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Abstract— This research focuses on the waiting times for inland 

vessels at locks. The waiting times at locks can be as long as 

several hours and cause unknown delays for the inland vessels 

and their cargo. Inland waterway transport is often part of a 

transport chain, the delays caused by the locks can have 

consequences in other parts of the transport chain. Shorter 

waiting times can result in a more reliable inland waterway 

transport mode, because scheduled arrivals at destinations can be 

met due to less unknown delays. This research provides solutions 

made by a simulation model that minimizes the waiting times. 
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I. INTRODUCTION 

Transport modes used to transport a major part of inland 

cargo are road, railway and inland waterway transport. Road 

and railway transport have the disadvantage that these 

transport modes have little capacity left on their infrastructural 

networks, which lead to congestions and delay [1]. The 

waterway networks used for cargo transport do have capacity 

left and therefore waterway transport can give an alternative 

for road and railway transport. However, waterway transport 

is relatively slow and less reliable compared to the other 

transport modes. The reliability is the ability to perform and 

maintain the agreements made between actors involved in the 

cargo transport during normal circumstances, as well as during 

unexpected circumstances, like delays. Locks play an 

important role in the average travel velocity and reliability of 

inland vessels. Locks maintain the water levels in the 

waterway network on a certain level, so that the waterways 

remain navigable for inland vessels and their cargo. Low 

water levels force shippers to lower the amount of cargo on 

board of the vessel to decrease the draft and maintain enough 

keel clearance, so that the vessel cannot ground. Less cargo 

per vessel means that more vessels must make the journey, 

which makes waterway transport economically less profitable. 

On the other hand, locks are barriers in the waterways and 

hinder inland vessels to navigate directly to their destination. 

The hinder that is caused by the locks are delays, because 

vessels have to slow down and stop to pass the lock via the 

lock chamber. When the lock capacity, which is the maximum 

number of vessels that can pass the lock during a certain 

amount of time, is less than the number of vessels that want to 

pass the lock during that time length, congestion will occur at 

the lock along with the waiting times for vessels. The average 

vessel dimensions will increase, due to the increasing load 

capacities of vessels [2]. The result of larger vessels is that the 

lock capacity goes down. 

A factor that plays a role in choosing a transport mode are 

the travel costs [1]. For that reason this research takes travel 

costs in to account in the simulations. The total travel costs are 

on influence on the price of the cargo, so for buyers of cargo 

the travel costs must be kept as low as possible. 

The inland waterway connection between the sea ports of 

Rotterdam and Antwerp, the two largest port in Europe, is an 

important connection between the two ports for cargo 

transport. This connection has four lock complexes that have 

waiting times up to several hours for one lock, while the road 

connection between the ports is less than 3 hours drive. The 

locations of the locks and the two ports are shown in Figure 1. 

Also, the expected waiting times for each lock are given in 

Figure 1. 

Figure 1. Locks and the waterways between Rotterdam and Antwerp [5].



The long waiting times on the relatively small distance are 

not good for the general reliability for the waterway transport 

mode in the transport chain. The extension of the port of 

Rotterdam with the construction of Maasvlakte 2 and a larger 

demand in goods and food, expectations are that waterway 

transport will increase [3]. The number of vessels that will 

pass the locks between Rotterdam and Antwerp will increase 

at least 10% in 2020 [4] and the waiting times will be as long 

as 3 hours for one lock [5]. Since inland waterway transport is 

not a 24/7 industry, the majority of vessels arrive at the locks 

during daytime. That means, in this current situation, a peak in 

arrivals of vessels occurs during daytime. Also, in the current 

situation vessels navigate as fast as possible to the next lock, 

in the hope to pass the lock as soon as possible. To avoid the 

peaks in the daily arrivals at the locks, the arrivals of the 

inland vessels must be regulated.  

Not only locks on the connection Rotterdam-Antwerp have 

long waiting times. In the Upper Mississippi river in the 

United States 29 locks are constructed over 1000 km to 

maintain a certain water level [6]. The waiting times per lock 

on the Upper Mississippi river are between 0.5 and 2.5 hours. 

The difference between vessels in the United States and 

Europe is that vessels in Europe are single barges with an 

onboard motor, while vessels in the United States are push 

barge combinations that consist of several barges and one push 

barge with motor. Like in Europe, the lock capacity plays a 

role in the waiting times on the Mississippi river. The 

advantage of the combined barge systems, however, is that 

they can be split up before the lock to fill empty spaces in the 

lock camber  during the service run and recombined when the 

whole combination has passed the lock. A service run is the 

moment vessel are serviced by the lock. At the end of the 

service run the vessel have passed the lock.  

