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ABSTRACT 1 
A brownfield container terminal aims to realize a zero-emission vehicle fleet by 2040. To prepare for the 2 
fleet investments, the terminal wants to ascertain the consequences for its costs and operational 3 
performance of implementing a new generation of zero-emission equipment for the horizontal 4 
transportation of the containers at the terminal. To address this issue, a literature research is carried out to 5 
formulate the technological criteria for energy carriers and to identify possible energy sources that could 6 
facilitate the transition from a fossil fuel-based vehicle fleet toward a zero-emission vehicle fleet. The list 7 
of possible energy carriers is reduced by an assessment. The outcome of the assessment results in two best 8 
options, namely, the lithium-ion battery and hydrogen, for the vehicle fleet. Consequently, a discrete 9 
event simulation is carried out to assess the operational performances of these two energy carriers. This 10 
approach can be applied for many other terminals that are exploring ways to achieve a zero-emission 11 
fleet. 12 
 13 
Keywords: container terminal, horizontal equipment, lithium-ion battery, hydrogen, discrete event 14 
simulation   15 
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INTRODUCTION 1 
The combustion of fossil fuels generates greenhouse gases (GHGs). Since the beginning of the 2 

Industrial Revolution (around 1750), human activities have increased the concentration of carbon dioxide 3 
in Earth’s atmosphere by almost 50%. The GHG effect is currently one of the world’s biggest challenges 4 
(1). Carbon dioxide enters the atmosphere when fossil fuels (coal, natural gas, and oil) are burnt. To stop 5 
this process and prevent the world from disaster scenarios, the Paris Climate Agreement was reached (2). 6 
According to the Paris Agreement, fossil-fuel use must decline, emissions should be reduced to at least 7 
40% (compared to 1990) by 2030, and a climate-neutral world should be achieved by 2050. This puts 8 
increasing pressure on governments and companies, and it particularly plays an important role in the 9 
transport sector, given that the transport sector accounts for one-third of GHG emissions in the European 10 
Union; this figure rises to almost a quarter globally (3-4). To illustrate, approximately 40% of all Dutch 11 
CO2 emissions come from the five Dutch seaports. The brownfield container terminal studied here is a 12 
stevedoring company. The terminal has reduced a significant percentage of its CO2 on-site emissions 13 
compared to its 1990 levels. However, it has set an even more ambitious target of being emission free by 14 
2040. An energy- and environmentally friendly fleet has been mentioned as one of the most important 15 
initiatives to be taken by container terminals (5). New developments such as hydrogen, electrification, 16 
hybrid technology, and energy regeneration have significant potential to reduce or even eliminate on-site 17 
emissions caused by container handling equipment (6). The transition toward a zero-emission container 18 
terminal should be taken in an economically responsible way. During the transition, a balance is required 19 
between the pace of transition and the investment program. To shift from the current vehicle fleet using 20 
fossil fuels toward a zero-emission vehicle fleet is a first step in a replacement and investment agenda. 21 
This research aims to research which of the possible renewable energy sources are feasible to realize a 22 
zero-emission vehicle fleet. The central research objective in this paper is to identify the consequences for 23 
costs and operational performance of implementing renewable energy sources.  24 

To address this issue, the remainder of this article proceeds as follows. A brief literature review 25 
provides state-of-the-art knowledge on possible energy carriers. The methodology applied is described in 26 
the next section, combined with the results of semi-structured interviews and screening. Further, a 27 
description of the discrete simulation model is given and the outcomes are discussed. This paper ends 28 
with a conclusion and discussion. 29 

 30 
LITERATURE STUDY ON ENERGY CARRIERS 31 

The transport sector is currently characterized by a strong dependence on fossil fuels. The 32 
International Maritime Organization’s GHG strategy has sent a clear signal that now is the time to start 33 
developing the vessels, the fuels, and all the other necessary infrastructure to support zero-emissions from 34 
shipping (7). One obvious development direction is therefore the use of alternative energy sources or 35 
alternative energy carriers. The latter category includes the massive electrification of the transport sector 36 
and related logistics functions. Energy resources can be roughly classified into three categories: 37 
renewable, fossil, and nuclear. Alternative energy carriers can only be considered as renewable when the 38 
production takes place through wind, water, or solar power. In this research, energy carriers are 39 
considered only when they can be implemented in the current energy system. The next section explains a 40 
few possible energy carriers of this type.  41 
 42 
Lithium-ion batteries 43 

