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Abstract

Elevated string-rail systems, in which unmanned electric vehicles run on steel wheels along
a prestressed rail carried on slender supports, have been proposed as a way of moving
containers between a quay and an inland terminal without using the road network. Their
developers claim gains in ship handling speed, terminal land use and emissions at the
same time, but none of these claims has been tested against measured port performance.
This study assesses such a link at eight European container ports handling between 0.4 and
14.2 million TEU. The assessment combines two distinct components: a discrete-event
simulation of the quay interface, calibrated against the Container Port Performance Index
to within 1.5% of reported ship time at berth, and separate analytical calculations of required
yard area, emissions and cost. The simulation covers the crane and horizontal-transport
interface only; stacking, retrieval, reshuffling and yard-crane operations are outside its
boundary. Internal model behaviour is benchmarked against independently published
terminal operating figures, and the logic, inputs and scenario behaviour of the model were
assessed by four specialists in container terminal operations. Because no published source
gives the energy use of the vehicle, it is derived from physics, specifically from rolling and
aerodynamic resistance, as 0.482 kWh per TEU-km. On an analytical capacity calculation,
removing half of the road-borne inland volume would reduce required stacking area by
7.7 to 31.6%, equivalent to between 4.2 and 108.6 hectares of terminal area under a stated
proportionality assumption, and a conditional comparison of emission factors gives a
reduction of 60 to 97% on the diverted traffic alone. Avoided road haulage gives a positive
annual balance at seven of the eight ports, with simple payback of 3.5 to 5 years at the
five largest diverted flows. The benefit depends on how much of a port’s traffic actually
leaves by road: gateway ports with heavy road use gain most, while a transhipment hub
such as Piraeus gains least despite its size. Ship handling improves by at most 3.8%, well
below the 5 to 10% claimed, and the improvement comes from avoiding the drive across
the yard rather than from a faster crane cycle. Measured against the price of carbon, the
investment is poor value, but measured against the cost of road haulage, it is not, which
suggests such links should be planned as land and traffic infrastructure rather than as an
emissions measure.

Keywords: container terminals; elevated freight transport; string rail; discrete-event
simulation; port land use; inland transport; dry port
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1. Introduction
Container terminals are squeezed from three directions at once. Ships have grown

faster than the quays that serve them, land near the sea has run out in most European ports,
and the trucks that carry containers inland remain the dirtiest and least predictable part
of the journey. Anything done about one of these tends to make another worse. A bigger
stacking yard needs land the port does not have. More cranes need more vehicles driving
between quay and yard. Clearing the yard faster pushes the queue out to the gate.

Elevated string-rail transport has been put forward as a solution to these issues. The
idea is simple enough: a prestressed steel rail carried on widely spaced supports, above
the ground and above whatever is already there, with small unmanned electric vehicles
running along it on steel wheels [1,2]. Because the structure only touches the ground at its
supports, it occupies almost no land. Because the wheel is steel on steel, rolling resistance
is low. Because the vehicles are automated, they can run close together. Suppliers of the
technology claim that a line installed inside the crane portal would speed up ship handling
by 5 to 10%, that it would free terminal land, and that it would cut emissions.

The claims are plausible. None of them has been checked. The technology has been
built at two demonstration sites but never at a working container terminal, so no operating
data exist, and the published figures come from the company that makes it.

1.1. Background Work

How containers move between quay and yard has been studied for decades, and
the problem is well understood [3,4]. A quay crane cannot finish a lift until a vehicle is
underneath it, so the size of the vehicle fleet, the way it is dispatched and the distance it
must travel all feed straight through into how fast a ship is worked [5]. The alternatives
have been catalogued and compared: tractor-trailer sets, straddle carriers, automated
guided vehicles (AGV), and automated lifting vehicles [6,7]. Work on yard layout shows
how strongly block geometry and stacking height interact with the vehicles that serve
them [8–10]. Simulation has been the usual tool throughout, and reviews of terminal
simulation note a recurring weakness: models are often built on synthetic or private data
and cannot be checked by anyone else [11].

What the vehicle comparisons agree on is that no single choice is best everywhere.
Straddle carriers lift containers themselves and so decouple the crane from the yard, at the
cost of higher maintenance and a taller stack. Tractor-trailer sets are cheap and flexible
but tie the crane to the arrival of a driver. Automated vehicles remove the driver and the
variability that comes with one, but they need a controlled surface and a large fleet, since
an automated vehicle that cannot lift its own load waits under the crane and waits again at
the stack. Every one of these trade-offs is a trade-off about ground-level movement, and
none of them removes the movement itself.

All of these vehicles have one thing in common. They travel on the ground, inside the
terminal, and their cycle time grows as the terminal grows. To keep pace, the fleet has to
grow faster than the traffic it serves [12]. A link that leaves the terminal altogether would
not care about the shape of the yard, which is the main argument for building one.

There is a second reason the geometry matters, which the yard layout studies bring
out clearly. Longer travel does not only cost time; it costs predictability. A vehicle crossing
a busy terminal shares its route with other vehicles, crosses working lanes and queues
at transfer points, so the spread of its journey times widens faster than the average does.
Cranes are sized against the worst of that spread rather than the middle of it, which is why
terminals carry more vehicles than a simple throughput calculation would suggest.

The gate is the second pressure point. Truck congestion at terminal gates has produced
its own literature on appointment systems, arrival windows and chassis exchange [13–15],
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all of which manage the queue rather than remove it. A link that never crosses the gate
removes it by design, though at considerable cost.

Where the containers go afterwards has been studied under several names. Port
regionalisation describes how ports have extended themselves inland along rail and barge
corridors [16]. Terminalisation describes terminals taking an active role further along the
chain, acting either as a bottleneck or as a buffer [17]. The dry port concept describes the
inland site that receives containers moved out of the port early [18], sometimes under the
terminal operator’s own control as an extended gate [19], and its development depends on
whether the initiative comes from the coast or from inland [20]. Whether moving containers
inland early actually reduces emissions and cost is less settled than the concept’s popularity
suggests; it depends heavily on how far the inland site is and how the containers get
there [21–23]. The same threshold behaviour is familiar from intermodal transport more
generally, where handling cost and distance together decide whether a fixed link beats
a truck [24,25]. Standard treatments of port economics set all of this in its commercial
context [26].

The pressure on land is severe and getting worse. Antwerp and Rotterdam each cover
more ground than the cities they belong to, and further growth now means reclaiming
land from the sea or moving somewhere else, both expensive. Ports hemmed in by terrain,
of which Rijeka is a clear case, have no room at all. How ports with limited space have
coped with ever-larger ships has been examined directly [27], as has the wider reshaping
of shipping networks that put them under pressure in the first place [28,29]. Where a
port handles more than containers, every hectare given to stacking is a hectare taken from
something else.

On emissions, reviews of port energy use and terminal carbon accounting agree on
where the emissions are [30–32]. Road haulage inland is usually the largest single source
for a gateway port, and it is the hardest for a port to do anything about, since it happens
outside the fence [33]. A wide range of measures has been proposed, from cleaner ships [34]
to near-zero-energy ports [35], smarter energy management [36] and terminal-level carbon
strategies [37]. Studies of individual equipment changes, such as electrifying rubber-
tyred gantries or replacing terminal vehicles, come closest to what is attempted here in
method [38,39], though they change equipment inside the terminal rather than replacing
the journey. Measurements from Valencia are directly relevant, since Valencia is one of the
ports studied below [40].

Two habits in this literature are worth naming because this study avoids both. Elec-
tricity is usually given a single emission factor, which hides the fact that the same electric
machine performs very differently in France and in Poland. And the thing being replaced
is almost always a diesel truck, which is the easiest comparison to win; at a Rhine or
Scheldt port the realistic alternative is a barge or an electric train, and those comparisons
are rarely made.

Finally, string rail belongs to a family of ideas for getting freight off the road that
have mostly failed to reach commercial scale. Underground freight networks were studied
seriously in the Netherlands [41] and reviewed critically elsewhere, with capital cost and
network effects rather than engineering identified as the obstacle [42]. Aerial ropeways
have found niches in cities and in mining, and their engineering literature is useful about
what maintaining a suspended system involves [43]. String rail differs from these in that
the load is carried by a stiff prestressed rail rather than a flexible rope, so the vehicle rolls
on steel rather than riding a cable. That is where its efficiency claim comes from, and it also
means the structure costs more like an elevated railway than like a ropeway. What none
of these proposals has settled is how much traffic a dedicated link needs before it beats
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the shared road network. That threshold is what this study estimates for the container
port case.

Table 1 places this study against representative earlier work along the six dimensions
that define its scope: how the system was modelled, which transport technology was
examined, whether the model or the accounting was checked against measured data, and
whether land use, emissions and economics were assessed. The pattern in the table is
the gap. Terminal operations research models horizontal transport in detail and checks it
against operational data, but confines itself to equipment that already exists and rarely costs
or carbons its findings. The alternative-conveyance literature examines novel technologies
but stops at feasibility, with no terminal model behind it. The hinterland and port-emission
literature assesses emissions and sometimes cost, but treats the terminal as a point. No
entry combines a calibrated quay-side model of a novel conveyance with land, emission
and cost assessment at the same set of real ports.

