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ARTICLE INFO ABSTRACT
Keywords: Replacing diesel-powered container handling equipment with zero-emission drivetrains offers major environ-
Straddle carrier mental benefits but raises concerns about operational feasibility. This work introduces a scalable simulation

Terminal tractor
Port decarbonisation
Cargo handling equipment

approach based on graph networks to estimate the energy consumption of container handling equipment. The
method is employed to assess how operational conditions and vehicle configurations influence the operational
Zero-emission vehicles feasibility for hydrogen-powered terminal tractors and straddle carriers. A systematic parameter variation ex-
Fuel cell electric vehicles amines the influence of driver behaviour, operational factors, and technical specifications on energy demand and
Feasibility operational range. Results indicate that hydrogen fuel cell systems can meet individual performance re-
quirements of container terminal operations. Payload and driver behaviour govern the energy consumption,
while tailoring tank and battery sizes to the intended application enhances feasibility. The findings provide
guidance for designing and operating zero-emission container handling equipment in diverse terminal

environments.
1. Background and goal the high electrification rate of automated guided vehicles, over 80 % of
which are battery-electric [1].

Diesel-powered container handling equipment (CHE) in German To enable a broader adoption of zero-emission CHE units in the
seaports emitted over 150 kt of carbon dioxide (CO3) in 2021, and the future, several key prerequisites must be fulfilled.
respective CO; emissions are expected to increase to ca. 200 kt by 2040
[1]. Globally, more than 100,000 CHE units are in operation, respon- e Zero-emission powertrain options must be available on the market
sible for the emission of 10 to 15 Mt/a of COy [2]. In addition, these and technologically mature [1].
devices also emit nitrogen oxides, sulphur oxides, and particulate mat- e CHE units need to be able to reliably meet given operational de-
ter, and are also a source of noise emissions [1]. mands at the respective terminal. The operational processes must not

To reduce the environmental impact of CHE units, fully electrified be disrupted by constraints associated with fleet electrification [4]; i.
drivetrains (i.e., fuel cell electric vehicles or battery electric vehicles) e., vehicles must not be taken out of operation for recharging or
can be employed. Such technical solutions offer several advantages refuelling. In this context, the achievable operational range becomes
compared to the currently used diesel-powered units, as they do not a decisive factor.
produce local emissions, can achieve higher efficiencies and enable the e Finally, the respective technology option needs to be economically
recuperation of kinetic energy [3]. feasible [3].

However, despite these benefits, such electrified powertrains see
limited use within terminal environments so far. In Germany, approxi- In recent years, equipment manufacturers have developed electric
mately 7 % of the mobile CHE units in duty were powered by alternative vehicles across all categories of CHE. Based on current TRL assessments
powertrains as of 2021, and the majority of this share is attributable to [1,5], the availability of zero-emission powertrain options is therefore

Abbreviations: CHE, Container Handling Equipment; CO,, Carbon Dioxide; ECH, Empty Container Handler; EMS, Energy Management Strategy; OOG, Out-of-
Gauge; RS, Reach Stacker; SC, Straddle Carrier; SOC, State of Charge; SOF, State of Fuel; STS, Ship-to-Shore Crane; TT, Terminal Tractor; VRP, Vehicle Routing
Problem.
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not expected to be a major barrier for the adoption of clean powertrain
technologies.

However, the key prerequisite “operational feasibility of zero-
emission powertrains” is difficult to evaluate. Research on the feasi-
bility of such powertrains within the heavy-duty sector has primarily
focused on trucks so far [6]. In this area, extensive research on the in-
fluence of different use cases as well as technological and operational
factors on the feasibility of zero-emission powertrains is available. For
instance, Forrest et al. [7] evaluated the technical feasibility for the
medium and heavy-duty sector in California, while Link and Plotz [8]
analysed real-world case studies for regional delivery in Germany.
Additionally, Tanvir et al. [9] focused on operational constraints for
drayage applications. Furthermore, detailed assessments on the energy
consumption of heavy-duty trucks have been carried out (e.g., [10]).
Research in this area can rely on test data and standardised test cycles (e.
g., the VECTO cycles for regional delivery and long-haul applications)
[10].

In contrast, comparable research for CHE units remains scarce. Due
to highly diverse equipment types, different operational patterns, and
varying terminal layouts [3,6], standardised load cycles for CHE units
are not available to date [11], and most likely also in the years to come,
resulting in a complicated systematic evaluation.

The influence of different use cases and operating conditions be-
comes evident in the few cases where energy or fuel consumption values
are available from literature [5,12-20] or equipment manufacturers
such as Kalmar [21-23], Sany [24,25] and Liebherr [26]. The available
values span a wide range (Fig. 1). As the average hourly energy con-
sumption directly determines how long a device can operate without
refuelling or recharging, it also governs the achievable operational
range, which has previously been identified as a critical measure for
evaluating the feasibility of alternative powertrain technologies for CHE
units.

Based on the reported values, the impact of varying operational
conditions on energy demand and consequently on the feasibility of
zero-emission powertrains across diverse use cases remains insuffi-
ciently understood. Therefore, there is a need to evaluate which factors
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influence the energy consumption of CHE units.

Research on the energy demand and feasibility of container handling
equipment largely relies on measured data and is typically focused on
single use cases for one device type. For instance, Driesch [3] and Di Ilio
et al. [12,13] focused their investigations on terminal tractors, while
Kukkaro [11] and Hangga and Shinoda [15] analysed straddle carriers.
However, analysing the impact of different utilisation scenarios using
this approach would require extensive testing under each specific con-
dition, which is time-consuming and costly [15].

To overcome the current limitations of fragmented, single-use-case
assessments, this paper presents a novel approach for estimating the
energy consumption of CHE units by integrating technical vehicle
specifications, terminal-specific operational factors, and driver behav-
iour into a single framework. This integrated perspective is required
because the terminal type and the driver behaviour influence the power
demand profile, and the technical specifications govern the final energy
consumption required to meet the demand. By replacing extensive
physical testing with a graph-based simulation, this study offers the
following main contributions.

e A scalable simulation framework: A method generating diverse
driving cycles based on a graph network representation of terminal
layouts is introduced. This eliminates the need for large-scale phys-
ical testing, enabling broader scenario coverage with reduced
resource requirements.

e Generalisable feasibility assessment: Unlike studies focused on
single-vehicle test data, this approach provides generalisable insights
into the operational feasibility of zero-emission equipment across
different terminal types and utilisation scenarios.
Parameter identification: The key operational conditions deter-
mining whether currently available zero-emission configurations can
serve as viable alternatives to diesel equipment are identified, using
the operational range as the central metric of feasibility. While the
analysis is realised for hydrogen-fuelled vehicles, the method is
easily adaptable to other drivetrain types (e.g., battery-electric
systems).
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Fig. 1. Hydrogen consumption and resulting operational range for different device types (if energy consumption was given as electrical energy consumption, the
value was converted by assuming a fuel cell efficiency of 60 % and the lower heating value of hydrogen, if energy consumption was available as diesel consumption,
the value was converted by assuming a 35 % efficiency of the internal combustion engine and the lower heating value of the diesel fuel [13]; reach stacker combines
empty and full configurations; terminal tractor includes values for 4x2 and 4x4 configurations; values from [5,12-28].
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The remainder of this article is organised as follows: Section 2 details
the methodological framework, including the vehicle modelling and
energy management strategy. Section 3 describes the reference terminal
scenarios and vehicle parameters, and Section 4 presents the simulation
results. Finally, Section 5 summarises the key findings and outlines di-
rections for future research.