Lithium-ion batteries are favored in modern transportation, where they have become the 44 
dominant battery type for some transport applications, and their application in future electric vehicles is 45 
undeniable (6, 8-9). A major risk of lithium-ion batteries is uncertainty about meeting the growing 46 
demand for lithium on time (10). It is predicted that this growing demand will outstrip the supply of rare 47 
earth elements (11). Notwithstanding this major risk, lithium-ion batteries have become the most 48 
widespread form of zero-emission road vehicle technology for several reasons. They do not contain any 49 
particularly toxic materials, but they do contain metals such as nickel or cobalt (11). Moreover, lithium-50 
ion batteries can respond within milliseconds and have high round-trip efficiencies (12). Additionally, 51 
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lithium-ion batteries: are relatively efficient, have low per-mile costs, have low maintenance costs, and 1 
create no emissions from the vehicle (6). The big advantage of lithium-ion batteries is that they lack the 2 
memory effect, ensuring that they do not have to be discharged first to recharge them. However, lithium-3 
ion batteries are limited in range and in the amount of energy that they can store (6,12).  4 

 5 
Lead-acid batteries 6 

Lead-acid batteries are another type of battery found in electric vehicles. Lead-acid batteries, 7 
invented in 1860 by French physicist Gaston Planté, were the first rechargeable batteries and are still the 8 
most widely used type of rechargeable batteries (13). Their negative plate is made from lead metal and 9 
their positive plate is made from brown lead dioxide. The electrical energy stored in the battery can be 10 
converted from chemical energy into electrical energy (14). According to Schmidt et al. (15), lead-acid 11 
batteries are further standardized for heavy-duty vehicles. Some container terminals use lead-acid 12 
batteries.  13 

 14 
Hydrogen 15 

One scenario often mentioned is the short-term use of hydrogen to generate electricity in heavy 16 
transport or at container terminals and in warehouses. A future energy system without hydrogen as an 17 
energy carrier is impossible according to many researchers (16-18). Hydrogen is a chemical element that 18 
can be stored in a hydrogen tank to be converted to a fuel cell on the vehicle to produce electricity (19). 19 
Hydrogen itself is not a source of energy, but it can be used as an energy carrier that has no pollutant 20 
emissions at the time of use (3, 6, 12). There are three types of hydrogen: grey, blue, and green. Grey 21 
hydrogen is hydrogen generated from fossil fuels, most commonly coal and natural gas (11, 20). Blue 22 
hydrogen is also created by fossil fuels, but the GHG emissions produced as a residual product are stored 23 
underground in carbon capture storage. This type of hydrogen can be used as an aid in an energy 24 
transition phase toward fully renewable energy carriers (11, 20). Green hydrogen is hydrogen produced 25 
using sustainable energy, for example by wind or solar power converted into hydrogen employing 26 
electrolysis (11, 20). Hydrogen produced from green electricity emits no CO2 or other GHGs. 27 
 28 
Ammonia 29 

Ammonia, an inorganic compound of nitrogen and hydrogen with the molecular formula NH3, is 30 
the most produced industrial chemical worldwide (21). Its structure is not flat; rather, it forms a 31 
tetrahedron with the nitrogen in the center. Ammonia is neither as stable as H2O nor as unstable as H2. It 32 
has a high hydrogen content of 17.7% and an energy density of 3 kWh/kg (22). Ammonia can be 33 
produced from N2, and fossil, nuclear, or renewable H2, or directly from N2 and H2O via electrochemical, 34 
photochemical, or chemical looping processes. Ammonia exists mostly in gaseous form. According to 35 
Xue et al. (21), there is increasing interest in using renewable ammonia as an energy carrier given the 36 
continuous depletion of fossil fuels and concerns about climate. Other research states that ammonia 37 
should be used as an energy carrier to improve the overall security of the energy supply, by making the 38 
system resilient to energy supply disruption through a convenient and inexpensive means of energy 39 
storage (23). Ammonia is increasingly attractive as an energy carrier because of its high energy density 40 
and its potential of being a zero-carbon fuel. Applications of ammonia in heavy transport, power 41 
generation, and distributed energy storage are being actively developed. Produced at scale, ammonia 42 
could replace a substantial fraction of current-day liquid fuel consumption (24). However, there are many 43 
safety concerns about ammonia (25). 44 

