached, and a cross mark (✗) indicates the opposite. All 16
propositions were agreed upon after the three rounds of this Delphi study. In the first
round, four propositions reached consensus, i.e., P1, P7, P13, and P15. In the second round,
ten more propositions were agreed upon. These are P2, P3, P4, P5, P6, P9, P10, P11, P12,
and P14. Finally, only two propositions were passed on to experts in the third round, and
both achieved consensus: P8 and P16.

Table 3. Results.

Prop. No.
Round 1 Round 2 Round 3 Final Result

Mean St.Dev. IQR IQR
Pass Mean St.Dev. IQR IQR

Pass Mean St.Dev. IQR IQR
Pass Mean St.Dev.

P1 3.72 0.96 0.75 ✓ 3.72 0.96
P2 3.11 1.13 2.00 ✗ 3.06 0.80 0.00 ✓ 3.06 0.80
P3 2.83 0.71 1.00 ✗ 2.83 0.71 1.00 ✓ 2.83 0.71
P4 3.50 0.86 1.00 ✗ 3.83 0.71 0.00 ✓ 3.83 0.71
P5 3.83 0.99 1.75 ✗ 3.56 0.86 0.75 ✓ 3.56 0.86
P6 4.44 0.62 1.00 ✗ 4.22 0.73 1.00 ✓ 4.22 0.73
P7 4.06 0.73 0.75 ✓ 4.06 0.73
P8 4.56 0.51 1.00 ✗ 4.00 1.08 1.75 ✗ 4.42 0.51 1.00 ✓ 4.42 0.51
P9 4.22 0.73 1.00 ✗ 3.78 0.94 0.75 ✓ 3.78 0.94
P10 3.50 0.92 1.00 ✗ 3.67 0.77 1.00 ✓ 3.67 0.77
P11 3.44 0.78 1.00 ✗ 3.17 0.92 1.00 ✓ 3.17 0.92
P12 3.44 0.86 1.00 ✗ 3.33 1.03 1.00 ✓ 3.33 1.03
P13 1.89 0.58 0.00 ✓ 1.89 0.58
P14 3.67 0.84 1.00 ✗ 3.39 0.78 1.00 ✓ 3.39 0.78
P15 4.17 0.62 0.75 ✓ 4.17 0.62
P16 4.33 0.69 1.00 ✗ 3.94 0.80 1.75 ✗ 4.17 0.39 0.00 ✓ 4.17 0.39

The two propositions which received the highest approval are P8, with an approval
score of 4.42, and P6, with an approval score of 4.22. There are two more relevant propo-
sitions that follow in an equal third place: P15 and P16, both receiving an approval score
of 4.17.

The results from Table 3 are further visualised in Figure 2 for easier interpretation.
Both the category and the focus, as indicated in Table 2, are used as categorical dimensions.
They are described in the legend, while the approval score is plotted on the x-axis and the
dispersion measured by the standard deviation is plotted on the y-axis. The blue dotted
lines indicate the average dispersion and average approval, respectively.

Figure 2. Approval-dispersion matrix.
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5. Discussion

The results as depicted in Figure 2 show very interesting patterns. The propositions
related to the status quo achieve the lowest approval and highest dispersion compared to
the other two categories. This indicates that people perceive and judge the current situation
of terminal operation in seaports very differently. As the participants work in different
companies and roles around the world (see Table 1), this might explain some variation.
A follow-up analysis of the responses to test this hypothesis based on the available data
on 17 participants is not viable due to the low number of people in each region for each
type of employer. Consensus was reached on all six propositions in the first or second
round. Most responses regarding the status quo form one cluster and P3 is a visual outlier
with a low approval rate and a slightly lower dispersion. That proposition is: ‘A modern
TOS solution requires little to no manual intervention from the equipment operators or
from the operation control room. Most to all processes are automated’. In other words, the
panel does not uniformly agree that process automation has been implemented in modern
terminals. This certainly depends on the handling volume, the desired handling speed, and
the capital available to the CT. The question arises as to whether smaller CTs have a lower
degree of automation due to the frequently lower investment volume and, accordingly, the
representatives of such CTs responded rather cautiously to the questions on the status quo.
It should also be noted here that P10 is stated negatively, while the remaining propositions
on the status quo are stated positively. That proposition is: ‘Today’s TOS solutions lack the
ability to properly account for the expected developments in the next hours, such as vessel
schedules, planned maintenance tasks, shift changes, and similar’. At the same time, P10
achieves the second-highest value for approval in status quo. This suggests that there is a
certain dissatisfaction with the current situation, which needs to be eliminated by future
improvements in terminal IT.