Table 1. Representative previous studies and the dimensions covered. DES = discrete-event sim-
ulation. Empirical basis records whether model behaviour or accounting was compared with
measured data.

Study Modelling
Approach

Transport
Technology Empirical Basis Land Use Emissions Economics

Steenken et al. [3];
Stahlbock and Voß
[4]

Classification and
review

Yard tractors,
straddle carriers,
AGV

Surveys validated
studies No No No

Vis and de Koster [5];
Carlo et al. [6]

Review of transport
operations

Horizontal
transport, all
types

No No No Partly,
equipment cost

Vis [7] Survey of design and
control AGV No No No No

Gharehgozli et al. [8] Review of layout
design Yard equipment No Yes No No

Kemme [9] DES
RMG yard
cranes, straddle
carriers

Design and layout
data

Partly, block
layout No Partly,

investment

Petering [10] DES Yard trucks with
RTG

Operational crane
rates

Partly, yard
area No No

Angeloudis and Bell
[11]

Review of terminal
DES models All Reviews validation

practice No No No

Dekker et al. [15] DES and analysis Chassis exchange
terminal Terminal case data Partly No Yes

Roso [21] Case-based
accounting

Road against rail
to a dry port Case data No Yes No

Facchini et al. [22] Non-linear
optimisation

Dry port road
and rail No Partly Yes Yes

Lättilä et al. [23] Simulation of
hinterland flows

Dry port road
and rail Regional flow data No Yes Yes

Geerlings and van
Duin [31]

Bottom-up emission
accounting

Terminal
handling
equipment

Terminal energy data No Yes No

Yang and Chang [38] Empirical and
analytical Electric RTG Terminal data No Yes Yes

Kavakeb et al. [39] DES with cost model
Intelligent
autonomous
vehicles

Partly No Yes Yes
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Table 1. Cont.

Study Modelling
Approach

Transport
Technology Empirical Basis Land Use Emissions Economics

Martínez-Moya et al.
[40]

Energy and emission
accounting

Terminal
handling
equipment

Terminal energy data No Yes Partly, energy
cost

Pielage [41] Concept and
feasibility study

Underground
automated
freight

No Partly Partly Yes

Egbunike and Potter
[42] Critical review Freight pipelines Reviews built

schemes No Partly Yes

Alshalalfah et al. [43] Review of operating
systems Aerial ropeway Operating

installations No No Yes

This study
Quay-interface DES
with analytical
accounting

Elevated string
rail

Calibrated to CPPI;
internal behaviour
benchmarked; expert
assessment

Yes Yes Yes

Three things are missing from the picture. Nobody has put an elevated conveyance
system inside a container terminal model that has been checked against real performance
data; the engineering literature describes the vehicle and the port literature ignores it. Port
emission studies rarely test their proposed change against the mode it would genuinely
displace at that particular port, and almost never against more than one. And the three
benefits claimed for this kind of system have never been separated, so it is not known
whether they come from the same cause or whether they simply appear on the same page
of a brochure.

1.2. Aim of This Research

This study asks what an elevated string-rail link would actually do at a real European
container port, using a model checked against independent performance measurements
rather than supplier figures. Three questions follow. How much would it change ship
handling speed? How much terminal land would it free? And against which alternative, at
which national electricity mix, would it genuinely reduce emissions?

The study contributes in three ways: (i) It derives the vehicle’s energy use from physics,
because no published figure exists. (ii) It calibrates a terminal simulation against the
Container Port Performance Index, so the starting point is measured rather than assumed.
(iii) It separates the three claimed benefits and shows that they do not come from the same
cause, which changes how such a project should be judged.

Ports where the technology performs badly are kept in the sample deliberately. A
transhipment hub and a small port with little traffic are included precisely because the
link should struggle at both, and reporting where something fails is what separates an
assessment from an advertisement.

2. Materials and Methods
The assessment combines two models. Ship time at berth depends on events at a

single berth, so quay operations are simulated call by call, while yard area, emissions
and cost depend on annual volumes and are calculated directly. Section 2.1 defines the
system, the eight ports and the present operation against which everything is measured.
Section 2.2 fixes the boundary of the simulation and states what is outside it. Section 2.3
gives the formal specification of the model, and Section 2.4 gives its inputs. Sections 2.5–2.7
deal with verification, calibration, the benchmarking of internal model behaviour against
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independent operating data, and an assessment of the model by specialists in terminal
operations, since every result reported later is a difference from a calibrated starting point.
Section 2.8 sets out the energy, land, emission and cost calculations.

2.1. The System, the Ports and the Alternative

The system modelled here runs an elevated line inside the ship-to-shore (STS) crane
portal, takes containers directly from the spreader or from a small intermediate stack of
one to three slots, crosses the terminal above it, and continues 5 to 30 km to an inland
terminal. It therefore skips both the stacking yard and the truck gate. Figure 1 shows the
arrangement alongside the ordinary route it replaces.

Figure 1. The elevated link and the yard, gate and road haulage it replaces.

Other arrangements are conceivable. The line could serve only the terminal, moving
containers from quay to stack; or a full two-level network could be built. Only the version
modelled here produces all three claimed effects from one cause, since containers that leave
the quay without touching the yard or the gate simultaneously shorten the crane’s reach,
take trucks out of the port, and reduce the amount of yard needed. Replacing yard vehicles
alone would leave land and emissions almost unchanged, and a full network adds so many
untested connections that no measured starting point could anchor it. Table 2 lists what the
manufacturer publishes. Every figure is treated here as a claim to be tested with a range
around it, never as a measurement.

Table 2. Published characteristics of the container vehicle and line.

Item Published Value How It Is Used Here

Payload 35,000 kg Input
Gross mass 60,000 kg Input: empty mass taken as 25,000 kg

Cargo ISO 20 [44] and 40 ft, including reefer
and tank

Reefers left out of the energy
calculation

Maximum design speed 150 km/h Tested from 15 to 150 km/h
Working speed, container line Up to 100 km/h 60 km/h used

Line capacity ~160 containers/h (272 TEU/h) Capacity limit
Minimum spacing between vehicles 22.5 s Tested from 15 to 45 s

Capital cost From USD 10 M/km Tested at one, two and three times
Crane cycle improvement 5 to 10% Tested; applied only to vertical travel

Quay interface Direct, or 1 to 3 container stack Both tested
Portal width 15 to 35 m, 35 to 50 m wide-span Limits number of lines
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Table 2. Cont.

Item Published Value How It Is Used Here

Structure life 50 years Basis for annual cost
Energy use Not published Derived, Section 2.3

Availability Not published Assumed 0.97, varied 0.90 to 0.99 in
sensitivity

Eight ports were selected to cover a wide spread of size, road dependence and elec-
tricity mix (Table 3). The spread matters more than the number. Throughput ranges over
a factor of thirty-five, the share of containers transferred between ships ranges from a
twentieth to four fifths, the share of inland traffic moving by road ranges from just under
half to almost all of it, and the electricity used to run the line varies twelvefold between the
cleanest and the dirtiest national supply in the sample. Any one of these could plausibly
drive the result, and separating them is only possible if all four vary independently across
the sample, which is why ports were chosen for contrast rather than for size. Each is paired
with an inland terminal that already exists or is already planned, so the distances are real
ones. Rijeka is included because it is the clearest case of a port with nowhere left to expand;
the container depot at Škrljevo, ten kilometres inland, is being enlarged at present for
exactly that reason. Piraeus is included because four-fifths of its containers are transferred
between ships and never travel inland at all, so the link should do little for it.

Table 3. The eight ports with the corresponding statistics.

Port Throughput
(Million TEU)

Transferred
Ship-to-Ship

Share Moving
by Road

Electricity
(gCO2e/kWh) Inland Terminal Distance

(km)

Rotterdam 14.2 0.30 0.47 268 Alblasserdam/Moerdijk 25
Antwerp-Bruges 13.6 0.20 0.57 130 Willebroek 30

Hamburg 7.8 0.30 0.48 371 Hamburg-Billwerder 15
Le Havre 3.1 0.15 0.85 56 Le Havre Multimodal 5
Valencia 5.6 0.45 0.95 150 Riba-roja de Túria 25
Piraeus 4.6 0.80 0.88 330 Thriasio Pedio 20
Gdansk 2.8 0.25 0.65 662 Tczew 30
Rijeka 0.4 0.05 0.62 200 Škrljevo 10

Terminal areas, quay lengths, crane numbers and throughput were taken from port
authority publications and terminal operator disclosures rather than from commercial
databases, so that every figure can be traced. Where a port operates several deep-sea
container terminals, the figures are the sum for those terminals only; barge berths, empty
depots and feeder quays are excluded, since they are not on the path being modelled.

The comparison throughout is against how the port works today: containers cross
the yard on terminal tractors, wait in the stack, leave through the gate and travel inland
by truck. Deep-sea shipping, distribution beyond the inland terminal, the emissions of
building the structure, and the rail and barge legs are all left out, the last of these held
constant so they cannot distort the comparison.

2.2. Model Boundary and What Is Not Represented

Because the scope of the simulation determines how every later result should be read,
it is stated explicitly before the model itself.

The discrete-event component is a quay-interface model. Its boundary begins at the
quay crane hook and ends at the point where a container is handed to a horizontal transport
unit, and that unit leaves the crane. Inside the boundary are vessel arrival, berth allocation,
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crane assignment, the crane work cycle, the availability of a horizontal transport unit under
the crane, and the waiting that occurs when none is available.