The interarrival times of inland vessels have an influence 

on the waiting times for vessels at locks. So when the arrival 

times of vessels at a lock are controlled, the waiting times can 

be controlled. This can be done by communication between 

lock operator and shipper and correspond over an arrival time. 

The aim of this research is to propose such a scheme for 

communication between lock operators and shippers. 

For this research, a simulation model is proposed to 

simulate what the effect of controlled arrivals of vessels is on 

the waiting time at locks. The simulation model is able to 

adjust the velocities of all vessels that navigate on the 

waterway towards the lock. With the adjustments in velocity 

of a vessels, the arrival time of that vessel is controlled by the 

model. The role of the optimization process is to find 

minimum waiting times for the vessels before the vessels pass 

the lock.  

This paper is structured as follows. In Section II the 

simulation model is described and the system and components 

are discussed. Section III shows results of the simulations and 

compares different scenarios at the locks. In Section IV 

conclusions are drawn from the results. 

II. RESEARCH APPROACH

The goal of the research is to reduce the waiting times for 

vessels at locks. So, each model must be able to control 

vessels in such way that the waiting times for all vessels can 

be minimized. Other way to reduce waiting times at locks are: 

first come, first served; clustering groups vessels that are able 

to pass locks together; and give priority to important vessels ro 

with a valuable cargo [6]. To find a suitable model that can  

represent the reality with all its components, like vessels, locks 

and the inland waterways, existing models were compared 

with the reality. Models that were compared with each other 

and the reality are: a queuing model based on the queuing 

theory [7], a dynamic system where the waterway is divided 

into segments, and a simulation model that is able to predict 

arrivals at the lock.  

The queuing model determines the expected waiting times 

for items that flow through the system by the interarrival times 

of the items at the system by several formulas [7]. The system 

of this model consists items (vessels), a queue, and servers 

(locks). The interarrival times can be used for a certain time 

between vessels to arrive at a lock. A multi-server system is 

given in Figure 2, where there are n locks at a lock complex.  

Figure 2. Queuing model system.

The disadvantage of the queuing model is that single 

vessels arrive in the system, while one or multiple vessel leave 

the system due to a lock capacity larger than one. Also, the 

vessel are hard to control due to the fact that the exact location 

of the vessels on the waterway are unknown. 

The dynamic system where the waterway is divided into 

segments is based on a model that predicts water levels on a 

dynamical way [8]. In that model the waterway is divided into 

reaches by undershot gates that can be adjusted in height to 

control the water flow through these gates, given in Figure 3. 

Figure 3. The dynamics of canal reach i with the water flows q and water level 

height h [8]



The symbols in Figure 3 show the water flows q in and out 

the reach from the previous and next reach, and from and to 

external factors, like from precipitation and into the ground.  

To control vessels on a waterway in the form of the system 

in Figure 3, the vessels are indicated by the q, so that the 

number of vessels can be determined by the ‘flow’ of vessels 

out of each reach and the vessels that ‘flow’ into the reach 

form the previous reach. External factors are neglected, since 

vessels cannot disappear when approaching al lock. The water 

level at the end of a reach represents the number of vessels 

waiting at the lock. When the new arrived vessels in the reach 

are known by qin, i , the arrivals of the vessel at the end of the 

reach can be calculated with the velocity of the vessels and the 

length of reach i. The interarrival time of the vessels, which is 

the time between the arrival times of two vessels, is used to 

determine the waiting times with the help of calculations made 

by the queuing model. When the waiting time is above a 

certain waiting time, a delay can be given to new vessels that 

arrive at the reach, so that the interarrival time can be 

increased and the waiting times be decreased. A disadvantage 

of this model is that the only delays can be given to the 

vessels. That means the system is unable to let vessels increase 

their velocity.  Also, as well as in the queuing model, the exact 

location of vessels on the reach is not exactly known.  

To do the research with a model without the disadvantages 

described above, a new designed model is made. This 

simulation model is designed in such way that the model 

represents the reality in more aspects than the queuing model 

and the dynamic  system with reaches. The simulation model 

is described in Section III. 

