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Abstract
Urban transport systems face mounting pressures from climate change, rising energy prices, and ageing assets. 
Meeting these challenges sustainably requires extending the useful life of infrastructure, improving energy 
efficiency, and reducing waste across the whole lifecycle. Circular economy principles offer a systemic approach: 
design for longevity, maintainability, and reuse, while favouring interventions that avoid resource-intensive 
renewals. Digitalisation is a key enabler of this shift, as Artificial Intelligence-assisted analytics, edge sensing, and 
Digital Twins make hidden conditions visible and reduce diagnostic costs. This paper presents three European 
pilot cases from the Interreg CE4CE project to demonstrate these capabilities. In Leipzig, a layered infrastructure 
monitoring system enabled the detection of eight critical overhead line faults and three previously undetected 
broken rails during regular passenger service. In Bergamo, high-frequency onboard sensing and Energy Flow 
Simulations optimized energy recuperation and identified pantograph-infrastructure “hot spots.” In Gdynia, a Digital 
Twin environment was used to simulate over 110 electrification scenarios, optimizing fleet size and infrastructure 
investment needs. The results confirm that integrating digital monitoring and simulation tools into public transport 
operations facilitates a shift from reactive to predictive management, directly supporting resource efficiency, asset 
longevity, and the transition toward a circular urban mobility system.

Keywords  Circular economy, Artificial Intelligence, Digital Twin, Predictive maintenance, Public transport, 
Infrastructure monitoring, Energy efficiency

​​1  Introduction
Urban transport systems are under increasing pressure 
from intersecting global and local challenges. Climate 
change, environmental degradation, aging infrastruc-
ture and fleet, increasing energy costs and rapid urban-
ization demand urgent transformation of how mobility 
is designed, delivered, and maintained. As cities aim to 
decarbonize, reduce resource dependency, and improve 
service resilience, traditional models of infrastructure 
and fleet development and management are proving 
inadequate. The integration of circular economy prin-
ciples presents a promising paradigm shift—one that 

http://crossmark.crossref.org/dialog/?doi=10.1186/s12544-026-00839-9&domain=pdf&date_stamp=2026-9-7
https://doi.org/10.1186/s12544-026-00839-9
mailto:jan.roehl@kruch.at
mailto:conrad.jentzsch@l.de
mailto:woronowicz@trolleymotion.eu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 2 of 11Röhl et al. European Transport Research Review           (2026) 18:80 

redefines value creation, extends asset lifecycles, and 
minimizes waste across the transport sector.

However, realizing circularity at scale requires more 
than policy commitments or technological fixes; it 
demands a system-wide reconfiguration of decision-mak-
ing processes, business models, and governance struc-
tures. This is where digital innovation becomes essential. 
Tools such as Artificial Intelligence (AI), Big Data ana-
lytics, the use of sensors and Digital Twins can unlock 
unprecedented insights into the material, energy, and 
financial flows within complex urban mobility systems. 
These technologies offer the ability to model circular sce-
narios, forecast the impact of reuse and refurbishment 
strategies, and optimize infrastructure and fleet opera-
tions with circular goals in mind.

Digital Twins offer significant potential for transport 
planning by creating virtual replicas of physical assets to 
simulate operational scenarios. While recent literature 
highlights the role of digital twin technology and artificial 
intelligence in broader energy systems and the transition 
toward resource efficiency [1], as well as their specific 
systematic applications in tracking and optimizing elec-
tric vehicle architectures [9], their practical integration 
into circular economy frameworks for public transit 
infrastructure remains underdeveloped.

The Interreg Central Europe-funded CE4CE project 
(Public Transport Infrastructure in Central Europe – 
facilitate transitioning to circular economy) tackles this 
systemic opportunity head-on. As outlined by Schar-
zenberger et al., [8], the initiative explores how digitali-
zation can actively support and accelerate the adoption 
of circular strategies in collective transport and urban 
development. CE4CE brings together a consortium of 
researchers, cities, and public transport operators to 
bridge the gap between circular economy ambitions and 
their practical implementation.

CE4CE pilots demonstrate how the synergies between 
circular economy and digital tools can contribute to 
broader policy goals such as the European Green Deal. 
By aligning innovation with sustainability and equity 
principles, the project fosters a holistic approach to pub-
lic transport transition—one that is economically viable 
and environmentally regenerative.

Despite the growing interest in circular economy and 
digitalization in urban transport, existing literature heav-
ily favors theoretical frameworks or isolated technical 
solutions, leaving a significant research gap in under-
standing how these innovations can be systematically 
integrated into public transport planning, management, 
and decision-making across European contexts. While 
studies have explored predictive maintenance (e.g., Cag-
giano et al., 2021), Digital Twins for infrastructure opti-
mization (Batty et al., 2020), and circularity in transport 
resources (Lieder & Rashid, 2016), they often overlook 

the institutional and operational challenges of imple-
menting predictive tools within legacy systems. Fur-
thermore, there is a distinct lack of empirical, multi-case 
comparative evidence linking high-frequency sensor data 
and simulation-based decision support directly to mea-
surable circular economy outcomes, such as asset life-
time extension, avoided material use, and energy savings. 
This paper directly addresses these gaps by evaluating 
three diverse European pilot cases, providing concrete 
empirical evidence on the scalability and transferability 
of digital-circular synergies within the real-world opera-
tional environment of public transit.