Outside the boundary are stacking and retrieval, container reshuffling, the operation of
yard cranes whether rubber-tyred, rail-mounted or reach stackers, internal traffic conflicts
and routing, gate processing, and yard management strategy. These are represented only
through their aggregate effect on the horizontal transport cycle time, which is treated as
a random variable whose distribution is stated in Section 2.4. No claim is made that the
model reproduces yard behaviour, and no result that depends on yard behaviour is derived
from it.

This is a deliberate restriction rather than an omission. Representing stacking, reshuf-
fling and yard-crane operations credibly requires terminal-specific layout, stacking policy
and equipment data that is not publicly available for eight ports, and substituting assumed
values would give the appearance of detail without its substance. The quantity the study
needs from the simulation is the difference in crane waiting between two horizontal trans-
port systems serving the same crane, and that difference is determined at the interface
rather than in the stack.

The consequence is that the paper is not, and does not claim to be, an integrated
simulation of terminal operations. It comprises four components with different methods
and different epistemic status, set out in Table 4, and results should be attributed to the
component that produced them.

Table 4. Components of the assessment, their methods and their status.

Component Method Outputs Status

Quay interface Discrete-event simulation,
calibrated

Ship handling rate, crane
waiting, time at berth

Simulated; calibrated against two
aggregate indicators, internal
behaviour benchmarked, model
assessed by experts

Required yard area Little’s law, analytical Stacking area, released area Analytical capacity calculation,
not simulated

Vehicle energy use Resistance physics,
analytical kWh per TEU-km Derived from first principles

Emissions and cost Deterministic accounting CO2 per TEU-km, annual
balance

Conditional comparison of stated
factors

2.3. Formal Specification of the Quay-Interface Model

Ship time at berth is a property of a single call, so a representative pair of berths
reproduces it exactly without simulating the several thousand calls a large port receives
each year. Time-based results therefore come from a discrete-event simulation of the quay,
while yard area, emissions and cost are calculated annually from throughput. Figure 2
shows how the two fit together.

The model is implemented in Python 3 with the SimPy discrete-event library [45]. Its
formal structure is given below so that it can be reproduced independently.

Entities. Vessel calls, containers (aggregated as crane moves), quay cranes, and hori-
zontal transport units.

Resources. A berth pool of capacity Nb; a crane set of capacity Nc per berthed vessel;
and one of two horizontal transport resources, described below.

State variables. Number of vessels in service and in queue; per-crane remaining move
count; number of idle transport units; cumulative crane waiting time; cumulative crane
cycle time; and simulation clock.
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Events. (i) vessel arrival; (ii) berth seizure; (iii) berthing manoeuvre completion;
(iv) crane move request for a transport unit; (v) transport unit made available under the
crane; (vi) crane cycle completion; (vii) transport unit released after its cycle; (viii) last crane
finishes, unberthing begins; (ix) berth release.

Figure 2. How the model is designed.

Process logic. On arrival, a vessel requests a berth and queues first-come-first-served if
none is free. On seizure, it incurs a fixed berthing time, then its total move count is divided
as evenly as possible among the assigned cranes. Each crane then repeats the following
until its share is exhausted: request a horizontal transport unit; wait, recording the waiting
time separately, until one is available; execute one crane cycle of stochastic duration; release
control. When all cranes finish, the vessel incurs a fixed unberthing time and releases
the berth.

Horizontal transport, baseline. A pool of nt = λ Nc tractor units, where λ is the fleet
ratio per crane. A unit becomes available to the crane immediately if the pool is non-empty;
it is then occupied for a stochastic round-trip time representing travel to the stack, transfer
and return, after which it rejoins the pool. Queue discipline is first-come-first-served across
cranes. The round-trip distribution is the only channel through which yard conditions
enter the model.

Horizontal transport, elevated link. A carrier is presented at the crane every h/nL

seconds, where h is the published minimum headway, and nL is the number of lines.
The supply process is modelled as a bounded store of capacity one per line: a carrier
arriving when no container is ready is not held but passes empty, and the next carrier
arrives one interval later. A crane requesting a carrier therefore waits a residual time
uniformly distributed on [0, h/nL] in expectation. In the buffered variant, an intermediate
stack of s slots is interposed: the crane deposits into the stack and is blocked only when
the stack is full, while carriers remove from the stack at the headway interval. Blocking,
empty running and the residual-wait mechanism are therefore all represented explicitly;
what is not represented is a dispatching policy that would allocate carriers preferentially
among competing cranes, because at the line capacities considered, the supply process is
interval-driven rather than allocation-driven.

Queues. There are two: vessels waiting for a berth and cranes waiting for a horizontal
transport unit. Both are first-come-first-served and unbounded.
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Scenario control. The claimed improvement in crane cycle is applied only to the
vertical component of the cycle, leaving trolley travel, spreader handling, lashing and
gantry moves unchanged, since these are unaffected by what is waiting below. Treating the
whole cycle as faster would have overstated the effect.

2.4. Input Data, Distributions and Experimental Design

Table 5 gives the complete parameter set for the eight ports, with each value flagged
as reported, derived or assumed. Table 6 gives the parameters common to all ports. Values
marked as assumed are varied in the sensitivity analysis of Section 3.4.

Table 5. Port-level model inputs. Status: R = reported by port or CPPI, D = derived in this paper,
A = assumed.

Port Berths
Modelled

Mean Call
(TEU)

Cranes per Call
(CPPI Curve)

Yard Round
Trip (s)

Status of
Round Trip

Rotterdam 2 2800 3.1 480 A
Antwerp-Bruges 2 2600 3.1 480 A

Hamburg 2 2000 2.6 420 A
Le Havre 2 1900 2.6 400 A
Valencia 2 1600 2.1 340 A
Piraeus 2 2400 2.6 300 A
Gdansk 2 2200 2.6 380 A
Rijeka 1 800 1.8 220 A

Table 6. Common model inputs and probability distributions.

Parameter Value or Distribution Status Basis

Vessel interarrival time Exponential, scaled to 0.65
berth utilisation A Poisson arrivals, standard for container

terminals

Call size Lognormal, CV 0.55 A Reproduces the spread of call sizes within
CPPI ship-size bands

Crane cycle, vertical
component 38 s, lognormal CV 0.25 D Split of the calibrated 153 s mean cycle

Crane cycle, other components 115 s, lognormal CV 0.25 D Calibrated to CPPI 23.5 moves per gross
crane hour

Yard round trip Lognormal, CV 0.30 A See discussion of distribution choice below

Tractor fleet ratio λ 3.5 per crane D Point at which the pool ceases to constrain
the cranes

Line headway h 22.5 s R Developer documentation

Buffer slots s 0 to 5, central case 3 R Developer documentation states 1 to 3

Berthing, unberthing 3.71 h combined R CPPI reported berth idle

Availability of the link 0.90 to 0.99, central 0.97 A No published reliability data; see Section 4.3

Replications 10, fixed seeds — Half-width under 0.5% of the mean

Run length, warm-up 35 days, 8 days discarded — Warm-up set by cumulative-mean
stabilisation

The lognormal choice for call size, crane cycle and round-trip time follows standard
practice in container terminal simulation, where these quantities are strictly positive, right-
skewed and bounded below by a physical minimum [11]. We do not claim to have fitted
these distributions to empirical samples; no such samples are available for the eight ports,
and the coefficients of variation are assumed. The consequence is that the model repro-
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duces the shape of variability that generates crane waiting rather than any particular
terminal’s measured variability, which is sufficient for a comparison between two trans-
port systems serving the same crane but insufficient for absolute prediction of any single
terminal’s performance.

Ships arriving at a port are not a smooth stream, and the model reflects that. Arrivals
are random, call sizes vary widely around their average, and the number of cranes assigned
depends on the size of the call. This matters for the question being asked, because a system
that removes waiting only shows its value when there is waiting to remove, and waiting is
generated by peaks rather than by averages. A model built on average arrivals and average
call sizes would understate both the problem and the remedy.

2.5. Verification, Calibration and the Limits of Both

Verification used the standard checks for discrete-event models [46,47]. Under degen-
erate conditions, the model reproduces analytically known values: with transport capacity
made effectively unlimited, the gross crane rate converges on the reciprocal of the mean
cycle time; with a single transport unit, it converges on that unit’s cycle throughput; with
all variance switched off, berth times match hand calculation to rounding. Trace inspection
of individual vessel calls confirmed that waiting is recorded only when no transport unit
is available and that no crane completes more moves than assigned. Common random
numbers are used across scenarios so that scenario differences are not contaminated by
sampling noise.

Calibrating the starting point turned out to be the most consequential step in the
whole study, and three assumptions had to be replaced with measurements from the
Container Port Performance Index [48]. The number of cranes put on a ship does not rise in
proportion to the size of the call: a call of 1647 moves attracts 3.1 cranes on average, not the
five originally assumed. Crane cycles are slower than a nominal figure suggests, because
the measured rate of 23.5 moves per crane hour includes breakdowns, weather, lashing and
hatch covers. And ships spend 3.71 h at the berth before and after working cargo, not the
shorter time first assumed.

With these corrected, simulated time at berth matches the reported figures to within
1.5% on average (Table 7, Figure 3), and the simulated crane rate of 23.21 moves per gross
crane hour sits 1.2% below the CPPI global figure of 23.5.