2. Methodology

To assess zero-emission container handling equipment (CHE), a two-
step methodology is developed. The assessment builds on a set of input
parameters, including terminal characteristics (e.g., layout), driver
behaviour (e.g., acceleration patterns and velocity limits), and vehicle
specifications (e.g., motor power, hydrogen tank size). An overview of
the method is provided in Fig. 2.

e The first methodological step involves the generation of driving cy-
cles. Such a driving cycle is typically defined as a vehicle speed
profile over a certain timeframe [29]. To generate these profiles, the
respective terminal layout is transformed into a graph network rep-
resentation (Section 2.1). This representation, in combination with a
defined use case representing the tasks a vehicle faces throughout a
shift, and the driver behaviour, characterised mainly by acceleration,
deceleration and maximum velocity, enables the creation of driving
cycles. In addition to speed profiles, corresponding acceleration,
slope, and total vehicle weight profiles are generated within this
methodological step.

e In the second step, the corresponding energy consumption is esti-
mated based on the driving cycles using a vehicle model (Section
2.2). The energy consumption and the respective vehicle-specific
parameters are used to compute the state of charge of the battery
and the state of fuel of the hydrogen tank over time.

Based on this two-step methodology, the operational range of a CHE
unit is determined through iterative simulation. After each generated
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driving cycle, the corresponding energy consumption is evaluated, and
the vehicle’s energy state (i.e., hydrogen tank level, battery state of
charge) is updated. As long as sufficient reserves remain, the next
driving cycle is generated and assessed. This process continues until the
energy reserves of the respective CHE unit are depleted, at which point
the total operating time defines the vehicle’s achievable operational
range. The operational range is established as the key measure for
assessing operational feasibility and therefore serves as the main output
of the analysis, since zero-emission equipment must be able to complete
full shifts without interruptions for refuelling or recharging to serve as a
practical alternative to diesel-powered units [4].

2.1. Graph network simulation for driving cycle generation

Approaches for solving vehicle routing problems (VRP) aim to
determine the minimum-cost routes for vehicles or vehicle fleets serving
a set of customers [30]. Such methods enable the analysis of the in-
fluences of driver behaviour, different vehicle specifications, as well as
road management features [31]. Conventional VRPs can be extended to
electric vehicle routing problems to determine the route with the lowest
energy consumption [32] while considering constraints like range lim-
itations and recharging of vehicles [33]. To solve such VRPs, graph
networks are widely used. For example, Goeke and Schneider [30] uti-
lised them to route mixed fleets of electric and conventional vehicles,
while Pelletier et al. [34] applied them to account for energy con-
sumption uncertainty.

Compared to such a conventional (electric) VRP, the method pre-
sented here diverges in its primary objective. Rather than optimising
vehicle routes, the method applies only the energy consumption esti-
mation component of the VRP. The graph network is leveraged to sys-
tematically represent the CHE unit movement and operational tasks for
the estimation of energy consumption under different terminal-specific
conditions (e.g., terminal layout and used equipment, shift structure,
driver behaviour, vehicle specification).
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Fig. 2. Methodology for the analysis of the operational range of container handling equipment.
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2.1.1. Graph network representation of container terminals

The foundation for the graph network-based energy consumption
estimation is the representation of the terminal layout as a graph con-
sisting of edges and nodes. Edges represent roads and nodes represent
intersections [32]. Representing the container terminal network re-
quires two node types.

e Routing nodes act as intersections, being necessary to reflect the
layout of the terminal and enable the routing of the vehicles between
the different operational nodes.

e Operational nodes correspond to locations where container handling
activities occur (e.g., container pick-up or drop-off at quay or yard
cranes). These operational nodes also include the infrastructure
nodes representing the location of refuelling or charging equipment.

Each node has several attributes, including a defined location in a
three-dimensional coordinate system and the nodes it is connected to.
Based on these attributes, the edges of the graph can be constructed. In
addition, the edge characteristics needed for the routing algorithm (e.g.,
distance and road grade) are determined. The edges denote feasible
paths for CHE unit movement between nodes based on the operational
connectivity of the terminal. By that, it can be ensured that the CHE unit
cannot take blocked routes.

2.1.2. Vehicle operation logic

Once the terminal layout is established through the graph network
representation, the next step defines how CHE units operate within this
framework. The operational behaviour of the CHE unit is governed by a
sequential decision-making process determining equipment actions.
This process addresses how individual CHE units navigate through their
operational sequences while adhering to energy and operational re-
quirements. The main elements of the operation logic are displayed in
Fig. 2.

The vehicle operation is defined by a so-called use case, determining
the permissible operational node types a CHE unit can visit and the
probability distribution for the different node types. To generate a new
driving step, a destination operational node type is selected (see ‘Select
Destination Node’ block in Fig. 2) based on the use case definition, the
current node type and the vehicle loading status. Once the target node
type is determined, a specific destination node is selected randomly from
the available nodes of that type. While the selection within the target
type is stochastic, the movement is confined to the valid operational
flow defined by the terminal's logistical process. This approach captures
the high variability of job assignments across the entire terminal area.
Although it does not explicitly model spatial optimisation strategies (e.
g., dividing the fleet to service specific sub-zones), this method provides
a robust estimation of energy consumption by including longer driving
distances that may occur during peak utilisation or unoptimized dis-
patching. The route between the start and end node is calculated
assuming that the vehicle takes the shortest path between the two nodes.
The shortest path is determined with the Dijkstra algorithm [35]. Based
on the respective route, the complete driving cycle for the step is
generated, encompassing both the driving cycle (movement between
nodes) and the operational cycle (activities performed at the destination
node), as explained in Sections 2.1.3 and 2.1.4. Since both the node type
and the specific node selections are randomised, the routes taken by
each vehicle during operation might vary, even across identical use
cases. This effect intensifies in terminals with a high number of nodes of
the same type. The driving distances between different node pairs can
differ significantly, leading to differences in the energy consumption. As
a result, some randomness is inherent in the model, and outcomes may
fluctuate under otherwise identical conditions. Afterwards, the gener-
ated step is executed. The vehicle status is then updated, and the pro-
cedure iterates with the generation and evaluation of the next step.
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Prior to generating a new operational step, the model evaluates the
vehicle's current energy state, i.e., hydrogen tank state of fuel (SOF) and
battery state of charge (SOC) (decision diamond ‘Energy State Sufficient’
in Fig. 2). If the energy reserves are insufficient, indicated by the defined
minimum state of fuel (SOF;;;) and minimum state of charge (SOCj;,)
thresholds, no further steps are generated, and the cumulative time is
recorded as the vehicle’s operational range. Conversely, if the reserves
are sufficient, a new step is generated and the simulation continues.

2.1.3. Driving cycle generation

To generate the velocity profile along the identified route, train-like
speed profiles are adopted along the edges. This approach is consistent
with existing approaches (e.g., [33,36]), where energy consumption is
estimated based on speed profiles.

For each edge, the velocity profile consists of an acceleration phase, a
cruising phase and a deceleration phase.

e In the acceleration phase, a constant acceleration is considered until
the CHE unit reaches the target cruising speed.

o Afterwards, the CHE unit enters a phase where it maintains a con-
stant velocity until the deceleration phase begins.

e In the deceleration phase, the vehicle reduces its velocity with a
constant deceleration until it reaches the defined end velocity.

The start and end velocities can vary depending on the node type. At
the start node of the path, the CHE unit has a velocity of 0 km/h by
definition. When reaching the final node of the route, the vehicle must
have a velocity of 0 km/h as well to carry out the operation. If the end
node of the edge is a routing node where the vehicle has to make a turn,
the end velocity is a random value between 0 and 50 % of the cruising
velocity to consider the turning of the vehicle around corners. If the
direction stays the same, the vehicle does not need to lower its velocity.
When generating the speed profiles along an edge, two different aspects
are always checked.

o If the cruising velocity cannot be reached due to an insufficient edge
length, the cruising velocity for that edge is reduced and the profile is
calculated again until a reasonable driving velocity is determined.

o If the maximum motor power the vehicle can provide is exceeded at
any point of an edge (decision diamond ‘Max. Engine Power Excee-
ded’ in Fig. 2), the acceleration and deceleration values, as well as
the driving velocity, are reduced for the edge until the maximum
power can be supplied by the respective motor.

