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Hamnar efterstravar storre operativ effektivitet for att effektivt hantera det véxande globala
varuflodet. Samtidigt stravar de efter att forbattra energieffektiviteten for att félja nya
miljobestammelser. Innovativa hamnar inser alltmer potentialen hos digitala tvillingar att
overvaka, koordinera och optimera hamnprocesser. Digitala tvillingar har tagit enorm fart
under de senaste aren pa grund av framsteg inom deras mojliggorande teknologier och deras
potential att forbattra effektiviteten i sina respektive system, vilket leder till kostnads- och
energibesparingar. Medan digitala tvillingar har antagits i stor utstrackning inom omraden
som smart tillverkning och flyg, har deras integration i hamnverksamhet varit relativt
langsam. Detta beror delvis pa den komplexa dynamiken med flera intressenter som &r
inneboende i hamnar och den héga komplexiteten hos sammankopplade hamnprocesser.
Malet med MODIG-TEK ar foljaktligen att bidra till adoptionen av digitala tvillingar i
hamnsammanhang. Mer specifikt handlar det om karaktériseringen av digitala tvillingar i
hamn, foreslar kriterier for att bedoma mognad hos befintliga digitala tvillingar, och
presenterar och utvarderar matematiska modeller for att stodja viktiga hamnprocesser vars
optimering leder till energibesparingar. Dessa modeller kan fungera som integrerade
komponenter i en port digital tvilling.
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De forsta resultaten som handlar om digitala tvillingars potential att 6ka effektiviteten i
hamnverksamhet leder till tre konkreta karnkrav for digitala tvillingar i hamnsammanhang
(situationsmedvetenhet, analysmojligheter for intelligent beslutsfattande och framjande av
styrning och samarbete mellan flera intressenter) och identifieringen av konkreta
tillvagagangssatt for hur en port digital tvilling kan leda till energieffektivitet. Ytterligare
resultat i denna riktning inkluderar identifieringen av utmaningar med att implementera
digitala tvillingar i hamnsammanhang och majliga l16sningar [1]. Inledande resultat som
handlar om mognad av (port) digitala tvillingar leder till tillhandahallande av riktlinjer for hur
man implementerar och utvarderar en digital tvilling for ett komplext system som en hamn.
For att uppna detta presenteras sex konkreta mognadsnivaer som kan anvandas for att bedéma
och jamfora befintliga och framvéxande digitala tvillingldsningar for hamnar och andra
komplexa system. Dessa mognadsnivaer anvands for att diskutera hur mogna befintliga
digitala tvillingar &r i hamnsammanhang och hur de kan forbattras ytterligare. | denna process
anses interoperabilitet mellan DT-system mot gemensamt beslutsfattande for férbéattrad
system-of-systems prestanda som den hogsta mognadsnivan [2]. For den hér uppsatsen
beldénades vi av IEEE Systems Council som den enda vinnaren av 2024 Systems Journal Best
Paper Award, som delas ut arligen till den/de tidningar som bedéms vara bést bland de
publicerade i IEEE Systems Journal under foregaende kalenderar.

Vi har ocksa borjat modellera viktiga hamnoperationer, som kan ses som
modelleringskomponenten i en digital tvilling, med vart forsta publicerade dokument som
fokuserar pa containerterminallagring och aterhamtning. I detta dokument optimerar vi
gemensamt containerhanteringsoperationer (containerflyttning och
containerhamtningskranrorelser) och lastbilsschemaléaggning genom att formulera dessa tva
grundldggande hamnoperationer som minimering av tva viktade summor [3]. Var féreslagna
optimeringsmodell och den heuristik vi foreslar for att uppna en mer genomforbar
berdkningstid leder till lagre utslapp fran lastbilar och lagre energiférbrukning fran kranar
genom att 6ka effektiviteten i containerhdmtningen. Efter att ha behandlat hamnens
terminallagersida i vart férsta modelleringspapper, vander vi nu vart fokus till havet genom att
optimera fartyg-till-land-verksamheten genom att implementera en forutsagande modell for
underhallsplanering. Loftet med detta framtida arbete &r att minska stillestand och haverier,
vilket leder till en mer kostnads- och energieffektiv anvandning av kajkranar. For att
implementera en sadan modell och potentiell DT-komponent pa det mest tillampliga och
meningsfulla séttet for resten av min doktorsexamen har ett samarbete med Yilport Géavle
etablerats, som kommer att forse oss med data och meningsfulla rad, och sa smaningom ge
oss mojlighet att ansoka var forskning till deras verksamhet i slutet av min doktorsexamen.
Forutom publiceringen av de tre Q1-uppsatserna som namns ovan, som anger tidskrifterna



rankade av de 25 % av tidskrifterna inom omradet, inklusive den basta artikeln i en av dessa
tidskrifter, har var forskning ocksa accepterats for presentation pa flera ledande internationella
konferenser. Konferenser som tar upp utvecklingen av digitala tvillingar inkluderar 2023 ars
internationella konferens om pervasive computing and Communications [4], 2023 IEEE
Smart World Congress [5] och 2023 IEEE Conference on Standards for Communications and
Networking [6]. Konferenser som fokuserar pa utveckling av modeller och tekniker for att
optimera hamnverksamhetens drift- och energieffektivitet inkluderar den 33:e europeiska
konferensen om operativ forskning och den 27:e IEEE International Conference on Intelligent
Transportation Systems.