Two calibration targets are therefore matched: time at berth per call, and gross crane
rate. It is important to be clear about what this does and does not establish. Both are
aggregate indicators, and the same berth time can be produced by many combinations
of crane cycle, crane intensity and waiting, including combinations that are structurally
wrong. Matching them constrains the model but does not identify it uniquely. Calibration
is not validation, and the distinction is maintained here: no empirical series from any of
the eight terminals was available to us for the internal variables that would discriminate
between those combinations, namely crane waiting time, transport unit utilisation, queue
lengths at the crane, or the distribution of round-trip times. Section 2.6 sets those variables
out and compares them with values published independently of the calibration source and
with the queueing identities the model should satisfy, which is corroboration rather than
validation. The residual limits are stated again in Section 4.3.

What the calibration does secure is the quantity the study actually uses. Because every
reported result is a difference between two horizontal transport systems operating against
an identically calibrated crane process, errors common to both arms cancel. The absolute
level of berth productivity would be affected by a mis-specified cycle; the difference
between a tractor pool and an elevated line at the same crane would not, unless the mis-
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specification interacted with the transport system, and no such interaction is present in the
model structure.

Table 7. Calibration of the quay-interface model: simulated ship time at berth against CPPI-derived
values.

Port Call Size
(Moves)

Cranes
Used

Expected from
Measurements (h)

Simulated
(h) Difference

Rotterdam 1647 3.1 27.07 27.18 +0.4%
Antwerp-Bruges 1529 3.1 25.40 26.56 +4.6%

Hamburg 1176 2.6 20.40 20.99 +2.9%
Le Havre 1118 2.6 19.56 19.67 +0.6%
Valencia 941 2.1 23.74 23.88 +0.6%
Piraeus 1412 2.6 23.74 24.35 +2.6%
Gdansk 1294 2.6 22.07 22.12 +0.2%
Rijeka 471 1.8 13.72 13.71 −0.1%

Figure 3. Calibration of the quay-interface model: simulated against CPPI-derived ship time at berth
for the eight ports. The dashed line is the 1:1 relation and the shaded band ±5%. This is a calibration
against two aggregate indicators, not an independent validation of internal model behaviour; see
Sections 2.5 and 2.6.

2.6. Benchmarking of Internal Model Behaviour

Section 2.5 matches two aggregate indicators. Aggregate agreement does not establish
that the mechanism producing it is correct, so the internal variables of the model are set out
here and compared, where a comparison is possible, with values published independently
of the calibration source. A distinction has to be drawn first. Some of the quantities are
inputs: the crane cycle, the horizontal transport round trip and the number of cranes
worked per call are set rather than computed, and comparing them with published values
tests the parameter set rather than the model. The quantities the model itself produces are
the gross crane rate, berth productivity, the crane waiting caused by horizontal transport,
the number of transport units engaged, and the share of carriers on the elevated line that
are used. Table 8 separates the two and reports the representative terminal, Hamburg, with
the range across all eight ports in parentheses.
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Table 8. Internal behaviour of the quay-interface model at the representative terminal (Hamburg,
baseline configuration, three cranes per call), with the range across the eight ports in parentheses.
Status: I = input, O = model output.

Quantity Status Model Independent Reference Source

Cranes worked per call I 3 (2 to 3)
2.3 to 2.6 average over 2019 to 2020,
2.5 adopted for capacity planning; 3
to 4 commonly quoted

[10,49]

Mean crane cycle, s I 153.0 About 144 s implied by 25 moves per
hour; about 90 s technical ceiling [10]

Gross crane rate, moves
per gross crane hour O 23.24 (23.02 to 23.37)

22.6, 26.1 and 32.9 gmph at three
terminals of one port, 27 gmph
adopted port-wide; about 25 typical

[10,49]

Berth productivity, moves
per hour per vessel O 69.7 (46.6 to 69.8) 75 to 81 implied by three cranes at 25

to 27 gmph
Derived from
[10,49]

Fixed non-productive
time per call, h I 3.71 3.1 h measured (1.3 h start, 1.8 h

finish), 3.0 h adopted for planning [49]

Horizontal transport
round trip, s I 420 (220 to 480)

Consistent with a 700 to 1000 m haul
each way at yard speeds plus two
transfers

Terminal
geometry,
Table 3

Transport units engaged
per working crane O 2.75 of 3.5 provided

Equals the analytical requirement,
round trip divided by cycle,
420/153 = 2.75

Queueing
identity

Transport fleet utilisation
while cargo is worked O 0.79 (0.41 to 0.89)

No published series isolates this; fleet
ratios of 4 to 6 units per crane are
commonly deployed, implying
utilisation below 0.7

[10]

Crane waiting caused by
horizontal transport,
share of crane busy time

O 0.08% (0.00 to 1.24%)

Not published separately. The gap
between the technical ceiling and the
achieved crane rate is large but is not
attributable to transport alone

[10]

Carriers used on the
elevated line, share of
those offered

O 0.225
0.22 predicted analytically from three
cranes at 23.7 moves per hour against
320 carriers per hour

Internal
consistency

Vessel wait time to service
time O 0.46 at a 0.65 occupancy

target, 0.25 at 0.53
0.1 recommended as the planning
maximum for container terminals [49,50]

Quay line productivity,
TEU per metre per year I 1054 to 1833 1100 to 1500 for gateway ports, above

2000 for transhipment hubs [49]

Three of these rows deserve comment rather than a tick. The first is crane waiting.
In the model, the baseline crane almost never waits for a tractor, because the fleet ratio of
3.5 units per crane exceeds the analytical requirement of 2.75 at every port. Real terminals
do lose crane time to horizontal transport, and the model does not reproduce that loss
as waiting; it carries it inside the calibrated cycle of 153 s, which is already a gross figure
containing breakdowns, weather, lashing and hatch covers. The consequence runs in one
direction and is worth stating plainly: the incumbent system is given a fleet that never
constrains it, so the improvement attributed to the elevated link is a lower bound rather
than a central estimate.

How much of a lower bound can be measured? Table 9 sweeps the fleet ratio at the
representative terminal and reports what the baseline then looks like internally and what
the elevated link is then worth.
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Table 9. Effect of the incumbent fleet ratio at the representative terminal (Hamburg). Gain is the
change in berth productivity against the baseline at the same fleet ratio, for the two-line configuration
with a 10% vertical cycle reduction (U2b) and the same with a three-slot buffer (U2c).

Tractors per
Crane

Units in the
Pool

Gross Crane
Rate

Crane
Waiting, %

Units Engaged
per Crane Gain U2b, % Gain U2c, %

1.5 9 14.57 37.54 1.82 62.78 63.77
2.0 12 18.65 19.98 2.29 27.15 27.93
2.5 15 21.39 8.16 2.58 10.87 11.55
3.0 18 22.87 1.62 2.72 3.67 4.31

3.5 (adopted) 21 23.24 0.08 2.75 2.02 2.64
4.5 27 23.24 0.00 2.75 2.01 2.64

Two things in Table 9 are checks on the model rather than results. The number of units
engaged per crane rises and then stops at 2.75, which is exactly the round trip divided
by the cycle, the value the queueing identity requires; and the gross crane rate converges
on 23.5 moves per hour, the reciprocal of the mean cycle, as the fleet ceases to bind. The
model reaches both limits without being told them. The substantive consequence is that
the estimated benefit of the elevated link is governed almost entirely by how tightly the
incumbent fleet is sized, which is the same finding reported in Section 3.1 from the length
of the yard trip, but reached from the other direction. At a fleet ratio of 2.5 units per crane,
where the baseline loses 8.2% of crane time to waiting, the link is worth 10.9%. Terminals
that keep a fleet this lean are the ones where the technology would be worth examining,
and none of the eight ports is modelled that way here.

The second comment concerns vessel queueing. The representative berth group is
driven at an occupancy of 0.65 with fully random arrivals, which produces a wait time
to service time ratio of 0.46, well above the 0.1 that port planning guidance treats as the
acceptable maximum for container terminals [50]. The cause is the abstraction rather than
an error: a two-berth group with Poisson arrivals and no berthing windows queues more
than a real terminal working to a schedule. Running the whole experiment at an occupancy
of 0.53, the value that guidance associates with an acceptable wait at two berths roughly
halves the queue and leaves the reported results untouched. Across all eight ports, the
estimated gain moves by no more than 0.16 percentage points, because every reported
quantity is a difference between two horizontal transport systems working an identically
loaded berth, and the queue outside the berth is common to both arms.

The third comment is the limit of the exercise. Benchmarking of this kind establishes
that the internal variables of the model lie where published operations and queueing
identities say they should, and that its behaviour responds correctly when the binding
resource is changed. It is not validation against a measured series from a terminal, which
would require operational data that no operator released to us, and it cannot be performed
at all for the elevated link, because no such installation exists at a container terminal. Those
two limits stand and are restated in Section 4.3.