 45 
METHODOLOGY 46 

Semi-structured interviews with suppliers of vehicles (carrying the containers) are carried out to 47 
obtain information on their long-term vision for energy carriers. A screening process is applied to select 48 
the most feasible alternatives from the literature study. The screening strategy applied in this research is 49 
bounded space of promising alternatives (26). The alternatives are selected by placing constraints on the 50 
characteristics that alternatives must possess, and selection takes place before the detailed evaluation of 51 
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the alternatives. If the alternative does not have certain characteristics, it is eliminated from the list of 1 
promising alternatives. The constraints on characteristics are chosen by applying an objectives tree.  2 

The alternatives selected are used for the next phase of the research, which entails discrete event 3 
simulation. Discrete event simulation is used to assess the possible energy carriers for use at the terminal. 4 
The model is developed in SIMIO (27). To sustain the model’s correctness, Sargent’s modeling cycle (28) 5 
is followed. 6 

 7 
Results of evaluating the energy carriers 8 

All suppliers interviewed are currently using lithium-ion batteries for their vehicles, and some are 9 
using lead-acid batteries. Also, one of them is using hydrogen range extenders for its vehicles. The future 10 
vision of all suppliers is quite comparable. They all believe in lithium-ion batteries, or hydrogen, or both. 11 
This future vision is especially important for this research as one of the objectives is a good long-term 12 
vision about energy carriers, which needs to be realized to achieve the main goal of running a good zero-13 
emission vehicle fleet. The characteristics on which the alternatives are screened are ‘long-term vision’, 14 
‘mass volume product’, and ‘matureness’. Only the alternatives that possess all three characteristics – 15 
lithium-ion batteries and hydrogen energy carriers – are selected in the screening. Both alternatives are 16 
applied in the simulation model. 17 

 18 
Simulation model setup 19 

Figure 1 shows the black-box representation of the terminal. The system’s input is twofold: 20 
containers and properties of the vehicles. Containers are input for the simulation model as they arrive at 21 
the quay crane (QC) or stack and start the simulation model. Two types of containers enter the system: 22 
20ft and 40ft containers. Next, the properties of the vehicles are input for the system. The vehicles have 23 
multiple important properties such as their speed, the distances they drive, and fuel consumption. These 24 
are all fixed variables and, therefore, input for the system. Variables that are fixed in only one simulation 25 
run are the control parameters. The control parameters for this simulation model are the number of 26 
vehicles, the refueling or charging time, and the number of spots available at the fuel station. The output 27 
of the simulation model is also twofold: physical output and information. The physical output of the 28 
simulation model is the containers; all other output is information, which is imported to be able to provide 29 
conclusions on the simulation model. 30 

Input
• Container arrivals (20ft & 40ft)
• Driving distances
• Diesel consumption hour/vehicle
• Battery use hour/vehicle
• Hydrogen use hour/vehicle
• Vehicle speed

Output
• Container arrivals (20ft & 40ft)
• Average throughput time 20ft & 

40ft containers
• Average number of containers in 

the system
• Vehicle idle time & utilization
• Number of vehicles processed at 

fuel station
• Average waiting time at fuel station 

Control Parameters
• Number of vehicles
• Refuelling/charging time
• # spots at fuel station

Simulation
model

 31 
Figure 1. Specification of input, control parameters, and output of the simulation model. 32 
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 1 
The process simulated as in Figure 2 starts with QCs loading containers on the vehicles 1 and 2. 2 

