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Abstract
The next generation of robotized terminals will benefit from 
the latest solutions and technology. What are these solutions that 
will beef up the productivity of these terminals? In a simulation 
supported analysis, the small, but all feasible steps are compared on 
their impact to ship productivity. The analysis shows that with the 
right measures, a fully robotized terminal can live up to today’s 
requirements from shipping lines to turn around even the biggest 
vessels in a short period of time.

Introduction 
What makes the myth about non-performing fully automated 
(robotized is the better word) so strong? How can it be that in 
the simulated world, the planned – and as such to be built – 
automated terminals perform well (above 35gmph under peak 
circumstances), and not in real life? This question we have asked 
ourselves, also to critically review our simulation models. 

In order to do so, we started from one of the current state-of-
the art fully automated facilities, and added latest improvements to 
the model to see whether we could increase the performance to 
levels that we do not experience in practice (yet). We used TBA’s 
own proven container terminal simulation suite TimeSquare to 
quantify the effects of each adjustment individually. 

In this article we describe this step-wise improvement approach 
from an imaginary existing terminal with Dual RMGs and AGVs, 
as would have been constructed in the 1990s. For each step 
towards a state-of-the-art terminal with Twin-RMGs and Lift- 
AGVs we show the effect on productivity of the various involved 
equipment types. 

Starting scenario: a Year 2000 automated 
terminal 
Our starting terminal is a fictitious terminal with 16 double 
trolley quay cranes (backreach interchange, with platform 
between the legs) on a 1,500m quay. The yard consists of 35 stack 
modules with dual cross-over (or nested) RMGs. Cross-over 
RMGs are stacking cranes that can pass each other (one is smaller 
and can pass the larger one underneath). Because of the passing 
ability, both RMGs are able to serve both the waterside and the 
landside transfer area in the perpendicular stack layout. Waterside 
transport is done by lift-on lift-off (LOLO) Automated Guided 
Vehicles (AGVs), which are pooled over all quay cranes. All 
modeled equipment has technical specifications as is appropriate 
for 10-year-old equipment. 

The terminal is suitable for a yearly throughput of 2.2 million 
TEU (TEU factor 1.65); there is less than 5% transshipment. 
In peaks all 16 quay cranes will be deployed, and the peak gate 
volume equals 320 containers per hour. The yard can be stacked 
to four-high, and the peak yard density equals 85%. 

We have run an eight-hour peak period with the simulation 
model to get the reference quay crane productivities of the 
starting scenario. The results are shown in Figure 1. In the 
remainder of the study we will specifically focus on a situation 
with five AGVs per QC (on average; they are pooled over all 

QCs). We will see how the 25.5 bx/hr can be improved by 
implementing several changes. 

Step 1 – improvement 1: replacing dual 
RMGs by Twin RMGs 
The first step in which dual RMGs are replaced by Twin RMGs 
consists of a couple of related adjustments as well. We summarize 
the different adjustments and describe their expected influence on 
the terminal productivity: 

Use Twin RMGs instead of cross-over RMGs: twin RMGs are 
identical RMGs that cannot pass each other. As a result they can 
only serve one side of the stack (under typical yard layouts, either 
landside or waterside). This reduces flexibility and can have a 
negative impact on productivity. On the other hand, those RMGs 
are slightly faster than the ones in the standard scenario (4.0 m/s 
instead of 3.5 m/s gantry speed). 

The yard layout is adjusted: 

•  There is no need for two pairs of rail to support a large and a 
small RMG; both RMGs drive on the same rail. On the same 
space we can fit 41 modules instead of 35 modules. This means 
that more RMGs will be deployed: 82 instead of 70. This can 
cause an increase in performance. 

•  Storage capacity is increased by 19% because of the layout 
adjustment. In the model we will keep the yard density at 
85%, which means the terminal can accommodate a higher 
throughput. Although this would also increase the gate volume, 
we keep the gate volume at 320 bx/hr in this step; it will be 
increased later. 

Results 
As shown in Figure 2, our simulations show an overall 
productivity increase in quay crane performance of 0.5 to 1.5 
bx/hr (+0.9 bx/hr at 5 AGVs per QC, equals +4%). This is the 
combined result of having more and faster RMGs in the terminal 
against having less flexibility in job assignment. 