Three pilot cities – Gdynia (Poland), Bergamo (Italy), 
and Leipzig (Germany) – showcase practical applications 
of AI, Big Data analysis, predictive maintenance, and Dig-
ital Twins to enhance public transport in line with circu-
lar economy goals. The pilots in Bergamo and Leipzig are 
facing a similar challenge, i.e. failures in overhead contact 
line (OCL) systems account for an estimated 20–30% 
of traction system disruptions, highlighting the critical 
importance of timely maintenance and monitoring in 
rail-based public transport systems.

Bergamo’s tram system uses AI-driven predictive main-
tenance with sensors collecting data from vehicles and 
infrastructure to detect faults early, extend asset lifes-
pan, and reduce manual checks. A Digital Twin also 
helps optimize energy flows and minimize energy losses, 
improving resource efficiency and network performance.

In Leipzig, predictive maintenance is implemented on 
tram catenary infrastructure. Sensors monitor key assets 
with AI algorithms and expert evaluation supporting 
early fault detection and infrastructure management. A 
damage catalogue and standardized methods enhance 
transferability and risk management.

Transitioning from reactive to condition-based frame-
works allows public transit operators to optimize asset 
lifecycles and significantly reduce component waste. As 
highlighted in recent systematic literature reviews on 
transportation systems, predictive maintenance strate-
gies are increasingly critical for operational sustainability, 
enabling early fault detection and mitigating the risks of 
catastrophic infrastructure failures [6].

In Gdynia, a Digital Twin simulates electrification sce-
narios along an e-corridor using real-time data from elec-
tric buses and In Motion Charging (IMC) trolleybuses, 
which partially run off-wire on batteries. Developed by 
Kruch Railway Innovations, the University of Gdansk, 
and a municipal bus operator in Gdynia, it supports data-
driven planning and cost-benefit analysis for electrified 
transport and is being shaped into a transferable circular 
business planning tool.

These pilots demonstrate how advanced digital 
tools can improve efficiency, safety, resilience, and 
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sustainability in public transport while fostering cross-
sector collaboration and circular resource use.

This study based on the presented pilots is essential to 
provide a structured analysis of how digital tools support 
circular strategies in public transport, to evaluate their 
impact on resource efficiency, asset lifespan, and opera-
tional resilience, and to generate insights transferable to 
other European cities seeking similar transitions.

Building on this rationale, the study aims to answer the 
following research questions:

 	• How can digital innovations such as AI, Big Data, 
and Digital Twins facilitate circular economy 
strategies in public transport systems?

 	• What measurable impacts do these tools have 
on infrastructure lifespan, energy efficiency, and 
resource use in urban transport?

 	• How transferable are the lessons learned from the 
examined European pilot cities to other contexts 
aiming for circular and sustainable urban mobility?

The contribution of this paper is threefold:

 	• It synthesizes the current evidence on circular 
economy and digitalization in public transport, 
highlighting gaps in knowledge.

 	• It provides empirical insights from European case 
studies demonstrating the practical integration of 
circular and digital strategies.

 	• It offers policy and managerial recommendations 
for cities and operators to optimize public transport 
operations while advancing sustainability and 
circularity.

While existing literature independently addresses predic-
tive maintenance or isolated Digital Twin applications, 
this paper provides a novel, integrated contribution by 
establishing a cross-sectoral, dimension-based ana-
lytical framework that systematically links high-fidelity 
digital infrastructure monitoring with specific circular 
economy (CE) mechanisms. Moving beyond isolated 
technical descriptions, the scientific novelty lies in opera-
tionalizing how continuous, vehicle-based data stream-
ing and multi-scenario simulations actively transition 
public transit legacy assets from a linear ‘take-use-throw’ 
model into a predictive, closed-loop resource manage-
ment system. This integration directly aligns with recent 
theoretical frameworks demonstrating how digital twin 
architectures within the circular economy provide a scal-
able methodology to optimize resource loops and extend 
component useful lifecycles [7]. The core academic con-
tribution is the development and validation of this trans-
ferable comparative framework, evaluating how distinct 
digital architectures—ranging from edge-computed 

vibration analytics to energy-flow twins—directly drive 
asset lifetime extension, reduce material demand, and 
avoid infrastructure over-dimensioning.

Overall, this study is highly relevant for European cit-
ies pursuing circular economy transitions in public trans-
port, providing both theoretical insights and practical 
implications for improving transport system efficiency, 
resilience, and environmental performance.

2  Methods
To bridge the gap between project-based outcomes and 
scalable transport theory, this study adopts a compara-
tive multi-case study design, combining field-deployment 
observational pilots and simulation-based modelling. 
Rather than relying on uniform, case-specific KPIs that 
prevent cross-system comparison, we develop a multi-
dimensional analytical framework that abstracts opera-
tional telemetry into four universal, lifecycle-oriented 
dimensions:

 	• Asset condition and lifetime extension.
 	• Energy performance and efficiency.
 	• Operational and maintenance optimisation.
 	• Resource use and investment efficiency.

This methodology allows us to systematically evaluate 
and compare entirely different technical solutions—rang-
ing from physical track vibration sensing in Germany to 
virtual fleet simulations in Poland—demonstrating the 
underlying causal mechanisms through which digital 
twins and AI analytics operationalize circular economic 
strategies.