The QC is simulated as a black box, as this vehicle is outside the scope of this research. According to an 3 
arrival rate, containers arrive from the QCs. Then, QCs deliver the containers to vehicles, which deliver 4 
the containers to the Automated Stacking Crane (ASC) 3 and 4..5 

 6 
 7 
 8 

Figure 2. Demarcation of the simulation (enclosed in blue box). 9 
 10 

Simplifications are incorporated in the model to enable more rapid model development and use, 11 
and to improve transparency (29). The following assumptions are made: 12 

• Business continuity has the highest priority; therefore, it is of great importance that the 13 
container does not have to wait for a vehicle to transport it to the QC or ASC. 14 

• The terminal operates 24/7. 15 
• The container arrivals are split in two: the arrival of 20ft containers and the arrival of 40ft 16 

containers. To reduce the number of entities in the model, only containers following the 17 
most common route arriving via the quay and leaving the terminal via an external truck 18 
are modeled. This represents 19.19% + 12.38% = 31.57% of all the containers. The rest 19 
of the containers enter and leave the terminal differently. 20 

• The tank content of the vehicles is 1400 liters and all vehicles start with a full tank 21 
(Table 1). 22 

• Vehicle refueling takes 15 minutes. In reality, the vehicles report a low fuel level at 100 23 
and 200 liters of diesel, but the refueling threshold in the simulation is 200 liters of diesel. 24 
As soon as the vehicle reaches the control point and it has less than 200 liters, the vehicle 25 
is sent to the refueling station.  26 

• There are exactly enough vehicles available to handle the current amount of container 27 
throughput (Table 1). For one month, the 20ft container throughput is 80,244 and the 28 
40ft container throughput is 157,273. The distances are not shown for reasons of 29 
confidentiality. All distances (QC to ASC, ASC to QC, and to diesel stations) and 30 
average speeds are used to calculate the energy consumption for each type of vehicle. 31 

  32 
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 1 
Table 1. Types of vehicles and their specifications 2 
 3 
Vehicle type Total #Vehicles 

in SIMIO (31%) 

Fuel/driving 

hours (Liters) 

Diesel tank 

capacity (Liters) 

CT60H 9 26.00 1,400 

CT60P 25 24.00 1,400 

CT60N 4 14.00 1,400 

VDL 27 7.20 2x700 

 4 
Experimental setup 5 

Table 2 provides the experimental plan for this research. Experiment 0 is the current situation at 6 
the terminal. It consists of 65 diesel vehicles, vehicle refueling takes 15 minutes, and two vehicles can be 7 
refueled at the same time. Experiments 1 to 12 represent the first scenario using the battery-electric 8 
vehicles instead of diesel vehicles. The number of vehicles, charging time for the lithium-ion batteries, 9 
and the number of chargers is changed in the experiments to test for the best combination. Currently, the 10 
number of vehicles needed to handle the container throughput is 65. From an interview with a supplier, it 11 
is known that more battery-electric vehicles are needed because they need to be charged more often. 12 
Therefore, the experiments for battery-electric vehicles contain 70, 75, and 80 vehicles. 13 

Experiments 13 to 20 represent the second scenario: the terminal with hydrogen vehicles. The 14 
experiments with hydrogen vehicles contain 65, 70, 75, and 80 vehicles. To be able to compare the 15 
battery and hydrogen scenarios to the base case, the container throughput is kept equal. Container 16 
throughput is one measure of the efficiency of port operations. It is assumed that the efficiency of port 17 
operations at least remains the same in the future. Based on the simulation outcomes, two additional 18 
experiments (21 and 22) are added for each scenario. 19 
 20 
Table 2. Simulation experiments 21 
 22 

Experiment #Vehicles 

(Diesel) 

#Vehicles 

(Battery) 

#Vehicles  

(Hydrogen) 

Fuel/charging time 

(Min) 