The average dispersion is lower for both the categories best practices and IT-supported
processes. This implies a higher level of agreement among the panel on what needs to be
done and which future developments are expected. However, the spread of the results in
terms of dispersion is significantly greater for IT-supported processes. This might also be
explained by the very different levels of technology in CTs. This raises the related question
of whether the IT solutions available are not flexible enough to be applied to different
terminal sizes and specific requirements, causing a certain dissatisfaction with the current
situation. Most propositions related to the best practices cluster at an approval rate of
around 4, with P13 as a visual outlier. The corresponding question P13 is ‘To effectively plan
the upcoming shifts, an Excel sheet with information on vessel arrivals and their call sizes
is sufficient’. It was included with the intention of identifying the perceived complexity of
this task, especially in relation to the subsequent proposition: ‘When planning upcoming
shifts, the planners need to consider many aspects. Only ad hoc simulation studies that use
terminal emulation can sufficiently account for the complexity of this task’ (P14). P14 in fact
received a higher approval than P13, indicating that simulation is considered a promising
feature. In the last category, IT-supported processes, P7, P8, and P16, three of the five
highest-ranked propositions appear (see last paragraph of Section 4), while the remaining
propositions rank close to the average approval rate and average dispersion. These points
refer to the past shifts or the general necessity of simulation. Questions related to current
or future shifts achieve a significantly lower level of approval in this context. It requires
further research to determine whether the variety of possible future scenarios still exceeds
available computing power to simulate them.

When looking at the propositions in terms of their focus, interpretable visual clusters
appear. Again, the proposition P3 is ranked lowest for the aforementioned reasons. The
propositions related to the current shift tend to receive a less-than-average approval and a
medium-to-high dispersion. This shows that there is currently no uniform standard for
software support at CTs. The propositions discussing the coming shifts are mostly scored
close to the average approval, and have a slightly lower dispersion compared to the current
shifts. The dispersion with P13 received the lowest value for the aforementioned reasons.
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The panel expressed their highest approval for the propositions regarding previous shifts,
agreeing nearly uniformly that recording terminal operations to deduce insights and learn
from the past is crucial.

The key insights are further summarized in Figure 3. As a precondition of the DT, all
processes at the terminal need to be properly monitored by the TOS (Step 1). In Step 2, the
terminal operator ensures accountability by recording the monitored activities and store all
process-related data, which is typically a functionality of the TOS as well. Once terminal
performance is below an acceptable level, the records enable the people to investigate
the issue by analysing past data in retrospect (Step 3). The required functionality might
only partially covered by the TOS itself, and might require additional technical skills or
software solutions. The issues which resulted in poor terminal performance need to be
properly understood to avoid them in the future if somehow feasible. The DT bears most
additional value when the simulation model of the DT properly represents the processes
and is capable of predicting a poor terminal performance in such critical situations (Step 4).
In addition, the DT needs to re-use the equipment control logic and available planning data
(e.g., vessel arrival/departure information, stowage plans, etc.) of the TOS. Only when
the simulated behaviour is well-aligned with the actual behaviour of the TOS, the ad hoc
simulation studies provide insightful results. To avoid a complete re-implementation of
the behaviour, using the TOS inside an emulation environment is preferred. One of the
challenges in operational decision-making is, as identified by this Delphi study, proper
shift planning, which is typically not yet covered to the full satisfaction of users by existing
TOS implementations (Step 5). Generally speaking, other operational decisions can also
be evaluated in the same way, such as new TOS configurations that re-balance terminal
objectives or changes in terminal processes.
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Figure 3. The DT is intertwined into the TOS and requires additional skills.

5.1. Outlook

Even at so-called automated CTs, human intervention in the operation control room
is common to ensure high productivity—visible by the rather low scores of P2 and P3 in
Table 3, as well as the importance of centralised control as expressed in P4. Interventions
are necessary when sensor faults occur, software products contain bugs, products lack
features to properly reflect actual operations, or when products are plainly misconfigured.
Sometimes, operators also identify solutions they consider superior to the suggestion of the
system and, thus, overwrite these plans. Moreover, external blue-collar workers, such as
freight train personnel, truck drivers, and seamen on container vessels, are involved in the
container handling processes. Their behaviour remains a potential source for unpredictable
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disturbances and interruptions when their actions are not in accordance with local terminal
procedures. This is less common for the blue-collar workers hired by the terminal who
are usually better accustomed to local procedures. Nevertheless, they may still deviate
from ideal processes due to factors like fatigue. Mechanical defects of the equipment or the
containers are another source for short-term adaptions in operations. All in all, there are
many reasons (e.g., software-related issues, human factors, and mechanical defects) for why
the executed processes differ from the ideal processes. When designing a DT, implementing
realistic instead of idealised processes results in more reliable forecasts. This requires a
close monitoring of all relevant processes on a terminal, and data analyses to deepen the
understanding of common interruptions and disturbances in terminal operations, as well
as their causes. Here, openly available operational data (both actual and ideal processes)
would be very fruitful to create a more detailed picture of CT operations in the future.

Workload balancing within the yard remains an issue, both for ad hoc workload
balancing and forecasting operational developments for the next hours. This is reflected
in the rather low scores of P1 and P2 in Table 3, as well as the approval of the negatively
framed P10. Most likely, this is most prevalent in CTs with mixed traffic, where road trucks
enter the terminal area and share the road infrastructure with other terminal equipment,
such as terminal trucks or multi-trailer systems. In such a case, the length of waiting queues
in front of yard cranes is difficult to assess, because road trucks are owned and operated
by freight forwarders and not by the terminal operator. Thus, they are not integrated into
the IT systems of the terminal, which makes it difficult to track their position in the yard,
leading to a potential blind spot in operations. This might be alleviated by the integration of
the Gate Operating System, which controls the inflow of trucks with IoT-based surveillance
of the road trucks during their stay at the terminal.