2.7. Expert Assessment of the Model

Benchmarking answers whether the model’s variables sit in the right place. It does not
answer whether the model represents the right things, which is a judgement that belongs
to people who have worked with container terminals. The model logic, its boundary, its
input values and its behaviour in three scenarios were therefore put to four specialists in
container terminal operations and maritime logistics; none of them was involved in the
study, and none is a co-author. Their experience ranges from 6 to 20 years and covers
academic research, terminal and port planning, consulting and the private sector, with
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operating contexts in the North Sea, the Mediterranean, the Adriatic and Asia. Each
received a four-page description of the model written to the same boundary as Section 2.2,
the three scenarios identified below, and an instrument of 18 statements rated on a five-
point scale, from 1 for strong disagreement to 5 for strong agreement, with space for
comment on every item and four open questions. The three scenarios presented were the
two-line configuration with a shortened vertical cycle, the single-line configuration, and the
reduction of the incumbent fleet from 3.5 to 2.5 tractors per crane, that is, the cases reported
in Table 9. The instrument and the completed responses are retained by the authors and
are available to the editor on request.

Table 10 reports the outcome. No item had a median at or below 3, so no part of the
model was rejected by the panel. Support was strongest for the behaviour of the model
in the three scenarios, where the group median was 5, and weakest for the input values,
where it was 4 with six individual ratings of 3. Because a unanimous panel would be of no
evidential use, the dissent is reported in full below rather than summarised.

Table 10. Expert assessment of the model, four respondents. Ratings run from 1 for strong disagree-
ment to 5 for strong agreement. Item labels follow the four groups of the instrument: B, model logic
and boundary; C, input values; D, behaviour in the three scenarios; E, overall fitness for purpose.

Item Median Range Item Median Range

B1 quay-interface boundary 4 4 to 5 C4 fleet ratio of 3.5 per crane 4 3 to 4

B2 yard aggregated into round
trip 4 3 to 4 C5 3.71 h berthing and

unberthing 3.5 3 to 4

B3 event logic 4.5 4 to 5 C6 lognormal variability 5 4 to 5

B4 crane waiting as the
mechanism 5 4 to 5 D1 direction of all three

scenarios 5 4 to 5

B5 headway presentation rule 4 3 to 4 D2 size of the gain in scenario 1 4.5 4 to 5

B6 cycle gain on the vertical
part only 4.5 4 to 5 D3 collapse with a single line 4 4 to 5

C1 gross crane cycle of 153 s 4 3 to 4 D4 dependence on incumbent
fleet sizing 5 4 to 5

C2 two to three cranes per call 5 4 to 5 D5 the 5 to 10% claim is not
general 4.5 4 to 5

C3 round trips of 220 to 480 s 4 3 to 5 E1 fit for the comparative
purpose 4.5 4 to 5

Six items drew a rating of 3 from at least one respondent, and the objections concentrate
on the input values rather than on the structure of the model. The combined berthing and
unberthing allowance of 3.71 h drew two: it was accepted as an aggregate calibration value
but not as a generally representative figure, since the time varies with vessel size, berth
layout, tug requirements, weather and port procedure. The fleet ratio of 3.5 tractors per
crane drew one, with a working range of roughly 3 to 4 per crane preferred to a single
figure, rising with haul distance and with variability in transport demand; Table 9 reports
the model across 1.5 to 4.5. Scaling the round trip by terminal size drew one, on the ground
that terminal size alone is not a sufficient determinant and that haul distance, traffic, layout
and dispatching all shift the distribution. The gross crane cycle of 153 s drew one, as
plausible for a gross figure but variable between terminals with ship type, crane and hatch
configuration. Based on the structure of the model, aggregating the yard into the round-trip
distribution drew one, acceptable for the stated objective provided that the results are not
read as a prediction of full-terminal performance, and the headway presentation rule for
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the elevated link drew one, to be treated as a reasonable stylisation rather than a literal
description, because a real interface would involve dispatching, synchronisation and some
temporary buffering.

The open questions produced three requests that have changed the paper. All four
respondents named the treatment of the yard through an assumed round-trip distribution
as the principal limitation, and two singled out the fleet-ratio sensitivity as the most useful
part of the treatment, which is why it is now reported as Table 9 rather than as a sensitivity
note. Three of the four asked that the land result be reported as a planning or design
estimate rather than as area that becomes available, which is how Section 3.3 states it.
One asked that the distinction between calibration and validation be made explicit, which
Sections 2.5 and 2.6 now do.

The standing of this exercise should not be overstated. It is a face-validation exer-
cise with a panel of four, reported as such [46]. It establishes that specialists who were
not involved in the work find the boundary, the logic and the inputs defensible for the
comparative question being asked, and that they regard the behaviour of the model under
the three scenarios as operationally plausible. It does not substitute for validation against
measured terminal data, and a panel of four cannot be treated as a representative sample of
professional opinion.

2.8. Energy, Land, Emissions and Cost

No published source gives the energy the container vehicle uses. Taking the man-
ufacturer’s word would have made every emission figure in this paper depend on an
unverifiable claim, so it is worked out from first principles instead.

Resistance at steady speed is the sum of rolling and aerodynamic terms:

F = Crr·m·g +
1
2
·ρair·Cd·A f ·v2 (1)

Electrical energy for one trip, including one acceleration and one braking with en-
ergy recovered:

E =

[︂
F·L + 1

2 mv2 − ηregen· 1
2 mv2

]︂
(︁
ηdrive·ηsupply

)︁ + Paux·t (2)

where Crr = 0.0015 (range 0.0010 to 0.0020) for steel on steel, empty mass is 25,000 kg,
average load is 19,000 kg, Cd = 0.70 (0.60 to 0.90), Af = 9.0 m2 (8 to 10), ηdrive = 0.88,
ηsupply = 0.95, ηregen = 0.60 and Paux = 3.0 kW.

The return trip is included, and the share of return trips running loaded is set by a
balance factor. The same factor is applied to the trucks, so neither is given a free ride home.
At 60 km/h over 20 km, the result is 0.482 kWh per TEU-km delivered, with a range of 0.372
to 0.642, or 0.046 kWh per tonne-km. As a check, electricity alone then costs between USD
0.37 and 0.91 per 100 tonne-km depending on the price of power, against the manufacturer’s
published operating cost of USD 1 per 100 tonne-km, which is reachable only with cheap
electricity, full loads and low speeds, and excludes the payment for the structure.

Yard area follows from Little’s law [51]:

Astack =
Q·d

365·ρ·u (3)

where ϱ is 1000 TEU per hectare of stacking ground and u = 0.70. Published terminal
areas are not stacking areas: they include the apron, roads, the gate, rail sidings, empty
depots, workshops and reefer racks. Working backwards from the eight ports gives a
multiplier with a median of 2.55 and a range of 1.76 to 3.55 between stacking ground and
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total terminal area, and using the stacking figure directly against published footprints
would have overstated the land freed roughly threefold. Containers sent inland on the
elevated line are assumed to sit in the port for half a day instead of four days.

Trucks emit 0.788 kg CO2 per TEU-km including the empty return, from a Euro VI
articulated vehicle burning 0.33 L/km loaded and 0.25 L/km empty at 3.24 kg CO2 per
litre, carrying 1.7 TEU, following the standard inventory method. The elevated line emits
its derived energy multiplied by the national electricity emission factor [52]. Two other
modes are compared: a diesel barge at 0.188 kg CO2 per TEU-km and an electric train at
0.264 kWh per TEU-km. Only containers that currently travel by road are allowed to move
to the elevated line, since moving rail or barge traffic onto it would increase emissions.

Capital is spread over the 50-year life of the structure at 6%. Running cost is electricity
at EUR 0.12/kWh plus maintenance at twice that. Road haulage avoided is valued at EUR
1.80 per TEU-km including the empty return.

One more choice deserves explaining. Only containers that presently travel inland by
road may move to the elevated line. This is not a modelling convenience but a consequence
of the energy figures: at every electricity mix in the sample, the line uses more energy per
tonne-kilometre than an electric train, and above 390 gCO2e/kWh more than a diesel barge.
A model that allowed rail or barge traffic to move onto the line would show emissions
falling when in reality they would rise. Building the restriction into the calculation rather
than mentioning it in the discussion keeps the results honest.

Sensitivity is examined three ways. A one-at-a-time analysis covers the quay: vehicle
spacing, yard trip length, tractor fleet size, number of cranes and stack size. Because the
three least well-founded quay assumptions could move together rather than one at a time,
they are also varied jointly over a grid of plausible combinations in Section Combined
Sensitivity of the Quay Result. A variance-based analysis [53,54] with 57,344 model runs
using SALib [55] covers twelve inputs to the annual calculations against four outputs.

3. Results
The results are reported in the order in which the three claims were made. Section 3.1

covers what happens at the quay, where the simulation compares ship handling under
present operations with the elevated line in four configurations. Section 3.2 converts the
containers moved inland into yard area no longer needed, and Section 3.3 sets the emissions
saved against three alternative modes and the cost of the structure against both the haulage
it avoids and the carbon it saves. Throughout, the comparison is against how each port
works today rather than against an idealised terminal. Table 11 below shows change in
ship handling rate against present operations (in percentage).

Table 11. Change in ship handling rate against present operations (%). Configurations are cumulative:
each column adds the stated feature to the one before it.