The four evaluation dimensions were systematically 
derived from the CE4CE project’s joint evaluation meth-
odology, developed through cross-sectoral expert con-
sensus among the participating transport operators and 
researchers. As the three pilots deploy highly diverse 
technical solutions—ranging from physical track vibra-
tion sensing to virtual fleet simulations - these specific 
dimensions were established as a standardized lifecycle 
framework to normalize the outcomes. The selected 
dimensions directly reflect the project’s core operational 
objectives: measuring infrastructure longevity, evaluat-
ing energy performance under traffic conditions, stream-
lining maintenance workflows, and assessing long-term 
investment efficiency.

The mapping of evaluation dimensions and pilot-spe-
cific indicators across the three cases is summarised in 
Table 1.

While specific indicators differ between pilots (e.g. fault 
detection metrics, energy monitoring data, or simulation 
outputs), they are mapped to these common dimensions, 
enabling structured cross-case comparison.
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collected and transmitted at high temporal 
resolution, with updates every 1–3  s. Onboard prepro-
cessing was applied to filter and structure the data prior 
to transmission.

2.2  Simulation and modelling
A Digital Twin of the tram power supply network was 
developed using MATLAB® and Simulink® (MathWorks 
Inc., USA) with SimPowerSystems™ modules. The model 
represents substations, overhead contact systems, vehi-
cles, and timetables, allowing simulation of energy flows 
under different operational conditions.

The simulation environment enables testing of param-
eter configurations to optimise energy recuperation 
and reduce conversion losses, supporting compari-
son between real-world measurements and simulated 
scenarios.

2.3  Data analysis
Data analysis combines descriptive statistics with AI-
assisted anomaly detection, identifying irregular patterns 
in pantograph–OCL interaction and vehicle behaviour. 
Detected anomalies (“hot spots”) are spatially referenced 
and ranked based on severity.

Results were iteratively validated through collaboration 
with ATB experts, forming a feedback loop that supports 
both technical refinement and operational interpretation.

Pilot 2:   Leipzig – Layered condition monitoring of 
infrastructure.
The Leipzig pilot applies a field-deployment observa-
tional design to evaluate a layered onboard monitoring 
architecture for infrastructure condition assessment and 
energy analysis. The pilot was conducted on three tram 
vehicles operating on a 14 km section of Line 1.

2.4  Data collection and system configuration
The monitoring system integrates multiple sensing tech-
nologies, including:

 	• vibration sensors for track and trackbed condition,
 	• cameras and laser systems for overhead line 

geometry,
 	• a rail-certified edge computing platform for data 

fusion and transmission.

All components comply with relevant railway standards 
(EN 50155, EN 45545).

Data were continuously collected during passenger ser-
vice and transmitted to analytical platforms. Specialised 
systems were used for analysis:

 	• CEMIT for track condition monitoring,

This flexible comparative approach enables identifica-
tion of common patterns and impacts, while preserving 
the specificity of each pilot.

Pilot 1:  Bergamo – Onboard sensing and energy flow 
simulation.
 The Bergamo pilot follows a field-deployment observa-
tional design combined with simulation-based analysis, 
focusing on predictive maintenance and energy optimi-
sation in tram operations managed by Azienda Trasporti 
Bergamo (ATB).

2.1  Data collection and system configuration
A tram vehicle (vehicle #004) operating on the T1 line 
was equipped with a modular sensing system, includ-
ing Global Navigation Satellite System (GNSS) modules, 
accelerometers, cameras, a rail-certified edge computing 
unit, a CAN-bus interface, and a communication modem. 
The system enables continuous monitoring of panto-
graph – OCL interaction and vehicle dynamics during 
regular passenger service.

Operational data—including position, speed, accel-
eration, driver inputs, and energy consumption—were 

Table 1  Mapping of evaluation dimensions and pilot-specific 
indicators
Evaluation 
dimension

Leipzig 
(monitoring)

Bergamo (monitor-
ing + simulation)

Gdynia 
(simulation)

Asset condition 
& lifetime

Detected 
track faults, 
OCL defects, 
broken 
rails + 1

Detected anoma-
lies (“hot spots”), 
pantograph–OCL 
interaction + 2

Indirect 
(impact of 
infrastruc-
ture design 
on wear) + 2

Energy 
performance

CAN-bus 
energy data 
(vehicle 
level) + 1

Continuous en-
ergy monitoring (1–3 s 
resolution), simulation 
outputs + 1

Energy 
consump-
tion (kWh/
km), state-
of-charge, 
system-level 
optimisa-
tion + 2

Operational & 
maintenance 
optimisation

Maintenance 
prioritisation, 
validation 
loops + 1

Predictive diagnostics, 
anomaly ranking + 1

Fleet size 
optimisation, 
electrifica-
tion scenar-
ios, service 
configura-
tion + 1

Resource use 
& investment 
efficiency

Reduced 
emergency 
interven-
tions + 1

Reduced wear and 
improved maintenance 
targeting + 1

Infrastruc-
ture invest-
ment needs, 
lifecycle 
costs + 1

Note: The notation + 1 and + 2 in Table 1 indicates the complexity and layering 
of digital data streams deployed within each dimension. A + 1 denotes a 
single-layer automated data source (e.g., direct CAN-bus reading, raw sensor 
streams, or automated anomaly ranking), while + 2 indicates multi-layered data 
integration where high-frequency edge telemetry is fused with predictive 
Digital Twin simulation environments or complex spatial matrices to cross-
verify and map the results
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 	• PantoHealth for pantograph–overhead line 
interaction.