# Spots at 

 fuel/charging station 

0 65 0 0 15 2 

1 0 70 0 30 10 

2 0 70 0 30 20 

3 0 70 0 60 10 

4 0 70 0 60 20 

5 0 75 0 30 10 

6 0 75 0 30 20 

7 0 75 0 60 10 

8 0 75 0 60 20 

9 0 80 0 30 10 

10 0 80 0 30 20 

11 0 80 0 60 10 

12 0 80 0 60 20 

13 0 68 0 13 10 

14 0 0 65 14 2 

15 0 0 65 14 4 

16 0 0 70 14 2 

17 0 0 70 14 4 

18 0 0 75 14 2 

19 0 0 75 14 4 

20 0 0 80 14 2 

21 0 0 80 14 4 

22 0 0 70 14 1 

 23 
  24 
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 1 
RESULTS OF SIMULATION STUDY 2 

The results of the experiments are discussed in this section and tabulated in Table 3. 3 
 4 
Reference case – diesel vehicles (Experiment 0)  5 

The reference case in the simulation model is a representation of the current situation at the 6 
selected terminal. The model is a validated model, as the results of Experiment 0 are exactly as expected. 7 
The average flowtime of 20ft containers is 2.21 hours and of 40ft containers is 0.09 hour. This difference 8 
in flowtimes can be explained by the following two reasons. The vehicles transport one 40ft container at a 9 
time and two 20ft containers. Thus, an arriving 20ft container always has to wait for another 20ft 10 
container before being transported, and this increases the flowtime of the first 20ft container. A second 11 
explanation for the difference in average flowtime is a lower number of incoming 20ft containers than 12 
40ft containers. During the simulation period, 80,246 20ft containers arrive at the terminal and 157,276 13 
40ft containers arrive – thus almost twice as many 40ft containers. Proportionally, the fact that a 20ft 14 
container has to wait longer for the next one explains the longer flowtime for 20ft containers. In 15 
Experiment 0, 280 vehicles are allocated to the fuel station – meaning that every vehicle needs to refuel 16 
approximately four times during the simulation period. This is validated by an employee of the terminal. 17 
The time that the vehicle has to wait before refueling is so short that it is negligible. Moreover, the fuel 18 
station is utilized just 4.79% of the time, indicating that there is enough capacity at the fuel station.  19 
 20 
Table 3. Results of the simulation experiments 21 

 22 
 # 

Veh 

icles 

Fuel/ 
charg 

ing 

time 
(min) 

# 
Spots 

at fuel 

station 

Tank / 
battery 

capacity 

Avg.  
idle 

time 

(%) 

Std 
dev.  

idle 

time 

Avg.  
utili-

zation 

(%) 

Std 
dev.   

Utili-

zation 

Avg. 
flowtime  

20ft 

container 
(hours) 

Avg. 
#20ft 

container 

in system 

Avg. 
flowtime 

40ft 

container 
(hours) 

Avg. 
#40ft 

container 

in 
system 

# 
Vehic

les 

handl
ed at 

fuel 

statio

n 

Avg.  
waiting  

time at  

fuel station 
 (hours) 

0 65 15 2 1400L 64.51 18.87 35.49 18.87 2.0484 225.17 0.0860 18.53 237 0.0000211 

1 70 30 10 412kWh 66.46 19.90 33.54 19.76 2.3798 261.60 0.0876 18.87 1317 0.0000365 

2 70 30 20 412kWh 66.46 19.90 33.54 19.76 2.3798 261.60 0.0876 18.87 1317 0.0000235 

3 70 60 10 412kWh 65.82 19.39 34.18 19.25 3.0999 340.72 0.0891 19.20 1320 0.0000479 

4 70 60 20 412kWh 65.82 19.39 34.18 19.25 3.0999 340.72 0.0891 19.20 1320 0.0000365 

5 75 30 10 412kWh 68.72 20.93 31.28 20.79 2.5971 285.49 0.0875 18.85 1316 0.0000365 

6 75 30 20 412kWh 68.72 20.93 31.28 20.79 2.5971 285.49 0.0875 18.85 1316 0.0000235 

7 75 60 10 412kWh 68.09 20.59 31.91 20.45 2.6504 291.34 0.0893 19.24 1317 0.0000479 

8 75 60 20 412kWh 68.09 20.59 31.91 20.45 2.6504 291.34 0.0893 19.24 1317 0.0000365 