After the generation of the velocity profile for the route, the profile is
smoothed over a rolling window size of 2s. The time step size of the
generated profiles is 0.25 s. Afterwards, the acceleration is calculated as
the gradient of the velocity profile. It is also assumed that the CHE unit
only drives forward [3]. As a simplification, interactions of vehicles (e.
g., traffic congestion) are not considered.

Example driving cycles generated using the presented approach are
presented in Appendix A.

2.1.4. Generation of operational cycles

Beyond the horizontal driving movement along the route,
equipment-specific operational cycles are needed to capture the full
range of activities performed by CHE units. These cycles are particularly
important for active vehicles (e.g., straddle carriers), which are defined
by their capability to perform lifting or stacking operations, in contrast
to passive devices (e.g., terminal tractors), which are restricted to hor-
izontal transport [37].

To achieve that, driving profiles consisting of speed profiles and, if
applicable, lifting-related profiles like the lifting velocity, are generated
after reaching the operational node (see ‘Generate Operational Cycle’ in
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Fig. 2). These activities need to be defined and described as discrete
actions for each CHE unit type. The possible operational tasks include
driving manoeuvres like queuing or approaching a container, waiting (e.
g., for the crane to place a container), and lifting or lowering
movements.

For lifting operations, the system models vertical movements using
similar dynamic principles applied to the horizontal motion. The lifting
movement to the specified height is therefore also divided into an ac-
celeration, cruising and deceleration phase. For simplification, needed
adjustments of spreader positions are neglected. This simplification is
justified as container adjustments account for less than 10 % of the
working time and energy consumption of a straddle carrier [15] and it is
assumed that this behaviour can be transferred to all active CHE devices.

Appendix A provides example operational cycles illustrating the
resulting speed and lifting profiles.

2.2. Estimation of energy consumption

To calculate the energy consumption based on the generated driving
cycles, a backwards-facing vehicle model is utilised. Based on velocity,
acceleration, vehicle weight and road slope profiles, the resulting power
request can be estimated (‘Step 2: Energy Consumption Estimation’ in
Fig. 2) [38]. Integrating the instantaneous power demand over the
driving cycle yields the total energy consumption.

2.2.1. Vehicle dynamics model

The total resistance force F, that the vehicle faces while driving re-
sults from the aerodynamic resistance, the rolling friction and the
grading resistance. The traction power P, required at the wheels to
overcome this resistance force can be calculated based on Equation (1)
[12,13,38].

P,, = F,yP,, = 0.5pv*A,cq +m,gVv[f;oucosa + sina] + sm,av (D

The air density p, the gravitational acceleration g, the drag coefficient ¢4
and the mass factor § are constants (see Table 2 for definition). The
vehicle velocity v, the vehicle frontal area A,, the total mass of the
vehicle m,, the vehicle acceleration a, the road slope a and the rolling
resistance coefficient f,,y might change over time. The profiles for all
time-dependent variables are generated during the driving cycle syn-
thesis (Sections 2.1.3 and 2.1.4), examples of which are illustrated in
Appendix A to demonstrate the resulting kinematics and load profiles.
Consequently, the variables in Equation (1) are directly determined by
the operational inputs: the total vehicle mass incorporates the payload,
while the velocity and acceleration profiles are governed by the driver
behaviour constraints (i.e., maximum allowed speed and acceleration
rates defined in Table 3 and Table 4). This ensures that variations in
driver aggressiveness or cargo weight are translated into specific power
requests through the physical resistance forces of the model.

In the case of active devices, the power needed for lifting movements,
Py, needs to be considered as well (Equation (2)). The lifted mass mys,
considering the spreader and the load, and the lifting velocity vy are
determined during the driving cycle synthesis [39].

Pri = MypgVis 2

To calculate the required electric motor power for driving, Pm drive
(Equation (3)), an average drivetrain (1) and motor efficiency (g are
assumed [12,13,38].

Pm.dn‘ve = Pw(ﬂ[ﬂEM) —sn(Pv) (3)

To calculate the power request for lifting movements, Pp, ;i (Equation
(4)), a lifting efficiency (i) is taken into account [39].
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Prip = Pliff(nlﬂ"t”EM)isg"(Phﬁ) C))
The total power requested from the power source, P, (Equation (5)),
also takes the power consumption of the auxiliary loads Pg,, into ac-
count [38].

Pel = Pau.x +Pm‘drive +Pm.hft (5)

2.2.2. Energy management strategy

The total requested power (P, by the CHE unit is supplied by the
fuel cell (Prc) and the battery (Ppq) (Equation (6)). A DC/DC converter
(converter efficiency npcpc) connects the fuel cell (FC) to the high
voltage bus. Motor and battery are directly connected to the high-
voltage bus, as illustrated in Fig. 3 [13].

Pea = Prclipepe + Phar (6)

To govern the power distribution between the fuel cell and the battery, a
rule-based energy management strategy (EMS) based on [40] is imple-
mented. While recent research often explores data-driven energy man-
agement strategies, a rule-based EMS was deliberately selected for this
study to ensure broad applicability across diverse equipment types and
configurations.

The system aims to keep the battery state of charge (SOC) in a
defined range between an upper (SOCpigr) and lower (SOCpoy,) limit and
switches the fuel cell off when a defined maximum SOC (SOC ) limit is
exceeded. If the SOC is below SOCqx, the fuel cell power output is
determined based on the requested load power (Pg), the SOC, and the
fuel cell minimum (Prc,min), optimum (Ppc,p) and maximum (Ppcmax)
power outputs. In addition, the battery characteristics, i.e., the battery
capacity (Epq) and the optimum discharge (Copt,dis), charge (Copt,cha) and
optimum (C,) C-rates, are considered as the goal of the EMS is to
optimise the system's efficiency [40]. The resulting logic, summarised in
Table 1, defines 12 operational states.

e Fuel Cell Deactivation (State 0): When the battery is overcharged
(SOC > SOCpyqy), the fuel cell is turned off to prioritise battery
depletion.

e Minimum Power Operation (States 1, 2, 5): The fuel cell operates at
its minimum power (Pr¢,min) when the SOC is normal or high (SOCjoy
< SOC < SOCnqy) and the required load power is low.

e Maximum Power Operation (States 4, 9, 11): During periods of high
power demand or when the battery SOC drops below the critical
threshold (SOC < SOCy,y), the fuel cell operates at its maximum rated
power (Prcmax)- This ensures the load is met while simultaneously
recharging the battery to prevent depletion.
Load Following (States 3, 6, 8, 10): In intermediate conditions where
the system cannot efficiently operate at a fixed point, the fuel cell
output is regulated to follow the load power (Pr¢ = P, utilising the
battery to buffer minor fluctuations.
Optimum Power Operation (State 7): State 7 represents the ideal
operating condition. The fuel cell is locked to its optimum operating
point (Pgc,ope)- This state is activated when the load demand (P) falls
within a specific window around Prc oy, defined by the battery's
optimum power capability (+EpqCopy). Within this bandwidth, the
battery efficiently buffers the difference between the varying load
and the steady optimal fuel cell output, maximising the system's total
efficiency.

2.2.3. Powertrain model

The energy and hydrogen consumption based on the battery and fuel
cell power are calculated based on the power requests and a model of the
power sources. Here, a simplified representation of the fuel cell and
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Auxiliary demand

~{

Electric motor

Fig. 3. Configuration of the fuel cell electric energy system (PEM: Polymer electrolyte membrane, P;: Total power request, Prc: Fuel cell power output, Py, Battery

power flow).

Table 1
Summary of the rule-based EMS based on [40].