Energy data were obtained via a direct CAN-bus inter-
face, improving data reliability compared to legacy 
systems.

2.5  Data analysis
The analysis combines signal processing, pattern recog-
nition, and AI-based detection methods. Acceleration 
signals are used to identify characteristic patterns associ-
ated with infrastructure elements (e.g. section insulators, 
jumpers), based on their dynamic signatures.

The detection process includes event localisation, peak 
detection, pattern extraction, and classification. Results 
are validated through weekly expert review meetings, 
enabling prioritisation of maintenance interventions and 
refinement of detection algorithms.

Pilot 3:  Gdynia – Digital Twin for electrification 
planning.
The Gdynia pilot follows a simulation-based modelling 
and validation design, focusing on the use of a Digital 
Twin to support electrification planning and resource-
efficient investment decisions. Building upon the long-
term sustainable development frameworks established 
for the Gdynia and Sopot trolleybus network by Wołek 
et al., [10], this study was conducted by public bus opera-
tor in Gdynia (PKA) in cooperation with the University 
of Gdańsk and KRUCH Railway Innovations.

2.6  Model development and data sources
A Digital Twin of the Western Corridor (lines 121, 140, 
147, 160, and 190) was developed using an Energy Flow 
Simulation (EFS) tool. The model builds directly upon 
the planning and economic principles established by 
Bartłomiejczyk and Połom [2] regarding the spatial dif-
ferentiation of overhead supply systems and their direct 
impact on trolleybus energy consumption. By extending 
their framework to dynamic fleet simulations, the model 
integrates:

 	• vehicle characteristics and duty cycles,
 	• operational schedules and service frequencies,
 	• traffic conditions (including 32 signalised 

intersections),
 	• infrastructure configurations (existing and planned 

overhead systems),
 	• charging strategies (battery, in-motion charging, 

hybrid).

To ensure the technical validity of the infrastructure 
configurations, the simulation routing incorporates the 
methodologies proposed by Diab et al., [5] regarding the 

optimized estimation of charging corridor lengths for 
in-motion-charging trolleybuses. Validation data were 
obtained from onboard monitoring systems installed on 
electric buses operating on line 190.

2.7  Simulation design
More than 110 electrification scenarios were simulated, 
varying traffic conditions, service frequencies, charging 
strategies, and infrastructure configurations. These sce-
narios build upon the operational frameworks for the 
sustainable use of catenary systems in Gdynia established 
by Bartłomiejczyk and Połom [4]. Simulations represent 
extended operational periods, incorporating seasonal 
variation and long-term system behaviour to capture 
comprehensive lifecycle implications.

2.8  Data analysis
Simulation outputs were analysed across multiple dimen-
sions, including energy consumption (kWh/km), battery 
state of charge, fleet size requirements, and infrastruc-
ture investment needs. In alignment with the investment 
risk mitigation strategies outlined by Bartłomiejczyk and 
Połom [3] regarding dynamic charging infrastructure, 
these outputs were evaluated to identify resource-effi-
cient electrification pathways. Results were validated by 
comparison with real-world operational data.

2.9  Ethical considerations
Operational vehicle and driver-related data were ano-
nymised prior to analysis and did not contain personally 
identifiable information; therefore, ethics approval and 
informed consent were not required.

3  Results
The implementation of the CE4CE pilots across Leipzig, 
Bergamo, and Gdynia demonstrates how digital tech-
nologies—specifically AI-driven monitoring and Digital 
Twin simulations—transform public transport from reac-
tive to predictive systems, directly supporting circular 
economy outcomes.

3.1  Technical outcomes and pilot observations
This section details the direct findings and technical 
observations from the monitoring and simulation activi-
ties in the three examination sites.

3.2  Asset condition and lifetime extension
The pilots transitioned infrastructure management from 
time-based intervals to condition-based interventions, 
extending the useful life of existing assets.

Compared to traditional human-based or time-based 
inspection methods, which rely on low-frequency visual 
checks and expensive, dedicated measuring trains oper-
ating only at large intervals, the digital monitoring 



Page 6 of 11Röhl et al. European Transport Research Review           (2026) 18:80 

approach demonstrated superior detection efficiency. 
Continuous vehicle-based data streaming during regular 
passenger service successfully identified critical degrada-
tion that standard legacy maintenance frameworks had 
previously left entirely unnoticed.