The highest impact can be seen on the landside. With dual 
RMGs we had a two RMGs per stack module that could 
work on the waterside, but because of their limited speed, both 
actually needed to work on the waterside to achieve acceptable 
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Figure 1. Here we are today: Quay crane productivity in our start scenario.
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performances. This had a negative impact on the landside with 
long service times: over 10 minutes service time, meaning trucks 
had to wait at the RMG transfer zone for more than 10 minutes 
before their container was processed, on average! 

The truck service times drastically decrease when we use twin-
RMGs, with one RMG dedicated to the landside. Trucks are 
processed six minutes faster in the ‘Improvement 1’ scenario with 
twin RMGs, as shown in Figure 3.

Step 2: increasing terminal throughput 
In Step 1 we mentioned a 19% increase in storage capacity 
because of the fact that more stackmodules with twin-RMGs fit 
in the same space as stackmodules with dual-RMGs. 

In this step we also increase maximum stacking height from 
four to five. The dual-RMG layout cannot cope with a higher 
stack because the RMGs were already performing at their 
maximum capacity (consider the long truck service times caused 
by vessel productivity demand requiring both RMGs for vessel 
jobs from time to time). The twin-RMGs should be able to 
process a larger volume because they are faster (4 m/s instead of 
3.5 m/s) and there are more cranes (82 instead of 70). 

The overall throughput increase equals 119% * 125% = 48%. 
This means the yearly throughput can be 3.2 million TEU. The 
gate volume increases to 470 boxes per hour. If the 16 quay cranes 
should be able to achieve 48% higher peak throughput as well, the 
cranes must perform 40 to 42 bx/hr. 

Note: We consider linear increases in throughput and peak volumes. 
Of course these numbers are dependent on other factors too (such as berth 
capacity), but we ignore those factors in this study. 

The increased volume causes a larger demand on landside peak 
handling and a higher stack leads to more unproductive moves too 
(shuffles), so the demand on the RMGs is significantly increased. 
We will find out how badly this influences the performance. 

Results 
The impact on quay crane performance is negligible. With an 
increasing amount of AGVs the performance drops with 1%, as 
shown in Figure 4. 

The landside performance shows a bigger impact. Although 
the RMGs can handle the increased volume, the service times 
increase. Trucks delivering a container to the yard need to wait a 
minute extra on average; trucks picking up a container at the yard 
wait an additional two minutes (Figure 5). 

Figure 6 shows the status distribution of the RMGs, divided 
in RMGs processing the waterside (WS RMG) and RMGs 
processing the landside (LS RMG). Although they are dedicated 
to do productive moves of their corresponding side, they can do 
unproductive moves for either side. This is why the WS RMGs 
show a large increase in ‘shuffle move’ status when they execute 
shuffles for the gate moves. This takes the stress off landside 
RMGs that need to handle more trucks. 

In future steps we will see whether the waterside volume can 
be increased as well. 

Figure 2. Quay crane productivity with improvements (1) compared to start 
scenario.

Figure 5. Truck service time – step 1 versus step 2.

Figure 3. Truck service – standard scenario versus Step 1 per QC.

Figure 4. Quay crane productivity – Step 1 versus Step 2.
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Step 3: replacing AGVs by Lift-AGVs 
LOLO AGVs require a ‘hand-shake’ interchange with RMGs at 
the yard. This causes waiting times for both RMGs and AGVs, 
because for almost every move one of them has to wait for the 
other to arrive. This hand-shake can be excluded from the process 
by using Lift-AGVs instead of AGVs. Lift-AGVs are able to 
place and take containers from a platform located in front of the 
stack modules by using a lift mechanism. RMGs place and take 
containers from the platform as well. 

In this step we use Lift-AGVs with – besides the lifting ability – 
the same specs as the 10-year-old AGVs. 

Changes and expected effects: 
Unlinked interchange between Lift-AGV and RMG reduces 
waiting time for both equipments. This should increase overall 
terminal productivity. 

Lift-AGVs need to make an additional stop in front of the 
container rack to lower or hoist their platform. This is an extra 
move in their routing process and costs additional time (15 – 25 
seconds per stack visit). This decreases productivity. 