Battery SOC State Load power Fuel cell power
SOC > SOCpax 0 0
SOChigh < SOC < SOCmax 1 Per < Prcmin PEC,min
2 Prc,min < Pel < Prcmin + EbatCopt,dis PrC,min
3 Pec,min + EbatCopt,dis < Pel < Prc,max + EbatCopt,dis Pei — EpatCopt,dis
4 Prc,max + EbatCopt,dis < Pel Prc,max
SOCjow < SOC < SOChigh 5 Pe < Prcmin Prc,min
6 Prc,min < Pel < Pre,opt — EbatCopt P
7 Pec,opt = EbatCopt < Pel < Pre,opt + EbatCopt Prc,opt
8 Pre,opt + EbatCopt < Pel < Prcmax P
9 Pe1 > Prcmax Prcmax
SOC < SOCjow 10 Pel < Prc,max — EbatCopt,cha Pe + EpatCopt,cha
11 Pel > 1)FC,max - Ebatcopt,cha PFC,max
battery system is considered. Due to this simplified efficiency estima- linearly (Equation (9)).
tion, different fuel cell and battery sizes as well as efficiencies can easily n n
be considered in the model. Power requests from the power source are Nrc(Prc) = Npcmax + <PFC'”“X7PFC"M> (Prc — Prcmin) 9
FCymin — £ FCmax

denoted with a positive sign.

The state of charge change (ASOC) based on the power requested or
supplied to the battery (Ppq) and the efficiency of the battery, #pqs
during a time step (At) can be calculated according to Equation (7) [12].

7PbatAt(’1[mt) —5gn(Ppat)

ASOC =
Ebar

)

If the peak charge rate of the battery is exceeded in the case of regen-
eration, it is assumed that the battery is charged at its maximum
allowable power, and any excess braking power is dissipated via the
mechanical brakes.

The hydrogen mass that is consumed during a timestep, mpyp, is
calculated based on the power requested from the fuel cell (Prc), the
lower heating value LHVy of the hydrogen fuel and the fuel cell effi-
ciency nrc (Equation (8)) [38].

PFc‘At

= _ 8
n FCLH VH2 ( )

M2

The fuel cell efficiency is estimated by a linear approximation as a
function of the fuel cell power output Pg¢. This approximation is defined
within the interval Pgc € [Prcmin, PFcmax), Where Ppc min corresponds to
the minimum operating point under the applied energy management
strategy, while Prcmax equals the rated power of the fuel cell and de-
notes full load. The maximum (Nrcmax) and minimum (Ngcmin) effi-
ciency of the fuel cell correspond to the respective efficiencies at the end
points of the interval. Within this interval, the efficiency decreases

Appendix A illustrates the application of the vehicle dynamics model
and energy management strategy through example cycles, showing the
resulting power demand profiles and power distribution between the
fuel cell and battery for different device types.

3. Case study

Below, the case study to be assessed here is defined. The considered
terminal types are elaborated in Section 3.1. The container handling
equipment (CHE) types investigated here are described and defined in
Section 3.2. The parameter variation carried out to identify the pa-
rameters that influence zero-emission CHE unit feasibility is explained
in Section 3.3. Each considered configuration was simulated in 10 in-
dependent iterations to account for the stochastic variability inherent in
the random node selection process. This sample size allows for a robust
estimation of the average operational range while providing a clear
representation of the result distribution. As illustrated in the results
(Section 4), the variance of these iterations is represented through
interquartile ranges and whiskers in the box plots, which serve as a vi-
sual analysis of the statistical spread and result consistency. The pro-
posed methodological framework (Section 2) was implemented in
Python. The graph network operations and shortest path algorithms
were executed using the NetworkX library [41].
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3.1. Terminal types

To account for the diversity of container terminal configurations and
examine how these variations affect the feasibility of zero-emission
powertrains, generic reference terminals are employed. These termi-
nals capture the essential features of different terminal archetypes.
While individual terminals exhibit unique characteristics, fundamental
similarities allow for a systematic categorisation. Each reference ter-
minal is thus defined by three key components.

e The first one is the terminal layout representing the physical
arrangement of operational areas (e.g., quayside, storage yards). This
layout directly influences the vehicle movement patterns and
covered distances. The given terminal layout is then transferred to a
graph network representation.

Additionally, the equipment fleet composition, defining types and
quantities of CHE units employed, is defined. This fleet composition
may vary significantly across different terminal archetypes and is
impacted by several factors (e.g., size of the terminal, cargo type,
automation grade). It influences the tasks the different CHE units
have to fulfil. For example, if straddle carriers are present, terminal
tractors are not needed for the horizontal transport of containers
between the quay crane and the yard.

The last aspect is the operational pattern of the terminal, including
the number of shifts per day and the break structure. These patterns
influence the number of recharging or refuelling opportunities and
the minimum operational range a CHE unit has to be able to fulfil.

The reference terminal approach enables a systematic evaluation of
powertrain alternatives across different operational contexts while
avoiding the complexity of modelling every possible terminal configu-
ration. By focusing on representative archetypes, the methodology can
assess how terminal-specific factors influence the viability of zero-
emission technologies and identify the operational conditions under
which different powertrain options are most suitable.

Here, two different reference terminals are considered: The flat field
terminal and the empty container terminal.

Flat field reference terminal. The graph network representing the
flat field terminal layout is displayed in Fig. 4. Containers are discharged
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from the vessel at the quay (orange nodes in Fig. 4). A 20 % share of
empty inbound quay containers is assumed. Four straddle carriers (SC)
are assigned to one quay crane. The majority of the flat field terminal
area is attributed to the SC yard (green nodes in Fig. 4). Here, containers
are stored before they are transferred to the quay cranes, to trucks or to
the rail section. These transfer movements are carried out by SCs, as
these are the only devices that can enter the yard due to their capability
to drive over containers. Therefore, the nodes inside the yard are not
connected to the other nodes and can only be approached by SCs.

The terminal is assumed to have an empty container section (red
nodes in Fig. 4) that is operated independently. Empty containers are
moved between the empty container section and the rest of the terminal
by the rail-mounted gantry crane, which is also used to load and unload
trains. The empty container transfer at the terminal is carried out with
SCs.

The out-of-gauge (OOG) section (pink nodes in Fig. 4) is used to store
all types of non-containerised cargo. OOG cargo is transferred to the
train (brown nodes in Fig. 4), truck (violet nodes in Fig. 4) and quay
(orange nodes in Fig. 4) sections by 4x2 terminal tractors. In addition,
full container reach stackers are used at the terminal for the transfer of
0OG load between the OOG, truck and rail sections. The idle section
(grey nodes in Fig. 4) contains the refuelling infrastructure and parking
spots for the vehicles that are not in use.

The terminal operates in three shifts, each with 7:30 h of operation
and 30 min breaks between the shifts. Therefore, vehicles need to be
able to at least cover an operational range of 8 h.

Empty container reference terminal. The graph network repre-
senting the empty container terminal layout is displayed in Fig. 5. The
layout considers two yard areas (green nodes in Fig. 5). To accurately
reflect the simulated logistics processes, one yard area is modelled in
detail to include container stacking and retrieval operations performed
by empty container handlers (ECH) and reach stackers (RS), while the
second yard area primarily serves to integrate the horizontal transfer
movements conducted by terminal tractors (TT). Each yard area can be
entered from a road by trucks and TTs. Containers are loaded onto and
unloaded from the trailers with empty container RSs and ECHs at
dedicated loading positions (violet nodes in Fig. 5). RSs and ECHs are
also used to stack and retrieve containers from the yard area. The idle
section (grey nodes in Fig. 5) contains infrastructure for charging and
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Fig. 4. Graph network representing the flat field terminal layout (OOG: Out-of-gauge).
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Table 2 Table 3
General model parameters. Terminal tractor model parameters.
Parameter Unit Value Reference Parameter Unit Value  Reference
Empty container weight t 3.85 [42] Vehicle weight t 8.24 [3]
Full container weight t 22.275 [42] Gooseneck weight t 3.4
Out-of-gauge weight t 20 Bomb-cart trailer weight t 8
Battery efficiency bat % 97 [13] Chassis weight t 2.95 [42]
Battery peak charge rate C 1.5 [12] Vehicle frontal area A, m? 8 [12]
Battery optimum charge rate Copt,cha C 0.3 [40] Rolling resistance coefficient vehicle Sron 0.024 [3,12]
Battery optimum discharge rate Coptdis C 0.3 [40] Rolling resistance coefficient vehicle Srolt 0.015 [3,12]
Battery optimum rate Copt C 0.2 [40] and trailer
Electric motor efficiency NEM % 93 [12] Maximum velocity km/h 30
Drivetrain efficiency e % 92 [13] Maximum acceleration unladen m/s? 0.3
DC/DC converter efficiency Npcpe % 93 [12] Maximum acceleration laden m/s? 0.2
Drag coefficient cq - 0.8 [12] Maximum deceleration m/s? —-0.75
Mass factor 8 - 1.1 [12] Maximum power drive motor kw 230
Auxiliary power consumption Paux kW 5 [12] Fuel cell rated power Prc,max kw 45
SOC goal range upper limit SOChigh % 85 Hydrogen tank capacity kg 15
SOC goal range lower limit SOCiow % 65 Battery nominal capacity Epar kWh 130
Maximum SOC SOCrax % 90
Minimum SOC SOCmin % 10
Minimum SOF SOF,in % 5
Maximum fuel cell efficiency 1FC, max % 58 [43]
Minimum fuel cell efficiency 1FCmin % 48 [43]
Optimum fuel cell power Prc,opt % of Prc,max 55 .
Minimum fuel cell power Prc,min % Of P max 17 3.2. Devices

refuelling as well as parking spots.