Port One Line One Line per
Berth

Plus 10% Faster
Crane Cycle

Plus a Three-Slot
Stack

Rotterdam −2.6 +0.6 +3.1 +3.7
Antwerp-Bruges −2.3 +0.5 +3.1 +3.8

Hamburg −3.3 −0.6 +2.0 +2.6
Le Havre −3.1 −0.5 +2.0 +2.6
Valencia −1.3 −0.2 +2.3 +2.5
Piraeus −3.7 −0.6 +2.0 +2.6
Gdansk −3.6 −0.6 +1.9 +2.7
Rijeka −0.3 −0.1 +2.5 +2.5
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3.1. Ship and Quay Operations

Figure 4 and Table 11 give the change in how fast a ship is worked.

Figure 4. Change in ship handling rate. The shaded band marks the 5 to 10% improvement claimed
by the manufacturer.

The best result anywhere is 3.8%, against the 5 to 10% claimed. It should be noted
that the 10% vertical-cycle reduction used in the U2b and U2c configurations is the most
favourable value in the manufacturer’s own stated range of 5 to 10%, and is applied to the
vertical component alone. The scenario is therefore generous to the technology rather than
conservative: a 5% reduction, the lower end of the same range, yields gains of 1.0 to 1.9%
across the eight ports. That the claimed 5 to 10% improvement in overall handling rate is
not reproduced even under the most favourable admissible assumption is the substantive
finding here. The faster crane cycle on its own is worth between 1.9 and 3.1%, and the small
stack at the interface adds another 0.2 to 0.7%.

The first column of Table 11 is worth reading carefully, because it shows what happens
when a single line is asked to serve two berths. Cranes wait between three and four per
cent of the time, and the ship is worked more slowly than it is today. One line delivers a
vehicle every 22.5 s, which is enough for a berth but not for two working simultaneously,
and the shortfall appears immediately as idle cranes. Providing a line per berth removes
almost all of it. This is a straightforward capacity calculation rather than a subtle result, but
it sets the minimum a real installation would have to provide, and it doubles the length of
track that has to be paid for.

More interesting is what explains the difference between ports. It is almost entirely
how much the cranes were already waiting: across the eight ports, the correlation between
waiting time under present operations and the improvement is +0.999. Rotterdam and
Antwerp, where tractors take 480 s to cross the yard and cranes wait a little over 1% of the
time, gain 3.7 to 3.8%. Ports with short yard trips and no waiting gain about 2.6%, which is
roughly what the faster crane cycle is worth by itself.

Figure 5 confirms this. The gain stays near 2.7% for yard trips up to 420 s, reaches
3.9% at 480 s and 15.2% at 600 s. It reaches 11.1% if the tractor fleet is cut to 2.5 vehicles
per crane, against 2.7% at 4.5. In other words, the elevated line is worth most where the
present arrangement is worst.

https://doi.org/10.3390/technologies14100629

https://doi.org/10.3390/technologies14100629


Technologies 2026, 14, 629 19 of 31

 

Figure 5. What the improvement in ship handling actually depends on.

Two smaller findings are noted. Vehicle spacing does not matter at realistic crane
demand: the gain is 2.70% at 15 s, 2.87% at 22.5, 2.73% at 30 and 2.81% at 45. And the stack
at the interface stops helping beyond two or three slots, so the manufacturer’s stated range
is well chosen.

Combined Sensitivity of the Quay Result

The one-at-a-time analysis in Figure 5 moves each assumption on its own. The three
assumptions carrying the least empirical support at the quay, the tractor fleet ratio and the
mean and variability of the yard round trip, could in practice depart from their assumed
values together, and a terminal with a long haul is also likely to have a more dispersed
round trip. They were therefore varied jointly over a grid of plausible combinations: fleet
ratios of 2.5 to 4.0 tractors per crane, mean round trips of 340, 420 and 500 s, and coefficients
of variation of 0.30 and 0.50, giving 24 combinations at the representative terminal. Table 12
reports them. Fleet adequacy is the fleet ratio divided by the analytical requirement, the
mean round trip divided by the mean crane cycle of 153 s; a value below 1 means the
tractor pool cannot keep the cranes supplied. Waiting is the share of crane busy time lost to
horizontal transport under present operations. Gain is the change in ship handling rate for
the two-line configuration with a 10% vertical cycle reduction and a three-slot stack, the
configuration reported in the final column of Table 11. CV is the coefficient of variation of
the round trip.

Table 12. Combined sensitivity of the quay result at the representative terminal (Hamburg).

Tractors per
Crane

Round Trip
(s)

Fleet
Adequacy

Waiting, CV
0.30 (%)

Waiting, CV
0.50 (%)

Gain, CV 0.30
(%)

Gain, CV 0.50
(%)

2.5 340 1.13 1.32 1.94 +3.9 +4.4
2.5 420 0.91 8.17 8.75 +11.5 +12.2
2.5 500 0.77 16.79 17.60 +23.0 +24.3
3.0 340 1.35 0.04 0.11 +2.6 +2.7
3.0 420 1.09 1.62 2.33 +4.3 +5.0
3.0 500 0.92 7.67 8.47 +11.0 +11.9

3.5 (adopted) 340 1.58 0.00 0.00 +2.6 +2.6
3.5 (adopted) 420 1.28 0.08 0.20 +2.6 +2.8
3.5 (adopted) 500 1.07 1.96 2.38 +4.6 +5.0

4.0 340 1.80 0.00 0.00 +2.6 +2.6
4.0 420 1.46 0.00 0.01 +2.7 +2.6
4.0 500 1.22 0.15 0.33 +2.7 +3.0
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The result is stable in the sense that matters and unstable in the sense already reported.
Wherever the incumbent fleet is adequate, which here means a fleet adequacy of about
1.2 or more, the gain lies between 2.6 and 3.0% in every one of the twelve combinations
that satisfy it, whatever combination of fleet size, haul length and variability produced
the adequacy. The lower bound on the quay result is therefore insensitive to these three
assumptions jointly, not only one at a time. The upper end is not: where the fleet cannot
keep the cranes supplied, the gain rises to between 4 and 24%, and the manufacturer’s
claimed 5 to 10% is reproduced only in that region, which requires a fleet adequacy below
roughly 1.07.

The three assumptions do not act independently, and they collapse into one quantity.
Across all 24 combinations, the gain is a linear function of how much the baseline crane
was already waiting, at +1.20 percentage points of gain for each percentage point of crane
waiting above a floor of 2.4%, with an R2 of 0.996. Crane waiting, in turn, depends on fleet
adequacy alone, so a fleet ratio of 2.5 with a 340 s round trip and a ratio of 3.5 with a 500 s
round trip behave almost identically despite sharing no parameter value. Variability acts
on the same axis rather than on a separate one: raising the coefficient of variation from 0.30
to 0.50 changes the gain by at most 0.3 percentage points where the fleet is adequate and
by up to 1.3 where it is already binding, because a wider spread of round trips exhausts
a marginal pool sooner. The same linear relation holds for the configuration without the
three-slot stack, with the floor 0.6 percentage points lower.

Two consequences follow for how the quay result should be read. It is conditional, and
the condition is a single measurable quantity rather than three assumed ones: a terminal
that knows what share of crane time it currently loses waiting for a horizontal transport
unit can read its own answer from the relation above, without needing to accept the fleet
ratio, haul length or variability assumed here. And the headline finding is not at risk from
these assumptions. The claimed 5 to 10% is not reached in any combination in which the
incumbent fleet is adequately resourced, and where it is reached, the comparison a port
would actually make is not against an elevated structure but against buying more tractors,
as Section 4.1 sets out.

3.2. The Diversion Assumption and the Capacity It Implies

Every result in Sections 3.2 and 3.3 is proportional to the share of road-borne inland
traffic assumed to move onto the link. This share is an assumption, not a model output,
and it is treated as a scenario parameter throughout: 25%, 50% and 75% are reported, with
50% as the central case.

Two checks bound what the assumption can mean. First, capacity. At the published
headway of 22.5 s, a single line delivers 160 containers per hour, or roughly 1.6 million TEU
per year at 6000 operating hours and 1.7 TEU per container. At 50% diversion, the implied
annual flows range from 0.12 million TEU at Rijeka to 3.1 million at Antwerp-Bruges, so a
single line suffices at seven ports and two are required at Antwerp-Bruges. Line capacity
is therefore not binding on the assumption, and the capital figures reported in Section 3.3
include the second line where needed.

Second, regarding plausibility, we make no claim that 50% is achievable. It is a
commercial outcome depending on inland terminal attractiveness, haulier contracts and
shipper willingness, none of which is modelled. The reader should treat the diversion share
as the quantity that would have to be secured, and Section 3.3 reports how the economics
change across the range. Where the required share exceeds what the road-borne flow can
supply, that is stated.
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3.3. Land Freed

Figure 6 shows the land freed, in hectares on the left and as a share of the terminal on
the right. The two panels rank the ports differently, which is the first sign that absolute size
and relative benefit are not the same thing.

Figure 6. Container terminal area freed. (a) Hectares, by share of road traffic moved; (b) percentage,
at half the road traffic moved.

Moving half the road-borne traffic onto the elevated line would reduce required stack-
ing area by 7.7 to 31.6%. Converted to terminal area under the proportionality assumption
discussed below, this is equivalent to between 4.2 hectares at Rijeka and 108.6 hectares at
Antwerp-Bruges (Table 13).

Table 13. Analytical estimates of released area and avoided emissions with half the road traffic moved
to the elevated line. These are capacity and emission-factor calculations, not simulation outputs.