Vanligen se referenser nedan.
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Ports are seeking greater operational efficiency to effectively manage the growing global flow
of goods. At the same time, they are striving to improve energy efficiency to comply with new
environmental regulations. Innovative ports are increasingly realizing the potential of digital
twins to monitor, coordinate and optimize port processes.

Digital twins have gained tremendous momentum in recent years due to advances in their
enabling technologies and their potential to improve the efficiency of their respective systems,
leading to cost and energy savings. While digital twins have been widely adopted in domains
such as smart manufacturing and aerospace, their integration into port operations has been
relatively slow. This is partly due to the complex multi-stakeholder dynamics inherent in ports
and the high complexity of interconnected port processes.

Consequently, the objective of MODIG-TEK is to contribute to the adoption of digital twins in
the port context. More specifically, it deals with the characterization of port digital twins,
proposes criteria for assessing the maturity of existing digital twins, and presents and evaluates
mathematical models to support key port processes whose optimization leads to energy savings.
These models can serve as integral components of a port digital twin.
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Figure 1. Overview of DT maturity values and their added value [2]

First results dealing with the potential of digital twins to increase the efficiency of port
operations lead to three concrete core requirements for digital twins in the port context
(situational awareness, analytics capabilities for intelligent decision making, and fostering
multi-stakeholder governance and collaboration) and the identification of concrete approaches
on how a port digital twin can lead to energy efficiency. Further results in this direction include
the identification of challenges in implementing digital twins in the port context and possible
solutions [1].



Initial results dealing with the maturity of (port) digital twins lead to the provision of guidelines
on how to implement and evaluate a digital twin for a complex system such as a port. To achieve
this, six concrete maturity levels are presented that can be used to assess and compare existing
and emerging digital twin solutions for ports and other complex systems. These maturity levels
are applied to discuss how mature are existing digital twins in the port context and how they
can be further improved. In this process, interoperability among DT systems towards joint
decision making for enhanced system-of-systems performance is recognized as the highest level
of maturity [2]. For this paper, we were awarded by the IEEE Systems Council as the sole
winner of the 2024 Systems Journal Best Paper Award, which is given annually to the paper(s)
judged to be the best among those published in the IEEE Systems Journal during the previous
calendar year?.

We have also started to model key port operations, which could be seen as the modeling
component of a digital twin, with our first published paper focusing on container terminal
storage and retrieval operations. In this paper, we jointly optimize container handling operations
(container relocation and container retrieval crane movements) and truck scheduling by
formulating these two fundamental port operations as the minimization of two weighted sums
[3]. Our proposed optimization model and the heuristics we propose to achieve a more feasible
computational time lead to lower emissions from trucks and lower energy consumption from
cranes by increasing the efficiency of container retrieval operations.

Having addressed the terminal storage yard side of the port in our first modeling paper, we are
now turning our focus to the seaside by optimizing ship-to-shore operations through the
implementation of a predictive maintenance scheduling model. The promise of this piece of
future work is to reduce downtime and breakdowns, leading to a more cost and energy efficient
use of quay cranes. To implement such a model and potential DT component in the most
applicable and meaningful way for the remainder of my PhD, a cooperation with Yilport Gavle
has been established, who will provide us with data and meaningful advice, and eventually give
us the opportunity to apply our research to their operations at the end of my PhD.

In addition to the publication of the three Q1 papers mentioned above, which indicate the
journals ranked by the top 25% of journals in the field, including the best paper award in one
of these journals, our research has also been accepted for presentation at several leading
international conferences.

Conferences addressing the development of digital twins include the 2023 International
Conference on Pervasive Computing and Communications [4], the 2023 IEEE Smart World
Congress [5], and the 2023 IEEE Conference on Standards for Communications and
Networking [6].

Conferences focused on the development of models and techniques to optimize the operational
and energy efficiency of port operations include the 33rd European Conference on Operational
Research? and the 27th IEEE International Conference on Intelligent Transportation Systems®.

Published journal papers

1 https://ieeesystemscouncil.org/awards/awards-and-recognitions/systems-journal-best-paper-award#recipients
2 https://euro2024cph.dk/
3 https://ieee-itsc.org/2024/
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