9 80 30 10 412kWh 70.65 21.65 29.35 21.51 2.6975 296.53 0.0875 18.86 1315 0.0000365 

10 80 30 20 412kWh 70.65 21.65 29.35 21.51 2.6975 296.53 0.0875 18.86 1315 0.0000235 

11 80 60 10 412kWh 70.11 21.37 29.89 21.24 2.6888 295.58 0.0891 19.20 1316 0.0000479 

12 80 60 20 412kWh 70.11 21.37 29.89 21.24 2.6888 295.58 0.0891 19.20 1316 0.0000365 

13 68 30 10 412kWh 64.80 19.20 35.20 19.20 2.0354 223.74 0.0859 18.57 1317 0.0000365 

14 65 14 2 30kg 64.63 19.08 35.37 18.93 2.5207 277.02 0.0858 18.48 61 0 

15 65 14 4 30kg 64.63 19.08 35.37 18.93 2.5207 277.02 0.0858 18.48 61 0 

16 70 14 2 30kg 67.23 20.36 32.77 20.22 1.9664 216.16 0.0855 18.43 61 0 

17 70 14 4 30kg 67.23 20.36 32.77 20.22 1.9664 216.16 0.0855 18.43 61 0 

18 75 14 2 30kg 69.41 21.22 30.59 21.17 2.1464 235.95 0.0856 18.43 61 0 

19 75 14 4 30kg 69.41 21.22 30.59 21.17 2.1464 235.95 0.0856 18.43 61 0 

20 80 14 2 30kg 71.33 21.93 28.67 21.79 2.1695 238.48 0.0855 18.43 61 0 

21 80 14 4 30kg 71.33 21.93 28.67 21.79 2.1695 238.48 0.0855 18.43 61 0 

22 70 14 1 30kg 67.23 20.36 32.77 20.36 1.9664 216.16 0.0855 18.43 61 0 

 23 
Scenario 1 – Usage of lithium-ion batteries (Experiments 1 to 13) 24 

The first scenario is the scenario where lithium-ion batteries are used for the vehicles. The 25 
lithium-ion batteries contain 412 kWh of energy. The electric vehicle battery consumption is directly 26 
related to the distance traveled and consumes 13.2 kWh per hour. When the battery level reaches 20% of 27 
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the remaining power (82.4 kWh), the vehicle finishes unloading its current entity and travels to the 1 
charging station. The threshold of 20% is assumed because multiple studies show that deep battery 2 
discharges could significantly decrease the lifetime of the battery. The battery is charged up to 80%, for 3 
the same reason; therefore, the battery will be charged until it contains 329.6 kWh. Dedicated quick 4 
charging is used to charge the lithium-ion batteries because this is the easiest implementation method at a 5 
brownfield container terminal compared to charging or battery swapping. According to one battery 6 
supplier, the charging time of a lithium-ion battery is less than 1.5 hours; therefore, charging the vehicle 7 
takes either 30 minutes or 60 minutes, depending on the experiment. The charging efficiency is over 85%. 8 

For Scenario 1, Experiment 13 gives the best results: 68 vehicles with a charging time of 30 9 
minutes and 10 spots available at the fuel station are required to maintain the same container throughput.  10 
As the simulation model incorporates 31.57% of all containers, the total number of vehicles required is 11 
215 battery vehicles with a charging time of 30 minutes, and 32 available spots are required at the fuel 12 
station to maintain the same container throughput.  13 