 	• Leipzig: Continuous monitoring identified eight 
critical overhead contact line (OCL) ‘hard points.’ 
Following these automated digital alerts, technical 
teams conducted targeted field inspections, allowing 
two specific section insulators to be re-adjusted 
on-site before mechanical stress caused irreversible 
damage. Furthermore, the system enabled precise 
monitoring of material degradation; for instance, 
contact wire thickness was recorded at 9.43 mm, 
verifying that the asset remains safely above the 
critical 9.2 mm replacement threshold, thereby 
avoiding premature, resource-intensive replacement. 
Beyond OCL assets, vehicle-mounted track 
monitoring detected eight critical fault areas—
including three previously undetected broken 
rails—enabling immediate emergency repairs 
before catastrophic structural failure occurred 
(see Fig. 1). As demonstrated by the acceleration 
telemetry in Fig. 1, the high-amplitude vibration 
spikes recorded prior to intervention (Before Repair) 
were successfully mitigated following dynamic 
maintenance, stabilizing the baseline operational 
environment.

 	• Bergamo: The implementation of AI-driven 
condition assessment categorized infrastructure 
health into specific risk levels to streamline 
maintenance workflows. The system identified eight 

“Unhealthy” points with risk levels ranging from 31% 
to 59%, indicating that a field inspection is required 
in the near future. Furthermore, two critical “At Risk” 
points were detected with a risk level exceeding 60%, 
triggering a requirement for immediate inspection 
to prevent potential failure. Following these digital 
alerts, technical teams completed physical checks 
at five identified locations, subsequently marking 
all five as “Need to Repair” based on the confirmed 
degradation. This spatially referenced ranking of 
anomalies enabled staff to prioritize interventions on 
components showing early signs of degradation, such 
as irregular vibration levels or brief signal losses, 
rather than relying on standard time-based cycles.

3.3  Energy performance and efficiency
Digital tools provided high-resolution transparency 
into energy consumption, moving operators toward 
“energy-wave-surfing”.

 	• Bergamo: Data transmitted every 1–3 s allowed 
for a comparison between real-world energy use 
and theoretical models, identifying parameters to 
maximize energy recuperation. In Bergamo, the 
energy flow models were calibrated using high-
frequency log files from tram #004, enabling the 
operator to mathematically verify that implementing 
the optimized recuperation parameters directly 
reduces substation energy losses under real-world 
traffic congestion.

 	• Leipzig: The integration of a direct CAN-bus 
interface replaced unreliable legacy energy meters, 
where data previously had to be read out and 
evaluated manually. This provided a stable data 
source for analyzing drive chain efficiency.

 	• Gdynia: The Digital Twin analyzed five core 
simulated components—Generation, Consumption, 
Battery, Vehicle, and Traction—to ensure system 
stability. Furthermore, the simulation evaluated 
seven specific charging points, including Centrum 
1/2, Chwarzno 1/2, Karwiny, Redlowo, and 
Witomino, to optimize energy distribution. 
These simulations revealed that traffic conditions 
significantly influence energy balance, showing 
that IMC provides higher State-of-Charge (SOC) 
resilience under congested conditions compared to 
pure battery operations. Crucially, these simulation-
based insights were directly cross-referenced and 
verified with empirical real-world operations. The 
Digital Twin’s consumption and SOC models were 
validated against the actual energy profiles collected 
from electric buses during seasonal extremes on line 
190, confirming a model accuracy of over 95%.

Fig. 1  Acceleration signal analysis demonstrating infrastructure baseline 
anomalies before repair (red) and the subsequent stabilization of vehicle-
infrastructure dynamics after targeted maintenance (blue) within the 
Leipzig pilot
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3.4  Operational and maintenance optimisation
The integration of digital sensing into daily passenger 
operations eliminated the need for dedicated inspection 
runs.

 	• Leipzig: Structural track faults were captured 
using high-frequency axle-box accelerometers 
(vibration sensors) mounted onto the bogies of 
regular passenger trams. As these vehicles traversed 
the regular network, the automated system 
captured micro-vibrations and dynamic shock 
signatures under real dynamic weight. These signals 
were processed via filtering and peak-detection 
algorithms, automatically categorizing degradation 
severity and mapping the exact geographic 
coordinates via integrated GNSS tracking. Because 
the three detected broken rails and subsurface 
material fatigue escalated rapidly between scheduled 
human visual inspections—which are inherently 
limited to surface-level geometric defects on static 
tracks—they had remained entirely hidden from 
manual walking patrols. Following these alerts, 
maintenance workflows were overhauled by moving 
from standard calendar-driven track patrols to a 
dynamic, sensor-triggered framework. When an 
anomaly is flagged, a targeted field verification 
is scheduled, completely bypassing unnecessary 
inspections on healthy track segments. This strategic 
shift significantly reduces the vehicle-kilometers of 
dedicated, fossil-fueled maintenance vehicles and 
minimizes the premature scrap rate of infrastructure 
components.

 	• Bergamo: Modular hardware and edge computing 
allowed for continuous data streaming and real-time 
decision support via a dashboard refreshing every 
1–3 s.

3.5  Resource use and investment efficiency
Simulation-based planning acted as a safeguard against 
resource waste by optimizing infrastructure design.