III. SIMULATION MODEL

A. Overall model structure 

The system represented in the simulation model consists of 

a lock, waterway and multiple vessels. All three components 

in the model have behavior and can be set several parameters. 

The lock in the system has a lock capacity and service time, 

which is the maximum number of vessels that can pass the 

lock during one service run. The service time is the time to 

adjust the water level in the lock chamber plus the time needed 

to let vessels enter and leave the chamber. So the service time 

is the total time that the lock provides service to vessels during 

one sequence. The vessels that flow through the system can 

differ in number, since the daily number of vessels that pass a 

certain lock can vary. Each vessel that enters the system at the 

beginning of the waterway has its own velocity and entering 

time. The velocity of each vessel is set between a minimum 

and maximum velocity, depending the types of vessels 

navigating on the waterway. The moment at which a vessel 

enters the system is determined using a Weibull distribution, 

representing a daily distribution of arriving vessels at a lock 

between 0:00 and 24:00 hours. Figure 4 shows the distribution 

of 80 vessels over a day. 

Figure 4. Daily distribution for 80 vessels. 

The waterway in the system is the controlled section where 

the velocities of the vessels can be adjusted. The length of the 

waterway can be set to different lengths, so that vessels enter 

the system at a different distance from the lock. With different 

length, the system has a different time frame in which the 

velocities of the vessels can be adjusted.  

B. Model implementation 

The vessels in the system can have 4 different statuses, that 

all indicate a different location of the vessels in the system, 

given in Figure 5: 

Status 1: Vessel has been generated, but is not yet in 

the system 

Status 2: Vessel navigates on the waterway 

Status 3: Vessel arrived at lock and waits until being 

serviced by the lock 

Status 4: Vessel has passed the lock at has left the 

system. 

The adjustment in velocity can let the vessel navigate 

faster and slower. When a vessel slows down its travel time on 

the waterway increases. A lower velocity and a longer travel 

time means that the fuel costs decrease and the operation time 

increases. For example, when a vessel slows down it saves 

fuel due to a lower fuel consumption [9], so fuel costs 

decrease. On the other hand, operating costs increase during a 

longer navigation time. When the reduction in waiting time is 

less than the extra navigation time due to a lower velocity, 

variable operating costs increase. And when the higher 

operating costs are more than the savings in fuel costs, the 

total travel costs will increase.   

Therefore the simulation model can optimize the arrivals 

of vessels in two different ways. One is to minimize the 

waiting times, the other to minimize the travel costs. With the 

minimization of costs the waiting time is minimized as well, 

due to the fixed operating costs a vessel has, which are the 

travel costs without fuel costs. 



Figure 5. Status of vessels during simulation. 

C. Simulation rules 

During simulation there are rules for the vessels and lock 

in the system that describes how these components behave. 

The vessel process is the process that decides if a vessel will 

be added to the system or not. Rules for the vessel process can 

differ for different situation, depending on the vessels and 

their status. This is because situations, like a vessel entering 

the system, can only occur when there are still vessels with 

status 1. When all vessels have status 2, 3 or 4, no vessel can 

be added to the system. For the vessel statuses the following 

rules are set: 

If all vessels have status 1, then add a new vessel 

to the system; 

If a vessel is added to the system, then change 

the status of that vessel from 1 to 2; 

If there are vessels with status 1 and no vessel 

with status 2 will arrive at lock before the next 

distributed entering time of a new vessel, then go 

to the time a new vessel will enter the system; 

If no vessels have status 1, no new vessel will be 

added to the system anymore, so the vessel 

process can be closed. 

The rules of the lock process are formulated in the same 

way as the rules in the vessel process. So when a status 

changes, the next moment of an action is set and new arrival 

times are calculated by the optimization function discussed in 

Section II D. In the lock process the lock gate is the decision 

maker, which means that the rules are checked from the lock’s 

point of view. This point of view looks at two different 

situations: the arrivals of the vessels at the lock and the service 

that the lock provides. That means that when new arrivals 

occur at the lock, new moments of calculations for minimal 

waiting times are made. Even so, when the lock provides 

service, new calculations will follow as well. The rules in the 

lock process for vessel arrivals are: 

If all vessels have status 2 and no vessel will 

arrive at the lock within the next entering time of 

a new vessel, then go to moment to add a new 

vessel;

If no vessels have status 3, then wait for the 

moment that first vessel with status 2 will arrive; 

If vessel will arrive at lock, change the status 

from 2 to 3. 