Port
TEU

Moved per
Year

Present
Area (ha) Freed (ha) Freed (%) CO2 Saved

(t/yr)
Saving

(%)

Rotterdam 2,343,302 568.7 81.9 14.4 38,596 83.6
Antwerp-Bruges 3,107,640 544.1 108.6 20.0 67,623 92.0

Hamburg 1,310,400 311.4 45.8 14.7 11,974 77.3
Le Havre 1,119,875 123.8 39.1 31.6 4261 96.6
Valencia 1,463,000 223.6 51.1 22.9 26,177 90.8
Piraeus 408,320 185.2 14.3 7.7 5136 79.8
Gdansk 674,328 110.4 23.6 21.3 9486 59.5
Rijeka 119,272 16.2 4.2 25.8 825 87.8

The reason the land appears at all is worth stating plainly, because it is easy to mistake
for an accounting trick. A stacking yard is sized by how many containers are in it at any
moment, and that number is the arrival rate multiplied by how long each container stays.
Containers bound inland by road currently wait in the yard for the truck that will collect
them, typically three to five days. Containers loaded straight onto an elevated line leave
within hours. The yard shrinks not because containers are stacked more tightly but because
far fewer of them are present at once.

Two qualifications attach to these figures, and they are material.
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The primary quantity computed is stacking area, which follows directly from Little’s
law given throughput, dwell time and stacking density. Conversion to terminal area uses
a multiplier of 2.55, calibrated by inverting the same relation against published area and
design capacity across European terminals. That conversion assumes that apron, internal
roads, gate, rail sidings, empty depots and workshops scale with stacking area. In the long
run, when a terminal is laid out afresh, that is a reasonable planning assumption and is how
terminal area is sized at the design stage. In the short run it is clearly false: a reduction in
stacking demand does not shrink a gate complex or a workshop. The terminal-area figures
should therefore be read as the area that would not need to be provided in a terminal
designed around the lower dwell time, not as area that becomes available at an existing
terminal next year.

The released area is also not necessarily usable. Whether a freed block can be converted
to another function depends on its contiguity, its position relative to the quay and the rail
sidings, and on the terminal’s stacking policy. The calculation is a capacity statement,
not a site plan. Three of the four specialists consulted in Section 2.7 raised this point
independently, asking that the figure be read as a planning or design estimate rather than
as land that would become available at an existing terminal, and it is reported here on
that basis.

With those qualifications, what decides the percentage is not the size of the port but
how much of its traffic actually goes inland by road. Piraeus, the largest in the sample by
installed capacity, frees the least at 7.7%, because four-fifths of its containers move between
ships and never see a truck. Le Havre frees the most at 31.6%, because 85% of its inland
traffic goes by road. Rijeka’s 4.2 hectares sounds negligible until it is read as a quarter of a
16-hectare terminal at a port with nowhere to grow.

3.4. Emissions and Cost

Figure 7 plots what the elevated line emits per container-kilometre as the electricity
that powers it gets dirtier, against the three alternatives it might replace. The horizontal
lines do not move with the electricity mix; the two electric options rise from the origin.

Figure 7. Emissions per TEU-km against national electricity emission factor, compared with three
other ways of moving the same container.
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The comparison reported here is a conditional one between two emission factors for
a single, narrowly defined transport segment: the movement of one diverted container
between the quay and the inland terminal. It is not a terminal-wide emission inventory,
and it is not a life-cycle assessment. Excluded are the construction of the structure, the
manufacture of vehicles and transfer equipment, operations at the inland terminal, backup
arrangements, and emissions during failure or maintenance. Several of these could be
material, and the construction term in particular would be expected to offset a meaningful
share of the operational saving over a 50-year life. The figures below should be read
accordingly.

On that basis, the elevated line emits between 59.5% less than a truck at Gdansk, where
electricity is the dirtiest in the sample, and 96.6% less at Le Havre, where it is the cleanest.
The break-even against trucks lies at 1635 gCO2e/kWh, which no European country comes
close to, so the line beats road haulage everywhere.

The comparisons that matter are the other two. Against a diesel barge, the break-even
is 390 gCO2e/kWh, which falls inside the European range. Against an electric train, the
line loses outright, using about 1.83 times the energy per tonne-km, and the electricity mix
cancels out of that comparison because both are electric. The reason is structural: at 22.5 s
spacing and 60 km/h, the vehicles are 375 m apart, too far to shelter behind one another, so
each meets the full force of the air, whereas the wagons of a train do not.

The barge comparison matters less in practice than it first appears, because the two
rarely compete. All four ports in this sample with a usable waterway lie below the break-
even, and the ports above it have no navigable river inland, so trucks are their only real
alternative. Hamburg, at 371 gCO2e/kWh, is the closest case, 5% inside the line.

The right description of the technology is therefore that it replaces trucks. It is not
a general answer to port emissions, and moving rail or barge traffic onto it would make
things worse. The two ways of judging the same investment are set side by side in Figure 8.
The left panel shows the balance of avoided haulage against capital and running costs at
three capital prices; the right panel shows what each tonne of avoided carbon costs, against
the price of an allowance.

Figure 8. (a) Annual balance at one, two and three times the quoted capital cost; (b) cost per tonne of
CO2 avoided, against the EU emissions trading price.

Judged as a way of buying emission reductions, the investment is poor. Spreading the
capital across the CO2 it saves gives EUR 518 per tonne at Antwerp, rising to EUR 7075 at
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Rijeka, six to eighty-eight times the price of an emission allowance, and the value of the
carbon saved covers between 1.2 and 15.5% of the annual cost of the structure. The Sobol
design comprises 57,344 model evaluations. Of these, 45,056 yield a strictly positive CO2

saving and therefore a defined abatement cost; the remainder, in which the assumed grid
carbon intensity is high enough that the link saves nothing, give an undefined ratio and are
excluded from this statistic only. Across those 45,056 evaluations, the abatement cost never
fell below EUR 200 per tonne.

Two things drive that result. The structure is expensive, and the emissions saved per
container-kilometre, though a large percentage of a truck’s, are small in absolute terms over
a link of ten or twenty kilometres. Spread over a fifty-year life, the capital cost is modest
as infrastructure goes, but set against a few thousand tonnes of CO2 a year, it is very poor
value. This is not a peculiarity of this technology. Almost any fixed transport structure
fails the same test, which is one reason emission pricing has never been the mechanism by
which ports get built.

Judged as a way of avoiding road haulage, the same investment looks quite different.
Setting the haulage saved against running and capital costs gives a positive balance at seven
of the eight ports at the quoted price, and repayment in 3.5 to 5 years at the five largest
flows. At three times the quoted capital cost, Antwerp, Rotterdam, Valencia, Hamburg and
Le Havre remain positive.

Rijeka does not, at any price. Moving 119,272 TEU a year over ten kilometres cannot
pay for a hundred-million-dollar structure, and a single line would run at 7% of its capacity.
The port where the technology fits best physically is the one where it makes least sense
financially.

The wider sensitivity analysis (Figure 9) points to three things. How long containers
presently sit in the yard dominates the land result, ahead of how much traffic is moved,
how much of it goes by road, and the multiplier between stacking ground and terminal
area. How far the inland terminal dominates the emissions saved, while the electricity mix
ranks only sixth: the line’s own emissions are small next to the truck emissions it removes,
so the tonnage saved follows distance rather than the mix. And the financial result has no
single driver, with the traffic moved, the price of haulage, the distance and the capital cost
all mattering about equally; 18.7% of the range of plausible inputs produces a loss.

 

Figure 9. Which inputs drive which result.
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4. Discussion
4.1. Where It Works, and Where It Does Not

The three benefits do not come from the same cause, and once that is seen, the
technology becomes much easier to judge. The gain at the quay comes from not having to
drive across the yard, and it is small wherever the existing tractor fleet is adequate. The
land comes from getting containers out of the port days earlier, and it is large wherever a
lot of traffic goes inland. The emission saving comes from replacing diesel with electricity,
and it is large wherever a lot of that traffic goes by road. Only the second and third share
a cause.

A terminal that judges this on ship handling alone will turn it down, and will be right
to: under 4% does not pay for a structure costing a hundred million dollars or more. A
port that judges it as a way of buying land and taking trucks off the road may reach the
opposite conclusion from exactly the same numbers.

There is a comparison here that deserves to be made plainly. The improvement at
the quay reaches 11% only when the tractor fleet is starved at 2.5 vehicles per crane, and
buying more tractors is cheaper than an elevated railway by orders of magnitude. The case
at the quay therefore rests entirely on situations where more tractors would not help: a
yard that is already full, a port with no land, a gate that cannot be widened, or a haul that
cannot be shortened.

The results also invert the obvious expectation about which ports benefit. Le Havre,
Valencia and Gdansk, none of them among Europe’s largest, gain more per container
moved than Rotterdam and Antwerp, because more of their traffic goes inland by road.
Piraeus gains least of all despite being one of the busiest in the sample. Size is the wrong
thing to look at; what matters is how much of a port’s traffic actually leaves by truck.

Rijeka deserves a note of its own, since it is the case where physical fit and financial
sense pull hardest against each other. It is the only port in the sample small enough for a
single line to serve, and the only one where the investment never pays back. Ports with no
land tend also to be ports with little traffic, so those that most need the space are least able
to afford the structure that would free it. That would change if traffic grew towards the
capacity now being built there, if one line served several terminals, or if the comparison
were made not against doing nothing but against the cost of reclaiming land from the sea,
which is what such a port’s alternative actually is.