A DT being used in daily operations requires upskilling of the terminal staff, as
they will be the direct users. The DT needs to be continuously updated to reflect the
latest developments at the terminal, such as new laws and regulations (e.g., related to
customs, fire prevention, or dangerous goods), adaption of the terminal infrastructure
(e.g., expanding the stacking area or adding a berth), retrofitting the terminal equipment
(e.g., electrifying the yard trucks), etc. The terminal staff needs to ensure that the DT is
well-aligned with the actual terminal and its actual processes to be a good predictor for
the terminal performance indicators while in the simulation mode. Additionally, realistic
what-if scenarios need to be created in a time-efficient manner so that the additional
insights outweigh the invested effort. Here, one of the key challenges is the lack of reliable
information in operational planning: often, vessels, trains, and trucks do not show up
on time, or containers are discharged without a known destination, waiting for further
information from carriers or railway transport companies. Therefore, many assumptions
are required before the DT can be used in simulation mode: early and late arrivals need to
be artificially created, unexpected changes in the lists of the containers to unload and load
need to be accounted for, etc. This creates a plethora of future scenarios to choose from.
In the operation control room, the operational planners remain in charge of identifying
the most likely course of actions—they need to choose which scenarios to test with the DT.
It remains an open challenge as to how to create a set of scenarios that are most likely to
become reality. Moreover, this should happen in a semi-automated manner to reduce the
effort of the terminal staff.

In summary, simulating terminal operations within a DT will require more research
in the upcoming years before being rolled out in a systematic manner. As long as (unpre-
dictable) human intervention is common practice, crucial terminal-internal information is
missing, and the quality of information provided by supply chain partners is sub-optimal,
the forecast ability of a DT remains limited. Accounting for these unknown factors by
introducing a reasonable degree of randomness to the simulation mitigates this issue at the
cost of thoroughly assessing which realistic and relevant variations need to be covered in
the ad hoc simulation study.
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5.2. Limitations

This Delphi study comes with some limitations. Firstly, this study takes a user-centred
approach, which limited the exchange of thoughts with IT developers working for TOS
providers. This perspective has been taken partly because TOS providers were rather
hesitant to share implementation details of their IT solutions during the preliminary expert
interviews. This made it challenging to assess how existing TOS solutions can be further
improved by DTs. Another limitation is that the panel consists of 17 professionals. For
the objective of this study, the panel size was sufficient, but a larger pool of participants
would help explore the differences in terms of the region or employer in a statistically
significant manner, allowing for additional insights. In the preliminary interviews, some
experts also hinted at another fact: today, there is still a difference between the digitally
exchanged information and reality. For example, when a vessel berths, the actual container
arrangement on the vessel might differ from the previously digitally shared stowage plan.
These and similar deviations lead to frequent re-planning of terminal operations with the
adjusted information. The extent and severity of this have not been addressed in the latest
literature (see Section 2), and might be fruitful for future evaluation.

5.3. Conclusions

In conclusion, the study panel expressed their greatest approval when it came to best
practices and the related IT support covering the analysis of past shifts. When turning
back to the guiding question, ‘How can DTs help people working in CT operations master
today’s supply chain disturbances better?’, the participants stated that operational decisions
sometimes lead to poor operational performance. In retrospective meetings, the team
needs to identify the root cause of possibly reoccurring operational issues. Once these are
identified, appropriate measures need to be taken to either prevent certain events from
occurring at all, or to find suitable reactions to mitigate a given situation. On this journey,
proper IT support is crucial to draw sound conclusions from the past records and share the
insights with the team. DTs can be part of such an IT system that enables the team to better
understand the course of actions in past shifts. In a first step, all relevant terminal activities
need to be recorded and stored, creating a digital shadow of terminal operations. This
allows the team to take a bird’s eye view while replaying terminal operations as a three-
dimensional visualisation in team discussions. Once problematic operational decisions are
identified, potential solutions need to be evaluated for the given setting. This requires a
decoupling of the DT from the recorded shift and switching into simulation mode. The
team can then test various operational decisions and their estimated impact on terminal
performance, exploring alternative courses of the past. In this way, past operational
decisions can be examined and re-evaluated in retrospect. An improved understanding of
the causal links in the terminal operations will eventually also lead to a more sophisticated
operational decision-making process both for current and upcoming shifts and, thus, better
overall terminal operations.

When turning back to the question of ‘How can DTs help people working in CT
operations master today’s supply chain disturbances better?’, today the answer appears
to be ‘by analysing process data in retrospect and, thus, better understanding cause-effect
relationships in terminal operations’. In the coming years, ’by evaluating several options in
terms of terminal performance before making critical operational decisions’ will hopefully
be added. This will enable the CT staff to be prepared for the next time when the maritime
supply chains are disrupted and the consequences need to be mitigated.
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