The terminal operation is divided into two 7:30 h shifts and a 30 min
break between the shifts. The minimum operational range that vehicles
need to cover is therefore set to 8 h.

Main differences between the terminal types. To conclude the
terminal description, the key operational distinctions between the two
reference archetypes are summarised. The flat field terminal represents
a high-intensity environment characterised by frequent cornering,
heavy payloads (OOG cargo and full containers), and continuous 24-
hour operation (3 shifts). In contrast, the empty container terminal
features a simplified layout with long, straight road sections, lighter
payloads (empty containers), and reduced operating hours (2 shifts).

To allow for a comparison of active and passive devices, the analysis
is carried out for a terminal tractor (TT) and a straddle carrier (SC).
Additionally, the inclusion of the TT enables the examination of
different terminal types, while the SC is exclusively deployed at the flat
field terminal. Model parameters being identical for all analysed vehi-
cles are listed in Table 2.

The main output of the simulation is the operational range, which is
defined as the total cumulative operating time before a minimum energy
state is reached. Consistent with the methodology described in Section
2.1.2, the simulation terminates if the energy state is below SOF,;, or
SOCnn after the completion of the previous step. All vehicles are ini-
tialised with a tank level of 90 % and the initial battery charge level is set
to the midpoint of the desired state of charge range (75 %).
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Table 4
Straddle carrier model parameters.
Parameter Unit Value Reference
Vehicle weight t 72
Vehicle frontal area A, m? 35
Spreader weight t 7.2
Rolling resistance coefficient vehicle frou - 0.018
Maximum velocity km/h 24
Maximum acceleration unladen m/s? 0.3
Maximum acceleration laden m/s> 0.2
Maximum deceleration m/s? -0.75
Maximum lifting velocity m/s 0.3
Maximum lifting acceleration m/s? 0.2
Maximum lifting deceleration m/s? -0.4
Maximum power drive motor kw 285
Maximum power lift motor kw 150
Fuel cell rated power Prcmax kw 150
Hydrogen tank capacity kg 60
Battery nominal capacity Epat kWh 130
Lifting efficiency Mife % 85 [39]

3.2.1. Terminal tractor

Terminal tractors (TT) can only be used for horizontal transportation
[44] and are available as 4x2 and 4x4 configurations. 4x4 versions are
used for heavy-duty services (e.g., in Roll-on / Roll-off terminals) [12].
Here, a 4x2 configuration is analysed. The baseline model parameters
for the 4x2 TT model are listed in Table 3.

The operational range of the TT is investigated on the flat field and
the empty container terminal. On the flat field terminal, the considered
use case is the transfer of out-of-gauge load between the out-of-gauge,
train and quay sections. The TT always has a gooseneck connected
and can drive empty or with a bomb-cart trailer attached to the goose-
neck. The use case on the empty container terminal is the transfer of
empty containers between the yard areas. The TT unit always has a
chassis connected without a gooseneck.

3.2.2. Straddle carrier

Straddle carriers (SC) can be used for the horizontal transportation,
stacking and retrieving of containers and for the loading and unloading
of trucks and trains [44]. The baseline model parameters for the SC
model are listed in Table 4.

The considered use case for the SC involves transporting full con-
tainers between the yard and a certain assigned quay crane, as well as
moving empty containers between the train section and the quay cranes.

3.3. Parameter variation

Since the reference terminals differ in aspects such as the terminal
layout and the load type, comparing their results already enables the
identification of parameters that influence the energy consumption and
the operational feasibility of zero-emission container handling equip-
ment units. Beyond these structural differences, a systematic parameter
variation is conducted. To capture the impact of the driver behaviour,
the maximum allowed acceleration and deceleration are varied. In

Table 5
Ranges of varied parameters expressed as lower and upper percentages relative
to the base case values.

Parameter Terminal tractor Straddle carrier

Driver Behaviour

Maximum vehicle speed -50 30 —50 10
Maximum acceleration and deceleration —-60 100 —60 100
Maximum lifting velocity —60 40
Technical Specifications

Vehicle weight -10 50

Hydrogen tank capacity -30 30

Maximum fuel cell efficiency —-20 20

Battery capacity -75 5
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addition, the effect of limiting driving and lifting velocities is analysed.
Besides this, the impact of technical specifications is investigated by
adjusting the vehicle weight, the fuel cell efficiency, the battery capac-
ity, and the hydrogen tank size. The ranges of all varied parameters are
summarised in Table 5.

4. Results and discussion

Below, the simulation results on the operational feasibility and en-
ergy consumption of hydrogen-fuelled container handling equipment
(CHE) are presented. Based on the results, the key parameters influ-
encing the operational feasibility are identified, and measures to
enhance the applicability of zero-emission CHE units are derived. The
evaluation first considers the influence of driver behaviour and opera-
tional factors, which is examined for both passive and active devices
(Section 4.1). Subsequently, the role of technical specifications is ana-
lysed for the terminal tractor (Section 4.2).

4.1. Driver behaviour and operational factors

Driver behaviour and operational factors (i.e., payload, terminal
layout) represent two influential factors for the operational feasibility of
zero-emission CHE units. Acceleration, deceleration and driving velocity
dictate the vehicle’s power demand, while the payload determines the
total vehicle mass and thereby influences the energy consumption. To
examine these effects, results are first presented for a passive device,
represented by a 4x2 terminal tractor, and subsequently for an active
device, represented by a straddle carrier. A combined discussion of the
main trends and their implications follows in Section 4.1.2.

4.1.1. Results

Passive Devices. The influence of the driver behaviour on the
operational range of a terminal tractor (TT) on the flat field and empty
container terminals is shown in Fig. 6. The lowest operational range is
slightly above the limit of 8 h and occurs under the most aggressive
driver behaviour on the flat field terminal, while the highest operational
range of ca. 17 h is reached on the empty terminal at the lowest allowed
velocity. Consequently, the vehicle can achieve the requested opera-
tional range of 8 h of uninterrupted operation under all conditions. In
general, the operational range on the empty container terminal is ca. 2 h
longer compared to the flat field terminal. Apart from the differences in
absolute runtime, the influence of acceleration, deceleration, and ve-
locity limits exhibits consistent patterns that emerge across both ter-
minal types. The operational range decreases at comparable rates as
these parameters increase. Notably, while the slopes of the acceleration
and deceleration curves are similar, the velocity curve is steeper on the
empty terminal.

The equivalent hydrogen consumption in the base case on the empty
container terminal is around 0.35 kg/h lower than on the flat terminal
(Fig. B1). In general, the hydrogen consumption across all cases is in the
range of 0.7 to 1.7 kg/h and therefore at the lower end of the spectrum
reported in Fig. 1. This is expected as values for a 4x4 TT are included
there, which experience higher power peaks due to the slope occurring
when driving inside of ships.