 14 
Scenario 2 – Hydrogen vehicles (Experiments 14 to 20 and Experiment 22) 15 

The second scenario is the alternative of using hydrogen as an energy carrier for the vehicles. As 16 
no hydrogen vehicles (suitable for terminal operations) are available on the market yet, a lot of 17 
assumptions are made. As soon as more knowledge is available about hydrogen vehicles, these numbers 18 
can be changed as parameters in the model. To assign realistic parameter numbers to the hydrogen 19 
vehicles, examples relating to the Hyundai hydrogen truck and hydrogen buses are applied (30). It is 20 
assumed that the hydrogen fuel cells in these vehicles store compressed hydrogen (gaseous form). To 21 
store hydrogen as compressed gas, the hydrogen pressure must be 350-bar or 700-bar (31). Hydrogen 22 
stored at a higher pressure has a higher energy density than hydrogen stored at a lower pressure. 23 
Therefore, currently, cars with a hydrogen storage tank are commonly equipped with 700-bar because of 24 
the limited space available in cars. Contrary to cars, buses have more space available for hydrogen 25 
storage, and therefore it is easier to equip them with a 350-bar storage tank. The advantage of a 350-bar 26 
storage tank is that it can be loaded more quickly and easily than a 700-bar storage tank. Moreover, a 350-27 
bar storage tank shows overall better efficiency thanks to the lower pressure level, and a 350-bar storage 28 
tank is typically slightly cheaper (32). Therefore, a storage tank with a pressure of 350-bar is assumed in 29 
our model.  30 

A benefit of the hydrogen fueling infrastructure is that it can be similar to the fueling 31 
infrastructure for diesel vehicles. At this location, two spots for refueling hydrogen vehicles are available. 32 
When the hydrogen level reaches 20% remaining (6 kilograms hydrogen), the vehicle finishes unloading 33 
its current entity and travels to the hydrogen station. A big advantage of compressed hydrogen is the short 34 
refueling time of just a few minutes (19, 33). Multiple studies show a different number of minutes for 35 
refueling. The Hyundai hydrogen truck used here as a reference has a refueling time between 8 and 20 36 
minutes, with an average of 14 minutes (30). The storage tank capacity also needs to be defined. The 37 
Hyundai hydrogen truck is capable of storing a little more than 30 kilograms of hydrogen (30). Little 38 
knowledge is available about how far vehicles can drive with how much hydrogen. Only reference 39 
information for commercial cars can be found. It is known that 1 kilogram of hydrogen allows a radius of 40 
100 kilometers (34). In the model based on this assumption, the hydrogen consumption of the vehicles is 41 
calculated for driving from the QC to ASC, ASC to QC, and to the fuel station. 42 

For Scenario 2, hydrogen vehicles, Experiment 22 provides the best results: 70 vehicles with a 43 
fuel time of 14 minutes and one spot available at the fuel station are required to maintain the same 44 
container throughput. As the simulation model incorporates 31.57% of all containers, the total answer is: 45 
222 hydrogen vehicles and 3 spots available at the fuel station. It can also be seen that the number of 46 
spots available at the fuel/charging station seems not to influence the containers’ flowtime, as the 47 
utilization percentages of the charging station is very low and the waiting time is negligible. 48 
  49 
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DISCUSSION AND CONCLUSION  1 
Implementing a new vehicle fleet at terminals has huge impacts on operational performance and 2 

costs. Operational performance is tested by a simulation model and, from the results of all the 3 
experiments, it can be stated that more vehicles and charging stations are needed when battery vehicles 4 
are used instead of diesel vehicles. Also, more vehicles are needed when diesel vehicles are replaced by 5 
hydrogen vehicles. To maintain the same amount of container throughput, a scenario with battery vehicles 6 
needs 215 battery vehicles with a charging time of 30 minutes, and 32 spots available at the fuel station 7 
are required. In the case of hydrogen vehicles, 222 vehicles with a fuel time of 14 minutes are needed, and 8 
3 spots need to be available at the fuel station. From this perspective, it can be concluded that renewable 9 
energy carriers could cause traffic consequences for operational performance, given the increase in the 10 
number of vehicles needed.  11 

As an addition to this study, some cost calculations have been made on several assumptions, as 12 
the configuration of the new energy terminal equipment is known from the simulation model. From a 13 
scientifical point of view, these calculations contain too much uncertainty to be relevant. It can only be 14 
said that both the capital cost and the operational cost are cheaper for the hydrogen vehicles. Further 15 
research on costs, such as maintenance costs and so on, should provide a more detailed insight into the 16 
real total cost. The simulation model developed can assist terminal operators in their choices to invest in 17 
new zero-emission equipment by showing the operational consequences for the terminal. 18 
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