The container racks require more space than interchange 
positions for AGVs. Therefore only four racks fit in each stack 
module interchange zone instead of five parking slots for AGVs. 
This reduces flexibility and has a negative effect on performance.

Results 
The quay crane performance increases with 3 to 3.5 bx/hr for 
any number of vehicles per crane. The reduced waiting times 
largely outweigh the longer drive times and fewer transfer points, 
as shown in Figure 7. 

Figure 8 shows the move duration per box of the AGVs and 
lift-AGVs. In the left column for AGVs you can see a large 
portion of the time is consumed by ‘Interchanging at RMG TP’, 
2.6 minutes per box, which represents the waiting time for the 
hand-shake with an RMG.

The right column for Lift-AGVs shows a slight increase 
in dr iving times (because dr iving requires an additional 
action: lifting in front of rack), but also a huge reduction in 
‘Interchanging at RMG TP’: only 0.3 minutes (20 seconds). 
Lift-AGVs are approaching quay cranes generally a bit earlier 
now, which causes ‘Waiting for QC approach’ to increase; this 
represents waiting for a free transfer point under the quay crane 
or waiting for correct sequence. 

Figure 9, the graph with RMG status is not changing much, 
except the absence of status ‘Waiting for vehicle’ in experiments 
with lift-AGVs. The RMGs have more idle time remaining, 
hence increased possibilities to do more moves. 

Figure 6. RMG status – step 1 versus 2.

Figure 8. Vehicle status – step 2 versus step 3.

Figure 7. Quay crane productivity – Step 1 versus Step 3.
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Step 4: using state-of-the-art Lift-AGVs
In previous step, we used Year-2000 AGV technical specs for the 
Lift-AGVs. Now we increase the driving speeds according to 
latest standards: 

The new Lift-AGVs can drive faster straight, faster in curves, 
and decelerate faster. This should cause shorter driving times per 
box, and hence increased QC productivity. 
The quay crane productivity increases significantly again: with  
4 to 5 bx/hr, as shown in Figure 10.

The quay crane productivity increase is caused by the huge 
reduction in Lift-AGV driving times per box. They only drive  
5 minutes per box now, while this used to be 6.5 minutes. The 
Lift-AGVs generally arrive at the quay cranes earlier again, 
just like in Step 3, which causes an increase in waiting time to 
approach the quay crane transfer area, as shown in Figure 11. 

Figure 10. Quay crane productivity – Step 3 versus Step 4.

Figure 9. RMG status – step 2 versus step 3.
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Note: average driving speed increased from 7 to 9.5 km/hr.

Step 5A: more opportunity moves 
The yard couldn’t handle more moves in the original situation to 
make it beneficial to handle more than 10% of the containers with 
twin-lift moves at the quay cranes. After Step 4, both the waterside 
and the landside RMG in the stack modules had 19% idle time. To 
make use of this spare time, we increased the twin-lift percentage 
at the quay cranes. We assume most 20-foot containers could be 
twin-lifted when planned right. Because of this, and given the 
TEU factor of 1.65, the twin-lift percentage is increased to 30%. 

Expected effects: 
The quay cranes can handle more containers per cycle (per 
move). If the container supply can be increased the productivity 
will go up. Maximum expected performance increase equals 18% 
(130%/110% boxes/cycle). 

The RMGs need to supply more containers faster. Their idle 
time will decrease and productivity will increase. 

Results 
The quay crane productivity is increased with some 3 bx/hr, or 10%, 
as shown in Figure 12.

The quay crane performance increase is only possible 
because the RMGs were able to supply more containers to the 
interchange racks (and take more containers from them). The 

top graph in Figure 13 shows that each stack module was able to 
process one additional vessel job per hour: 14.3 instead of 13.1. 

The increase in productive moves causes the time spent on 
productive moves to go up from 62% to 66%, as shown in the 
bottom graph, Figure 13. Idle percentage decreased from 19% 
to 16%. The remaining idle time shows there is still room for 
improvement. 

Step 5B: faster quay cranes (and NO 
increased twin percentage) 
The (1990-2000) dual trolley quay cranes in the original 
scenario and that have been used up to now, are relatively slow. 
The landside hoist has an average cycle time of 99 seconds. With 
modern cranes cycle times of 63 seconds should be possible. The 
kinematics of the cranes in the model have been adjusted in Step 
5B to be able to make cycles of 63 seconds. 