Active devices. The influence of driver behaviour-related metrics on
the operational range of the straddle carrier (SC) is presented in Fig. 7. In
addition to the longitudinal acceleration and velocity considered for the
TT, the analysis is extended to lifting-related parameters for the SC,
focusing on the lifting velocity.

Compared to the TT, the SC exhibits greater variance between iter-
ations of the same configuration, due to the randomness in node selec-
tion. This effect is amplified by the high number of yard nodes, which
introduces additional variability to the driving cycles, even for identical
vehicle configurations. While the influence of acceleration, decelera-
tion, and maximum velocity exhibits analogous behaviour to that
observed for passive devices, a notable difference arises, as increases in
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acceleration and deceleration limits beyond 20 % do not further reduce
the operational range for the SC. Similar to the driving velocity,
reducing the lifting velocity also extends the operational range.

The equivalent hydrogen consumption of the SC ranges between 2.4
and 3.6 kg/h (Fig. B2). These values lie at the lower end of the spectrum
shown in Fig. 1 and even below the reported values in some cases. This
could result from the limited data availability or the favourable condi-
tions assumed in this analysis. Moreover, while validated vehicle models
are available for TTs [12,45], no such validated model currently exists
for SCs. Nevertheless, the relative influence of the investigated param-
eters should not be affected, as the same vehicle model was applied for
all configurations.

4.1.2. Discussion

Payload. The influence of the payload can be assessed for the ter-
minal tractor (TT) by comparing the results for the empty container
terminal with those for the flat field terminal. The higher operational
range observed on the empty terminal demonstrates that both the load
weight and the total vehicle weight strongly affect the respective energy
demand. On the empty terminal, the reduced overall vehicle mass,
resulting from a lighter load and the lower weight of the chassis
compared to the bomb-cart trailer with a gooseneck, leads to lower
energy consumption than in the flat field scenario. The power con-
sumption profiles in Appendix Al illustrate this difference, with the flat
field terminal (Fig. A1) showing higher traction power demands due to
the heavier OOG cargo compared to the empty container terminal
(Fig. A2). While the payload itself cannot be modified, it remains a
critical factor in determining whether a device is suitable for a given use
case or terminal configuration.

Driving velocity and acceleration. The effect of the velocity limit
on the operational range is evident for both active and passive devices,
as an increased velocity limit reduces the operational range for all
configurations. While the velocity limit directly impacts the operational
range, its effect is further shaped by the specific characteristics of the
terminal layout. On the empty container terminal, characterised by long
and straight road sections, the vehicle operates at the maximum velocity
for extended periods, as illustrated in Fig. A2. When the maximum
driving velocity is low, the vehicle correspondingly spends more time
driving at this lower speed, resulting in reduced energy consumption. In
contrast, the flat field terminal features a higher number of turns,
leading to more frequent acceleration and deceleration events. As a
result, the influence of the maximum velocity on the operational range is
diminished, as reflected by the flatter slope of the velocity curve on the
flat field terminal in Fig. 6.

A more aggressive acceleration and deceleration behaviour leads to a
reduced operational range for active and passive devices. While this
behaviour is visible across the whole considered range for the TT, higher
permitted acceleration and deceleration values do not translate into
increased energy consumption or reduced operational range for the
straddle carrier (SC) after exceeding an increase of 20 % compared to
the base value. Due to the much higher overall weight of the SC
compared to the TT, the power limits applied during the driving cycle
generation constrain the effective acceleration, deceleration, and ve-
locity even at lower acceleration values, thereby limiting the impact of
more permissive driver settings.

However, while restricting the driver behaviour by the means of
limiting acceleration, deceleration and velocity positively affects energy
consumption, it also affects the productivity of the vehicle. As illustrated
in Fig. C1 for the TT, reducing the acceleration and maximum velocity
leads to lower productivity on both terminal types, as vehicles require
more time to complete each move. The biggest influence is experienced
when the velocity is lowered at the empty terminal. The long, straight
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road sections on this layout lead to extended periods of driving at low
speeds, resulting in an increase in travel time.

The trade-off between reduced productivity and potential energy
savings from less aggressive driving must be considered. In this context,
effective vehicle management becomes increasingly important.
Communication between the driver and other terminal elements enables
adjusting the driver's behaviour based on the terminal conditions, e.g.,
the expected waiting time until the load can be supplied by the quay
crane. For example, if the driver is aware that the load will not be ready
upon arrival, they can adopt a more energy-efficient driving style
without negatively impacting the overall process flow. This form of
anticipatory driving can help extend the operational range without
compromising productivity.

Aside from the operational optimisation, providing incentives for
drivers who adopt energy-efficient driving strategies can contribute to
lowering the energy demand of terminal operations. Moreover, these
strategies are not only relevant for zero-emission CHE units. When
applied to conventional diesel-powered equipment, they can also lead to
fuel savings and thus reduce operating costs.

Lifting related metrics. Reducing the lifting velocity results in an
increased operational range. However, unlike for the driving velocity,
this effect is not primarily caused by the energy demand of the lifting
process itself. The actual reason for the increase in operational range
under the assumed conditions lies in the increased duration of each
lifting cycle. An increase in lifting duration results in a larger proportion
of the total operation time being allocated to the lifting phase, thereby
reducing the time available for driving over the course of a shift. As
driving movements cause higher losses and allow only for a lower share
of regenerative energy recovery [11], reducing the lifting velocity
effectively increases the time spent in the less energy-intensive phase of
operation, thereby extending the operational range.

As with the driving velocity and the driver aggressiveness, lowering
the lifting velocity also results in reduced productivity. While it con-
tributes to a higher operational range, the extended cycle time obviously
reduces the number of completed moves per hour. However, in contrast
to lifting, reducing the driving velocity is a more effective measure for
lowering the energy consumption. Therefore, a more suitable strategy is
to reduce driving speed while maintaining the lifting velocity. This
approach improves the operational range by targeting the more energy-
intensive driving phase, while not reducing the maximum achievable
overall productivity too much.

The influence of the driving share is also visible when the influence
of the assigned quay crane is analysed (Fig. D1). The SC achieves the
highest operational range when it is assigned to a centrally located quay
crane (STS F). This is due to shorter average driving distances, which
reduce the time required to complete each move. Consequently, a
greater share of the operation is spent in the lifting phase, while the
proportion of time spent driving is reduced. Therefore, assignment of
SCs to a specific job and the routing of the vehicles influence the energy
consumption and the operational range of the vehicles. This finding is
consistent with observations reported in [15].

Comparison with literature. In the absence of open-source exper-
imental data for hydrogen-powered straddle carriers, the proposed
model was validated through cross-referencing with a comprehensive
literature benchmark. The simulated hydrogen consumption for the
terminal tractor (0.7 to 1.7 kg/h) and the straddle carrier (2.4 to 3.6 kg/
h) aligns with the lower end of the energy-equivalent ranges reported in
previous studies and manufacturer specifications. Furthermore, the
terminal tractor sub-model utilises vehicle parameters derived from
previously validated models. While proprietary internal vehicle pa-
rameters remain confidential for many manufacturers, the close align-
ment of our results with the spectrum presented in Fig. 1 verifies that the
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Fig. 8. Influence of vehicle specifications on the operational range of a terminal tractor on a flat field terminal. The box plots represent the results of 10 inde-

pendent iterations.

physics-based simulation accurately reflects the magnitude of energy
demand in real-world port environments.

Finally, the variance in energy demand observed across different use
cases highlights a critical industry challenge. Since consumption values
and operational runtimes are highly sensitive to specific boundary
conditions, such as terminal topology and driver behaviour, communi-
cating single 'average' consumption figures without explicitly defining
these operating parameters is of limited value. This underscores the
urgent need for standardised assessment frameworks, whether through
defined physical testing cycles (similar to VECTO or WLTP) or uniform
simulation methodologies where identical boundary conditions are
applied to all options. Establishing such standards is essential to enable
transparent comparisons between different zero-emission solutions.

4.2. Device specifications

To examine the effects of different vehicle configurations, the anal-
ysis is conducted solely for a passive device, represented by a terminal
tractor, as similar trends are expected for active equipment.