 	• Gdynia: The Digital Twin executed a robust scenario 
analysis evaluating 110 + distinct electrification 
configurations, varying service frequencies (7-minute 
versus 15-minute intervals), traffic congestion levels, 
and seven overhead contact system (OCS) pricing 
variants (ranging from zero to all three planned 
physical charging corridors). The simulation yielded 
a highly critical operational insight: traffic congestion 
proved to have a significantly greater impact 
on total operational costs and battery lifecycle 
wear than doubling the service frequency. This 
counter-intuitive finding proved that targeted OCS 
infrastructure investment restricted to congested 

zones is far more resource-efficient than purchasing 
an oversized, under-utilized fleet. Furthermore, 
the financial and lifecycle cost (LCC) analysis 
demonstrated that while pure battery-electric 
bus fleets require lower upfront infrastructure 
investment, they incur a 35% higher long-term 
expenditure because their heavy traction batteries 
must be replaced twice over the vehicle’s operational 
lifespan. In contrast, In-Motion Charging (IMC) 
trolleybuses operating via targeted overhead lines 
require only a single battery replacement over the 
same period. This reduction in battery degradation 
directly translates into a 15–20% savings in overall 
fleet lifecycle costs, a significant reduction in upfront 
vehicle procurement costs, and a minimized long-
term demand for critical raw materials.

 	• System-aide impacts: Predictive maintenance in 
Leipzig and Bergamo reduced the need for resource-
intensive “emergency” interventions.

3.6  Synthesis and cross-pilot impact analysis
The following section synthesizes the findings to evalu-
ate their impact on the transport system’s circularity and 
resilience.

To maintain strict academic credibility, the evaluation 
of the pilots distinguishes between direct empirical out-
puts, inferred circular economy outcomes, and potential 
system-level implications.

 	• Direct empirical outputs: These consist of 
quantified, directly measured events during the pilot 
periods, including the detection of eight critical 
overhead line faults and three broken rails in Leipzig, 
the spatial localization of eight ‘Unhealthy’ and two 
‘At Risk’ pantograph contact points in Bergamo, 
and the simulation of 110 + validated electrification 
scenarios in Gdynia.

 	• Inferred circular economy outcomes: Where long-
term material flows could not be directly measured 
due to the limited pilot timeframes, benefits are 
conservatively inferred based on these detected faults 
and optimized scenarios. For instance, the avoidance 
of premature infrastructure replacement and lower 
material demand are logically deduced from the early 
repair of the 3 broken rails before catastrophic failure 
occurred, and from the 50% reduction in battery 
replacement cycles verified within Gdynia’s lifecycle 
cost (LCC) models.

 	• System-level implications: Broader claims, 
such as the overall reduction of network-wide 
emergency interventions and systemic resource 
waste prevention, are framed cautiously as expected 
potential benefits. While the immediate stabilization 
of data streams and expert-validated maintenance 
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loops support these trajectories, full long-term 
quantification of asset life extension remains subject 
to multi-year operational tracking across larger 
vehicle fleets.

3.7  Evaluation of asset longevity and maintenance
Across the monitoring-based pilots, the application of 
vehicle-based sensing combined with AI enabled the 
detection of hidden defects under real operational condi-
tions. This supports a shift toward more targeted main-
tenance interventions and allows for updates in asset 
management strategies where accelerated deterioration 
is detected. In Bergamo, the spatial mapping of anoma-
lies provided a detailed understanding of infrastructure–
vehicle interaction.

3.8  System-level energy and resource efficiency
All three pilots demonstrate how digital technologies 
improve energy-related insights. The transition from 
manual readout of legacy meters to automated CAN-
bus acquisition in Leipzig significantly improved data 
reliability. In Gdynia, the comprehensive simulation of 
110 + scenarios enables the optimization of energy use at 
the system level by identifying the most efficient infra-
structure configurations.

These digital tools directly support circular econ-
omy principles by reducing material consumption and 
waste. By identifying the most efficient configurations 
before construction, Digital Twins help avoid unnec-
essary investments and support lifecycle cost (LCC) 
optimisation.

3.9  Cross-case insights
Although the pilots employ different technologies and 
metrics, several consistent patterns emerge across all 
cases:

 	• Digital monitoring enables earlier and more accurate 
detection of degradation, supporting a shift from 
reactive to predictive maintenance.

 	• Simulation-based approaches provide a powerful 
tool for testing scenarios and optimising system 
design before implementation.

 	• The combination of real-time data and modelling 
enhances decision-making quality at both 
operational and strategic levels.

An overview of evaluation methods and key circular out-
comes across the three pilot cities is presented in Table 2.

To establish a direct link between operational telem-
etry and circular economy outcomes, technical findings 
are explicitly translated into material and lifecycle impli-
cations. In the monitoring pilots (Leipzig and Bergamo), 
detecting infrastructure faults and the three broken rails 
directly maps onto avoided catastrophic failures and 
reduced emergency interventions, which prevent the 
premature disposal of adjacent track structures. Precisely 
monitoring wire thickness (e.g., 9.43 mm vs. the 9.2 mm 
safety threshold) ensures that asset management is based 
on actual material degradation, achieving avoided pre-
mature replacement and extended component life. In the 
simulation pilot (Gdynia), energy and fleet-size optimi-
zation directly translates into clearer resource-efficiency 
by proving that In-Motion Charging requires only one 
battery replacement over the vehicle’s lifespan compared 
to two for pure e-buses, resulting in a lower material 
demand for rare raw materials and optimized lifecycle 
costs.

4  Discussion
The results of the three pilots demonstrate that digital 
twins and AI-driven monitoring are not merely techni-
cal enhancements but essential tools for operationalizing 
circular economy principles in public transport. How-
ever, the transition from theory to practice revealed sig-
nificant operational challenges that define the boundaries 
of these technologies.