One further comparison is worth making, because it is the one a port authority would
face. A port with no room left has essentially three options: reclaim land from the sea, move
terminals elsewhere, or use the land it has more intensively. The first two are measured in
hundreds of millions of euros and in decades of permitting. Read against those, freeing
eighty or a hundred hectares by moving containers inland faster is not obviously the
expensive option, and the comparison made throughout this paper, against continuing
exactly as things are now, is the most demanding one available. Where continuing as things
are now is not actually possible, the case would look considerably stronger than the figures
presented here suggest.

4.2. What Would Have to Be Settled First

Four things sit outside this model and would decide whether any of it could be built.
The structure has to fit inside a crane portal 15 to 35 m wide with roughly 12 m of

clear height under the bracing. Fitting it into cranes that were designed without it is a
structural intervention on a working machine, and this study assumes it is possible because
the manufacturer gives the dimensions, not because anyone has done it.
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No European standard covers unmanned elevated freight transport over port and pub-
lic land, and approvals granted in other jurisdictions do not carry over. Three routes to cer-
tification nonetheless exist, and they differ in how much of the framework already applies.

The first treats the link as guided rail transport. If the structure were brought within
the scope of the rail interoperability and safety framework, the relevant technical speci-
fications for interoperability and the common safety methods for risk evaluation would
supply an established route, and the national safety authority would act as the approving
body. The obstacle is that those instruments are written for vehicles on conventional track
within a network, and an isolated suspended system on a proprietary rail structure fits the
definitions poorly. A derogation or a national rule would be required, and the precedent of
automated people movers, which were handled outside mainline rail rules, suggests that is
the likelier outcome.

The second treats it as machinery. An automated transport installation confined within
a terminal may be certified under the Machinery Regulation with functional safety assessed
under the relevant risk-reduction standards, which is broadly the route used for automated
stacking cranes and automated guided vehicles in existing terminals. This is the most direct
path where the link stays inside the port perimeter, and the least helpful where it crosses
public land, since machinery certification does not confer a right of way.

The third treats it as a fixed structure, certified for its civil engineering under the struc-
tural Eurocodes and permitted through the ordinary spatial planning and environmental
assessment process, with the vehicles certified separately under the second route. For a
link crossing a port boundary, a public road and possibly a railway, this hybrid appears the
most realistic, and it implies that the permitting timetable is governed by planning consent
rather than by technical certification.

None of these is a settled pathway, and the choice among them is a regulatory judge-
ment that has not yet been made anywhere for this class of system. The practical implication
for a port is that the approval route should be established before, not after, an engineering
study is commissioned.

A fixed link fails differently from a fleet of trucks. Trucks degrade gracefully, because
one can be replaced by another; a link either runs or it does not. Availability had to be
assumed here because no reliability figures exist, and a link carrying half a port’s road
traffic would need a fallback that the figures in Section 3.3 do not pay for.

Finally, the structure crosses the boundary between terminal operator, port authority
and inland terminal, and whoever pays for it is not obviously whoever collects the haulage
saving. Experience with extended gate arrangements shows how hard that alignment has
been even for conventional inland services [19].

4.3. Limitations

Two limitations are structural rather than incidental, and both follow from the model
boundary set out in Section 2.2.

The simulation represents the quay interface only. Stacking, retrieval, reshuffling, yard-
crane operation, internal traffic conflicts and yard management strategy are not modelled,
and enter only through the distribution of the horizontal transport round trip. A terminal
in which reshuffling is heavy, or in which yard cranes rather than the transport fleet are the
binding constraint, would behave differently in ways this model cannot show. The results
should be read as a comparison of two ways of serving a quay crane, not as a comparison
of two terminals.

The calibration matches two aggregate indicators, time at berth and gross crane rate.
Section 2.6 benchmarks the internal variables of the model against independently published
operating figures and against the queueing identities the model should satisfy, and they
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agree, but two gaps remain. The baseline crane in the model almost never waits for
horizontal transport, because the incumbent fleet is sized so that it does not bind; real
terminals do lose crane time this way, so the reported improvement is a lower bound
rather than a central estimate, by an amount Tables 9 and 12 quantify. Section Combined
Sensitivity of the Quay Result shows that this lower bound holds when the fleet ratio and
the mean and variability of the round trip are varied together rather than one at a time,
and that the result should be read as conditional on a single quantity, the crane waiting a
terminal presently experiences, rather than on the three assumptions separately. And no
measured series from any of the eight terminals was available for crane waiting, transport
utilisation or queue length, so agreement with published ranges is corroboration and not
validation in the strict sense. For the elevated link, the question does not arise, because
nothing like it has been built at a container terminal and there is nothing to validate against.

The bound runs in the other direction as well, and both halves should be read together.
The elevated link is modelled with perfect availability: a carrier is presented at every
headway without interruption, a carrier that has arrived waits until the crane is ready for
it, and no fault on the line is represented. A fixed guideway and a fleet of tractors fail
differently, as Section 4.2 sets out, and a stoppage on a buffer-free line stops every crane
that line serves. The quay results are therefore a lower bound with respect to how tightly
the incumbent fleet is sized and an upper bound with respect to the link itself.

The expert assessment reported in Section 2.7 is a face-validation exercise with four
respondents. It supports the structure of the model and the plausibility of its behaviour,
and it identifies the input values that are least well founded, but four respondents are not a
representative sample, and the exercise carries no statistical weight. The input values the
panel qualified—the berthing and unberthing allowance, the fleet ratio and the scaling of
the round trip with terminal size—are all applied identically to both arms of the comparison,
so they affect the absolute level of the simulated quantities rather than the difference the
study reports.

Nothing like this has been built at a working container terminal, so this is a comparison
of possibilities rather than a forecast, and the figures bound a plausible range rather than
predicting an outcome.

The share of traffic moving by road, rail and barge is assumed at seven of the eight
ports; only Antwerp’s barge share is taken from a published source. How long containers
sit in the yard is also assumed, and the sensitivity analysis identifies it as the single most
influential number in the study, which makes it the first thing that should be measured
properly. Electricity emission factors are placeholders pending the current national figures.
Refrigerated containers are left out of the energy calculation, and a substantial share of
them would change the emission picture.

Building the structure, insuring it, buying the land under its supports, connecting it to
power and buying the vehicles are all outside the quoted cost, which is why the analysis
tests one, two and three times that figure. Berths are allocated first come, first served,
whereas real terminals work to windows agreed with shipping lines; this affects waiting
more than working time. Haulage avoided is valued at a single rate per kilometre, whereas
real prices bend with distance and imbalance. And the land freed is treated as though it
could be used for something else immediately, which understates the cost and delay of
rearranging a working terminal.

5. Conclusions
An elevated string-rail link running from the crane portal to an inland terminal was

simulated at eight European container ports, using a model of quay operations calibrated
to within 1.5% of measured ship time at berth and annual calculations of land, emissions
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and cost. Because the vehicle’s energy use is not published anywhere, it was derived from
resistance physics as 0.482 kWh per TEU-km.

Moving half of a port’s road-borne containers onto such a link would reduce required
stacking area by between 7.7 and 31.6%, would cut emissions on the diverted traffic by 60
to 97% on a conditional comparison of emission factors, and would give a positive annual
balance at seven of the eight ports, with simple payback of 3.5 to 5 years at the five largest
diverted flows. What decides the size of the benefit is how much of a port’s traffic goes
inland by road, not how big the port is, so medium-sized gateways with heavy truck traffic
gain more than the largest ports and far more than a transhipment hub.

Ship handling improves by at most 3.8%, against the 5 to 10% claimed, and the
improvement tracks almost exactly how much the cranes were already waiting for a vehicle.
The benefit comes from avoiding the drive across the yard, not from a faster crane cycle,
which means adding tractors would achieve much of the same thing far more cheaply
wherever there is room to do so.

The emission saving is real but should not be the reason for building one. At EUR
518 to 7075 per tonne of CO2 avoided, the structure is a poor way to achieve emission
reductions and would lose to electrifying a railway. It is better understood as land and
traffic infrastructure that happens to reduce emissions, and it should be planned, appraised
and funded on that basis.

The clearest candidates are medium to large gateway ports where most containers
leave by road, land is short and the yard is congested. The clearest non-candidates are
transhipment hubs, where too little traffic goes inland, and small ports, where the traffic
will not pay for the structure, however badly the land is needed.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/technologies14100629/s1, S1, the simulation code; S2, the port
parameter set; S3, the instrumented validation script; S4, the result files, comprising the scenario
results for the eight ports, the internal behaviour of the model reported in Table 8, the fleet-ratio
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Abbreviations
The following abbreviations are used in this manuscript:

AGV Automated Guided Vehicle
CO2 Carbon Dioxide
CPPI Container Port Performance Index
EEA European Environment Agency
ETS Emissions Trading System
EU European Union
EUR Euro
GHG Greenhouse Gas
ISO International Organization for Standardization
STS Ship-to-Shore (crane)
TEU Twenty-Foot Equivalent Unit
TEU-km Twenty-Foot Equivalent Unit Kilometre
USD United States Dollar
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