4.2.1. Results

Fig. 8 and Fig. 9 illustrate the influence of the investigated vehicle
specification parameters on the operational range of the terminal tractor
for the flat field and the empty terminal, respectively.

An increase in vehicle weight reduces the operational range, while
an increased hydrogen tank capacity and an improved fuel cell effi-
ciency result in longer runtimes. The scenario with the lowest consid-
ered tank size on the flat field terminal is the only scenario where the
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defined minimum operational range is not achieved. The impact of
battery capacity is more limited and depends on the terminal layout. For
the flat field terminal, an increased battery capacity leads to a slightly
higher operational range, while on the empty terminal, reducing or
increasing the battery size results in an extended operational range.

4.2.2. Discussion

Vehicle weight. An increase in vehicle weight reduces the opera-
tional range, consistent with the earlier findings on the payload influ-
ence (Section 4.1.2). While the payload is fixed, reducing the vehicle’s
own weight can help lower the overall energy demand and thus improve
the operational range, complementing the constraints imposed by the
payload.

Hydrogen tank size. Since the vehicle’s hourly energy consumption
remains nearly constant within a given use case, apart from the already
mentioned randomness in the system, a higher fuel capacity directly
translates into longer runtimes. However, tank size is often constrained
by the vehicle design and thus the available installation space. In
addition, a bigger tank increases the vehicle weight and thus most likely
the energy consumption. While a larger tank can support longer shifts
without refuelling, the smallest considered tank size does not provide
sufficient range to meet the assumed 8 h continuous operation
requirement on the flat field terminal. But this smaller tank size is still
adequate in other cases with less demanding operational profiles, such
as on the empty container terminal when assuming that refuelling can
occur during scheduled breaks (Fig. 9).

Fuel cell efficiency. Similar to the tank size, increasing the fuel cell
efficiency also results in a linear increase in the operational range, as less
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Fig. 9. Influence of vehicle specifications on the operational range of a terminal tractor on an empty container terminal. The box plots represent the results of 10

independent iterations.

hydrogen is required per kWh of electrical energy. These results un-
derline the potential of technological advancements in fuel cell systems
to enhance zero-emission operations.

Fuel cell efficiency improvements can be achieved not only by
raising the maximum fuel cell efficiency. It is also necessary to imple-
ment an energy management strategy suitable for the application of the
vehicle in order to operate the fuel cell at high efficiency. In addition to
the energy management strategy, the configuration of the device must
be tailored to the application, especially regarding the hydrogen tank
capacity, fuel cell rated power and battery sizing.

Battery capacity and energy management strategy. The battery
primarily serves as a buffer for power peaks and for capturing regen-
erative braking energy [46]. This system element is not intended to in-
crease the vehicle’s driving range, as this would require the availability
of electrical charging infrastructure at the terminal.

On the empty terminal, the fuel cell’s power output at its optimal
operating point exceeds the average power demand. As a result, the
upper battery state of charge (SOC) limit permitted by the energy
management strategy (EMS) can be reached. A smaller battery stores
less energy, thereby reducing the amount of hydrogen required to
charge it. This leads to increased runtimes when the battery capacity is
reduced compared to the baseline scenario.

On the flat terminal, a reverse effect is observed. Due to the higher
mean power request compared to the empty terminal, the fuel cell is
unable to supply the mean power request at its optimal operating point
under the considered EMS. Increasing the battery capacity enables more
energy to be drawn from the battery until the lower SOC limit is reached,
thereby extending the range. Increasing the battery capacity beyond the
baseline on the empty terminal also leads to an increase in operational
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range. The EMS enables the fuel cell to operate at its optimal point more
frequently, allowing the SOC to be maintained near its desired level.
Higher fuel cell efficiencies, combined with the reduced need to
recharge the battery, contribute to the improved operational range.

These findings highlight the importance of selecting an optimal
vehicle configuration tailored to the specific application. While a larger
battery may be beneficial in scenarios with sustained high power de-
mands, such as ship loading at a roll-on/roll-off terminal, it is not uni-
versally advantageous. A larger battery increases vehicle costs, adds
weight, and reduces the space available for other components, such as a
larger hydrogen tank. For the operating conditions analysed on the
empty and flat field terminals, a smaller battery is therefore preferable.
The operational range increase can be achieved more efficiently by
selecting the fuel cell size and designing the EMS to match the specific
application requirements.

The modular and universal architecture of this simulation framework
provides a robust foundation for identifying such optimal designs. While
the current study focus is on assessing the feasibility of configurations
currently available on the market, the framework could be integrated
into future optimisation loops to develop tailored zero-emission equip-
ment configurations.

5. Conclusion

To enable a broader adoption of zero-emission container handling
equipment (CHE) in the future, several key prerequisites have to be
fulfilled: technological readiness, operational feasibility, and economic
viability. This work addresses the operational feasibility of hydrogen-
fuelled container handling equipment. Thus, the primary objective is
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to identify the key parameters and conditions determining whether zero- how the identified measures, such as adjusted driver behaviour, can
emission configurations currently available on the market can serve as support the operational feasibility of zero-emission vehicles on a larger
viable alternatives to conventional diesel-powered equipment. scale. This includes assessing how charging or refuelling events influ-
To answer this question, a novel method for the estimation of the ence required fleet sizes (i.e., the need for additional vehicles to
energy consumption of container handling equipment is presented, compensate for those temporarily unavailable) and whether operational
enabling the systematic analysis of how different operational conditions requirements can still be met when entire fleets are converted to zero-
and vehicle specifications affect the energy demand and, therefore, the emission powertrains under the constraints of limited refuelling infra-
operational range. By describing container terminals as graph networks, structure. Looking ahead, assessing the economic feasibility of zero-
the method facilitates the generation of generic driving cycles for CHE emission vehicles will also be crucial, as only a combination of the
units. This allows for the evaluation of multiple use cases without the operational and economic feasibility can substantiate the case for large-
need to collect test data for each scenario, thereby reducing the effort scale fleet replacement.
and cost typically associated with such investigations.
The analysis is conducted for a terminal tractor operating on a flat Declaration of generative Al and Al-assisted technologies in the
field and an empty terminal, and a straddle carrier operating on the flat writing process
field terminal. The key findings of this analysis can be summarised as
follows. During the preparation of this work, the authors used Anthropic
Claude, Google Gemini and OpenAl's ChatGPT in order to improve the
e The investigated fuel cell electric CHE conﬁgurations can meet the readabﬂity and language Clarity of the manuscript' After using these
minimum required operational range. tools, the authors reviewed and edited the content as needed and take
e Driver behaviour significantly impacts energy consumption. full responsibility for the content of the published article.
Limiting acceleration, deceleration and velocity of CHE units can
substantially increase the operational range and thereby improve the CRediT authorship contribution statement
feasibility of alternative powertrains. However, limiting the driver
behaviour also reduces the maximum equipment productivity. This Tobias Prief: Writing — original draft, Visualization, Software,
trade-off highlights the importance of coordinated terminal Methodology, Formal analysis, Data curation. Luka Bornemann:
operations. Writing — review & editing, Conceptualization. Martin Kaltschmitt:
e The specific characteristics of a terminal, such as its layout and the Writing — review & editing, Supervision, Funding acquisition,
payloads, emerged as critical factors influencing the vehicle energy Conceptualization.
demand. These site-specific conditions can alter vehicle utilisation
patterns and driving distances, and must therefore be considered
when evaluating the feasibility of zero-emission CHE deployment. In Declaration of competing interest
addition, the wide dispersion of results emphasises that stating en-
ergy consumption or runtime values without a precise definition of The authors declare that they have no known competing financial
operating conditions is insufficient. interests or personal relationships that could have appeared to influence
e The operational range requirement is set so that the vehicles are able the work reported in this paper.
to run for at least one 8 h shift. In multi-shift operation, this assumes
that the hydrogen tanks can be completely refuelled during desig- Acknowledgements
nated breaks. This highlights the need for the presence of a sufficient
refuelling infrastructure. This research was carried out in cooperation with the Clean Port &

Logistics (CPL) cluster. Open Access funding enabled and organised by
Building on these findings, future research should further explore project DEAL.