Expected effects: 
The quay cranes can make more cycles per hour and hence 
productivity should increase. Waiting times for Lift-AGVs at the 
quay cranes should decrease since the cranes need less time per 
move, and hence can serve the next Lift-AGV sooner. 

Figure 13. RMG productivity / RMG status – step 4 versus 5A.

Figure 11. Vehicle status – step 3 versus step 4.

Figure 12. Quay crane productivity – Step 4 versus Step 5A.
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Results 
The quay crane productivity increases by 5 to 7 bx/hr, or 20%, 
as shown in Figure 14. Other effects that were observed after this 
adjustment: 
•  The quay crane status representing productive activity decreased 
from 90% to 65%. 

•  The lift-AGV waiting and interchange times at quay cranes 
decreased from 220 to 100 seconds per box processed. 

•  The idle percentage of waterside RMGs decreased from 19% 
to 11%, and productivity increased from 62% to 73% (note: the 
differences do not even out because the landside RMG took 
over more unproductive work when the waterside productivity 
was increased) 

Step 6: all adjustments combined 
The final step is a comparison between the start scenario and 
all adjustments described in the previous steps. We will see the 
overall impact on performance levels. Quay crane productivity has 
increased with 17.2 bx/hr in the experiments with five vehicles 
per QC – or 68%! Remember that in Step 2, with the increased 
throughput, we already stated that QC productivity needed to go 
up to between 40 and 42 bx/hr and this goal has been achieved. 

The increased quay crane productivity is only possible with 
more efficient Lift-AGVs and RMGs. Figure 16 shows that the 
Lift-AGVs in the final scenario only need 7 minutes to complete 
one container move, while originally the AGVs needed 11 minutes. 

With the increased waterside productivities the stress on the 
yard has increased as well. The terminal throughput and according 
gate volume cause additional moves in the yard. The gate report 
shows that the RMGs are able to cope with this increased 
demand, because 460 truck moves have been handled and the 
truck service times are still acceptable,  as shown in Figure 17. 

The increased demand on the yard is represented in the graph 
with RMG moves per stack module. In Step 6, the two RMGs in 
each stack module executed 17.6 vessel boxes and 11.7 gate boxes 
per hour, about 50% more than the original scenario. 

Meanwhile the number of housekeeping moves has been 
heavily reduced, as shown in Figure 18. This is not because there 
is less time, but because there is less need to do those moves. In 
the original scenario with dual RMGs, the RMGs often had 
to drop stack-in containers as fast as possible to cope with local 
peak demands. Those containers needed to be transferred further 
away from the interchange areas later to make that space available 
again for use during new peaks. The twin-RMGs didn’t have that 
need, because they were able to deliver stack-in containers to 
good slots immediately. 

Figure 16. Lift-AGV status time per box – standard scenario versus Step 6.

Figure 17. Truck service time – start scenario versus step 6.

Figure 14. Quay crane productivity – Step 4 versus Step 5B.

Figure 15. Quay crane productivity – start scenario versus step 6.
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The status chart of RMGs shows that the RMGs in both the 
standard and the final scenario are approaching their limits of 
activity, as shown in Figure 19. With less than 10% idle time there 
is too little flexibility to cope with local peaks in the yard. 

Conclusions 
In this paper we described a step-by-step approach to improve 
existing largely automated terminals to state-of-the-art terminals 
and what each step can bring. Besides faster truck and vessel 
handling the described adjustments lead to a throughput increase 
of almost 50%. 

Actually adjusting existing terminals with the described 
changes is a costly and time-consuming operation; this may be 
a bridge too far. However, this study shows how important it 
can be to build new terminals according to the latest technology, 
because the performance is highly dependent on this. 

Furthermore, the study proves that although the results of 
simulations seem to be too high compared to current experience, 
the steps from today’s state-of-the-art – which can be validly 
represented in the same type of simulation model – to the future’s 
state-of-the-art are concise and largely doable. This provides a solid 
and prosperous outlook for tomorrow’s fully automated terminals!
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Figure 18. RMG productivity – start scenario versus step 6. Figure 19. RMG status – start scenario versus step 6.