4.1  Operational challenges and data integrity
A critical finding, particularly in the Leipzig pilot, was the 
discrepancy between legacy infrastructure and modern 
digital requirements. The initial reliance on older energy 
metering systems proved insufficient due to low sampling 
rates and data gaps. This mirrors a common challenge in 
European transit systems: the “digital gap” between new 
rolling stock and aging infrastructure.

The deployment of a direct CAN-bus interface in 
Leipzig addresses a profound operational bottleneck 
rather than a simple technological upgrade. For public 
transit operators, legacy rolling stock often utilizes pro-
prietary, closed onboard metering systems that strictly 
limit data access to manual, end-of-shift extractions. 
Within the context of the CE4CE project, establishing 
direct CAN-bus acquisition serves as a standardized 
blueprint for ‘data retrofitting’. It demonstrates that oper-
ators can bypass restrictive manufacturer software and 
unlock high-frequency, vendor-independent energy data 

Table 2  Overview of evaluation methods and key circular 
outcomes across the three pilot cities
City / Operator Notable Methods Key Circular Outcome
Leipzig (LVB) Vibration + Laser + CAN-bus Detection of 3 broken 

rails; updated mainte-
nance cycles

Bergamo (ATB) GNSS/IMU + EFS Digital 
Twin

Ranked OCL hot spots; 
optimized recuperation 
parameters

Gdynia (PKA) 110 + EFS Scenarios + SOC 
analysis

Optimized fleet size; tar-
geted OCS extensions
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from existing legacy fleets. This directly avoids the mas-
sive capital expenditure and material waste associated 
with premature vehicle replacements, embodying a core 
circular economy strategy.

Furthermore, the certification and integration of sen-
sors on operational vehicles (e.g., the Bergamo tram) 
highlighted the administrative barriers to innovation. The 
requirement for rail-certified edge computing units (EN 
50155) adds a layer of complexity that often discourages 
smaller operators from adopting predictive maintenance.

4.2  Interpreting anomalies: From detection to action
The detection of three previously unknown broken rails 
in Leipzig and multiple OCL “hot spots” in Bergamo 
demonstrates a significant improvement over traditional 
time-based maintenance intervals. While international 
benchmarks for track fault detection often rely on dedi-
cated, expensive measuring trains that run in large time 
intervals only, the continuous monitoring approach used 
here allows for real-time identification.

However, the pilots also highlighted that AI-based 
detection is not a replacement for human expertise but 
a filter. Every automated anomaly detection still required 
a validation loop with maintenance staff. This structural 
challenge suggests that the primary barrier to digital 
circularity is not a deficit of operational telemetry, but 
rather the systematic integration of AI-generated analyt-
ics into the daily, hard-scheduled workflows of frontline 
maintenance teams.

Crucially, the empirical evidence underscores that 
digitalization does not act as an immediate, standalone 
solution, but rather as an enabling layer whose ultimate 
impact is strictly dependent on organizational readiness, 
data quality, and deep integration into daily routines. The 
pilots demonstrate that high-fidelity data pipelines are 
functionally useless without predefined, validated work-
flows and skilled maintenance teams capable of translat-
ing algorithmic outputs into physical repairs. In Leipzig 
and Bergamo, this operational bottleneck was over-
come by establishing structured validation loops, such 
as weekly cross-departmental expert review meetings, 
which formalized the decision-making process required 
for AI-generated insights to actively overwrite and dic-
tate legacy maintenance schedules. Moving forward, the 
true prerequisite for circular public transit lies in insti-
tutional adaptability—ensuring that transit authorities 
mature organizationally to absorb predictive diagnostics 
into their rigid operational routines.

Digital Twins as a resource-saving tool

4.3  Digital Twins as a resource-saving tool
The Gdynia pilot’s simulation of over 110 scenarios 
addresses the most critical stage of the circular econ-
omy: the AVOID (refuse/rethink) stage. By proving that 

IMC can achieve higher state-of-charge resilience with 
a smaller fleet compared to pure battery-electric buses, 
the Digital Twin acts as a safeguard against over-pro-
curement. This aligns with recent studies suggesting that 
“virtual-first” planning can reduce the carbon footprint 
of infrastructure projects by up to 15–20% through opti-
mized material use. The real-world value of this simula-
tion model lies in exposing the non-linear relationship 
between traffic delays and battery degradation. While 
transit operators intuitively plan for congestion-related 
delays, the verified data shows that the prolonged, erratic 
energy draws caused by gridlock accelerate battery age-
ing much faster than standard high-frequency opera-
tions. By identifying these critical congestion hot spots 
prior to infrastructure deployment, the Digital Twin acts 
as an empirical safeguard against resource waste, steering 
capital toward targeted electrification that actively maxi-
mizes asset longevity.

4.4  Study limitations
Despite the positive outcomes, certain limitations must 
be acknowledged. The physical pilot deployments were 
restricted to a small fleet size (three in Leipzig, one in 
Bergamo) over a truncated observation window, which 
may not fully capture long-term seasonal extremes (e.g., 
extreme heat expansion in rails). Additionally, the finan-
cial and operational scalability of the Bergamo sensing 
architecture across larger commercial fleets remains to 
be evaluated concerning backend data processing and 
cloud storage costs. While expanding data harvesting 
across wider fleets is expected to linearly improve pre-
dictive resolution and asset maintenance productivity, 
further research is required to optimize the data-density-
to-infrastructure-cost ratio. .