Appendix A. Example driving cycles

This appendix presents example driving cycles for both investigated device types, the terminal tractor and the straddle carrier, to visually com-
plement the methodological description in Section 2 and the results discussed in Section 4. The cycles illustrate profiles of vehicle mass, driving speed,
traction power, lifting speed and power (for the straddle carrier), as well as the power contributions of the fuel cell and battery over time. Each plot
covers 5 moves. For the terminal tractor, example cycles are shown for both reference terminals, i.e., the flat field terminal and the empty container
terminal, thereby highlighting how differences in terminal layout and use cases translate into distinct operational patterns and energy demand.

A.1. Terminal Tractor

To illustrate the operational differences between the terminal types discussed in Section 4.1, representative driving cycles for a terminal tractor
operating on both the flat field and empty container terminals are presented below. These examples demonstrate the characteristic patterns of vehicle
operation under base case conditions, highlighting the key distinctions in power demand, cycle duration, and operational behaviour between the two
terminal configurations.

Flat field terminal. Fig. Al presents driving cycles for five consecutive moves for a 4x2 terminal tractor operating at the flat field terminal,
transporting out-of-gauge (OOG) cargo between the OOG, train, and quay sections. The total vehicle mass varies between ca. 12 t (unladen with
gooseneck), 20 t (laden with bomb-cart trailer and gooseneck) and 40 t (laden with bomb-cart trailer, gooseneck, and OOG cargo).
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Fig. Al. Driving cycle for 5 consecutive moves of the terminal tractor operating at the flat field terminal (moves separated by dotted lines). Positive values in the

middle panel indicate power demand, negative values indicate regeneration. In the lower panel, positive values represent energy supply for the power sources and
demand for the total power.

The cycles exhibit frequent velocity variations and relatively short intervals at maximum speed. The flat field terminal's layout, characterised by
more frequent cornering, results in pronounced acceleration and deceleration events. The traction power demand profile shows considerable vari-
ability, with frequent power peaks and transient load conditions. Regenerative braking during deceleration events is evident from the negative power
peaks in the middle panel, which are captured by the battery as shown in the lower panel. Individual moves are generally short in duration, typically
ranging from 2 to 4 min.

Empty container terminal. Fig. A2 shows five consecutive driving cycles for the same 4x2 terminal tractor configuration operating at the empty
container terminal. The vehicle transfers empty containers between the two yard areas, with the total vehicle mass alternating between ca. 11 t
(unladen with chassis) and 15 t (laden with empty container and chassis).
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Fig. A2. Driving cycle for 5 consecutive moves of the terminal tractor operating at the empty container terminal (moves separated by dotted lines). Positive values in

the middle panel indicate power demand, negative values indicate regeneration. In the lower panel, positive values represent energy supply for the power sources and
demand for the total power.

These cycles are characterised by extended periods at maximum velocity (30 km/h), facilitated by the terminal's long, straight road sections. These
prolonged high-speed phases result in relatively steady traction power demands, with the fuel cell operating predominantly at consistent output levels.
The individual moves vary in duration, ranging from approximately 3 to 7 min due to the considered queuing behaviour.

Main differences between the terminal types. The comparison between the two terminals reveals several key operational differences that
influence energy consumption and operational range, as discussed in Section 4.1.2.

e Time at maximum velocity: The empty container terminal allows for significantly longer periods at maximum velocity due to straight road sections,
whilst the flat field terminal requires more frequent speed adjustments.

e Move duration: Individual moves at the empty container terminal are generally longer due to the longer driving distances.

e Vehicle weight: The empty container terminal operates with lighter payloads and lower trailer weight, compared to the flat field terminal. This
reduced total vehicle mass contributes to lower energy consumption.

A.2. Straddle Carrier
Fig. A3 shows five consecutive operating cycles for a straddle carrier at the flat field terminal. The vehicle performs container transfers between the

quay cranes and the straddle carrier yard, including both horizontal transport and vertical lifting operations. The total vehicle mass alternates between
ca. 72 t (unladen) and 95 t (laden with a full container).
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Fig. A3. Driving cycle for 5 consecutive moves of the straddle carrier operating at the flat field terminal (moves separated by dotted lines). Positive values in the

middle panel indicate power demand, negative values indicate regeneration. In the lower panel, positive values represent energy supply for the power sources and
demand for the total power.

The upper panel displays both the driving speed and lifting speed profiles, with lifting operations clearly visible as variations in the lifting speed.
When retrieving or stacking containers in the yard (moves 1, 3, and 5), the straddle carrier lifts the spreader to maximum height to avoid collisions
with stacked containers, drives to the pick-up or drop-off location, places or takes the container, exits the yard, and then lowers the spreader to driving
height before completing the move. The middle panels show the traction power and lifting power separately, illustrating that lifting operations
contribute significantly to the total energy demand. The lower panel demonstrates how the fuel cell and battery share the power supply.

B. Equivalent hydrogen consumption

To access the hydrogen consumption of fuel cell electric vehicles, the battery state of charge (SOC) variation needs to be considered. To account for
the energy contribution of the battery, the equivalent hydrogen consumption mpyy ¢, is considered in this work [47]:

AE,

_ B1
My Npc-LHV i B1)

M2, eq = Mu2 —
Here, my, denotes the actual hydrogen consumption, which is corrected by the battery energy change AE,. A positive sign denotes an increase of

the SOC during the operation. Additionally, the maximum fuel cell efficiency 7., the battery efficiency 5, and the lower heating value of hydrogen,
LHVy, are taken into account.
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Fig. B1. Equivalent hydrogen consumption for a 4x2 terminal tractor under varying acceleration and vehicle speed boundaries on flat and empty terminals. The box
plots represent the results of 10 independent iterations.

Fig. B1 shows the range of the equivalent hydrogen consumption for the 4x2 terminal tractor on the empty and flat terminals for different driver
behaviour conditions.

Fig. B2 shows the range of the equivalent hydrogen consumption for the straddle carrier under different driver behaviour conditions.
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Fig. B2. Equivalent hydrogen consumption for a straddle carrier under varying acceleration, vehicle speed and lifting velocity boundaries. The box plots represent
the results of 10 independent iterations.
C. CHE unit productivity

Fig. C1 illustrates the influence of maximum velocity and driver behaviour on the productivity of a 4x2 terminal tractor on both a flat field and an

empty container terminal. Productivity is expressed as the number of moves per hour, where one move is defined as a driving cycle from a start to an
end node, followed by the operational cycle at the destination.

18



T. Prief et al. Energy Conversion and Management 365 (2026) 121724

18 ﬁ %
1 8
16
< 4
n
o J
>
=] -
)
5 14 A
'z, B
R
B
. .
S 12 -5 Lo
4 —
o N °
41
J */
] &
///
10 <] *
: /// ® Max. Vehicle Speed
* // ® Max. Acceleration | Deceleration
) T —— Flat Terminal
8 - -==- Empty Terminal
-7 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-80 -60 -40 -20 0 20 40 60 80 100 120

Normalized Deviation from Baseline Value in %

Fig. C1. Influence of the driver behaviour on the number of moves of a terminal tractor on a flat field and an empty container terminal. The box plots represent the
results of 10 independent iterations.

D. Influence of the assigned quay crane

An additional factor influencing the energy consumption of the straddle carrier (SC), which does not play a role for the terminal tractor, is the
assignment of the vehicle to a specific quay crane (STS). Since the vehicle alternates between the STS and the yard and train sections, the length of each
driving step depends on the location of the assigned STS. This effect is illustrated in Fig. D1. Among the analysed configurations, the SC assigned to the
centrally located STS F achieves the highest operational range. As expected, limiting the velocity leads to an increased operational range in all cases.
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Fig. D1. Influence of the assigned STS and the maximum allowed velocity on the operational range of a straddle carrier. The box plots represent the results of 10
independent iterations.
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