4.5  Impact on the transport system
The integration of AI-driven monitoring and digital 
twins fundamentally transforms the efficiency of the 
urban transport network. By shifting to condition-based 
maintenance, the network reliability increases as the fre-
quency of unplanned service interruptions (e.g., due to 
broken rails or overhead line failures) decreases. Further-
more, vehicle efficiency is enhanced through the optimi-
zation of energy recuperation identified in the Bergamo 
and Gdynia simulations. This transition enables a more 
intensive use of existing assets, effectively increasing the 
system’s capacity without the need for resource-heavy 
physical expansions.

4.6  Policy and managerial recommendations
Based on the pilot findings, the following recommenda-
tions are proposed for European transport authorities 
and policymakers:
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 	• Support for data retrofitting: Policies should 
prioritize funding for “digital retrofitting” of legacy 
fleets. As shown in Leipzig, smartening existing 
assets is a faster and more circular pathway to 
sustainability than full fleet replacement.

 	• Standardization of transit data: To ensure 
transferability, EU-wide standards for sensor data 
integration (e.g., CAN-bus access protocols) should 
be strengthened, reducing the entry barrier for 
smaller operators.

 	• Holistic investment evaluation: Managers should 
move beyond “lowest purchase price” procurement. 
Digital twin simulations (as seen in Gdynia) allow for 
Lifecycle Cost (LCC) assessments that favor durable, 
energy-efficient solutions, aligning with Circular 
Economy objectives. Quantifying the financial trade-
offs of these digital and structural interventions 
reveals that the diagnostic costs of implementing 
AI-driven predictive monitoring are rapidly offset by 
the prevention of catastrophic failures. For instance, 
avoiding a single major overhead line collapse or a 
severe derailment caused by undetected broken rails 
saves an estimated €50,000 to €150,000 in immediate 
emergency repair costs and network downtime 
penalties.

 	• Skills development: Policy frameworks must 
support the upskilling of the transit workforce, 
ensuring that maintenance staff can effectively act 
upon AI-generated diagnostic insights.

5  Conclusions
This study demonstrates that digital innovations—
including AI-based condition monitoring, Big Data ana-
lytics, and Digital Twin simulations—can effectively 
facilitate circular economy strategies in public transport 
by enabling a shift from reactive to predictive and data-
driven asset management. Across the three European 
pilot cases, these technologies supported early fault 
detection, continuous infrastructure monitoring, and 
scenario-based planning, thereby reducing unnecessary 
material use, extending asset lifetimes, and improving 
operational efficiency.

Measurable impacts include the identification of criti-
cal infrastructure defects, such as eight overhead line 
faults and three previously undetected broken rails in 
Leipzig. The high-frequency operational data collection—
recorded every 1–3 s in Bergamo—and the simulation of 
over 110 electrification scenarios in Gdynia enabled the 
optimization of energy consumption, fleet size, and infra-
structure investments. These results show clear potential 
for reducing failure rates, improving maintenance target-
ing, and enhancing energy efficiency.

Beyond the technical achievements, the pilots highlight 
several critical lessons for future implementation:

 	• Data Integrity and source selection: The Leipzig 
pilot revealed that legacy energy metering systems 
may be unreliable, necessitating direct CAN-bus 
interfaces for accurate energy monitoring.

 	• Organizational readiness: Technical solutions must 
be accompanied by new maintenance workflows 
and validation loops; automated AI detections still 
require field inspection to confirm degradation 
patterns.

 	• Infrastructure optimization: The Gdynia pilot 
demonstrated that Digital Twins allow cities to 
compare electrification strategies before committing 
to long-lived infrastructure, preventing the resource 
waste of over-dimensioned systems.

 	• Asset longevity: By extending the life of critical 
components like copper overhead wires and traction 
batteries through early intervention, these digital 
tools directly reduce material demand, aligning 
with EU raw material strategies. Crucially, lifecycle 
cost assessments show that these digital-circular 
interventions achieve full amortization within 2–3 
years by mitigating catastrophic failures and cutting 
long-term asset expenditure by up to 35%.

Furthermore, the pilots demonstrate strong transfer-
ability due to their modular, vehicle-based monitoring 
approaches and scalable Digital Twin frameworks. Key 
enabling factors for replication include data availability, 
system integration, and organizational readiness. Overall, 
the findings confirm that combining digitalisation with 
circular economy principles provides a practical and scal-
able pathway towards more resource-efficient, resilient, 
and sustainable urban public transport systems.

Abbreviation
CE	� Circular Economy
CE4CE	� Public Transport Infrastructure in CentralEurope – facilitate 

transitioning to circular economy
LVB	�  Leipzig Public Transport Company
PKA	� Public Bus operator in Gdynia
PT	� Public Transport
AI	� Artificial Intelligence
IMC	� In Motion Charging
GNSS	� Global Navigation Satellite System
OCL	� Overhead Contact Line
OCS	� Overhead Contact System
EFS	� Energy Flow Simulation
KPI	� Key Performance Indicator
SOC	� State of Charge
LCC	� Lifecycle Cost
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