And the rules for the lock service are: 

If the number of vessels with status 3 is larger than 

the lock capacity, then let the number of vessels that 

is equal to the lock capacity and that has the longest 

waiting time enter the lock, service the vessels and 

change status from 3 to 4 for the vessels in the lock; 

If the number of vessels with status 3 is equal to the 

lock capacity, let all vessels with status 3 enter the 

lock and change their status from 3 to 4; 

If the number of vessels with status 3 is smaller than 

the lock capacity, then let the vessels enter the lock 

and

o if a vessel will arrive within a certain pre-set 

waiting time of the lock, then let the lock 

wait for the arriving vessel before servicing 

the vessels; 

o if no vessel will arrive in the pre-set waiting 

time of the lock, then change status from 3 

to 4. 

If the lock gate is servicing vessels and new vessels 

arrive at the lock, then let vessels wait in a queue; 

If the last vessel in system arrives and has status 4, 

then end the simulation. 

When the given conditions of a rule are met, changes in 

statuses of vessels are made. When a status is changed for at 

least one vessel, the location and velocity of each vessel at that 

moment are used to calculate the new travel time of each 

vessel, since the travel time is equal to velocity times the 

distance to the lock. With that travel time the arrival time of the 

vessels can be determined, so that the system knows which 

action must be taken next. Also, when the arrivals of the 

vessels at the lock will lead to long waiting times at the queue, 

when vessels have status 3, the velocity of approaching vessels 

in the simulation model can be adjusted with an optimization 

model for the waiting time at the queue.  

D. Optimization function  

The simulation model is made in the computer program 

Matlab, version 7, 2010b. In the simulation model constraints 

are implemented, in which the optimization function of the 

model searches for minimal waiting times or costs. The 

minimization function used in the model is ‘fmincon’, which is 

a minimization function with constraints. The constraints in 

which the function searches are: 

Minimum velocity of vessels (lower bound) 

Maximum velocity of vessels (upper bound) 

The minimum velocity is equal for all vessels that enter the 

system and is set on a value that vessels are still ‘navigating‘ 

and not ’at anchor’. That velocity is 5 km/h [10]. The 

maximum velocity for each vessel in the model depends on the 

type of vessels that navigate on the inland waterways. For the 

vessels on the connection Rotterdam–Antwerp the maximum 

velocities are between 10 and 20 km/h [11]. In this system the 

maximum velocity of a vessel is it entering velocity + 10%. 



Figure 6 show the difference between the current situation 

where vessels navigate with a constant velocity to the lock, and 

the optimized situation, where the velocity of vessels are 

adjusted to control the arrival times of vessels. 

Figure 6. Velocities of vessels in the current situation (above) and 
optimized situation (below).

The effect of these adjustments in velocities is that several 

vessels arrive at the lock at one time, so that these vessels can 

enter the lock chamber  together without that vessels have to 

wait for each other. Figure 7 shows the effect of velocity 

adjustments on the travel distance over time for the vessels in 

the system. 

Figure 7. Travel distance of vessels in the standard situation (above) and in 
optimized situation (below).

The minimization function searches for velocities for each 

individual vessel within constraints for the velocities and then 

uses those velocities to calculate the waiting times or costs for 

the vessels. Waiting times are calculated and are the time 

between the arrival time of the vessel and the time the vessel 

can pass the lock. The total costs are calculated with fuel costs, 

that depend on the velocity of the vessel [11], plus the 

operating costs, that are the variable costs per hour to operate 

the vessel. Since the operating costs depend on the travel time 

of the vessel and the time the vessel waits at the lock, the 

waiting time is minimized as well. The total costs consist of 

three parts, which are fuel, variable operating costs and fixed 

operating costs [13]. The fixed costs, like insurance, do not 

depend on the travel time or velocity, and therefore not taken 

into account in this model. The three different costs have their 

own share in the total costs and are: 20% fuel, 40% variable 

operating costs and 40% fixed operating costs. Average fuel 

consumption for the fleet navigating between Rotterdam and 

Antwerp is 80 L/hr [14]. With a fuel price for bunker fuel of 

0,80 €/L, the average variable operating costs are 260 €/hr. 

The minimization function repeats the process to find 

minimal values of the waiting times or cost for the vessels 

when the number of vessels with status 2 in the system changes 

due to vessels that have arrived at the lock or due to a new 

vessel that has entered the waterway.  

IV. SIMULATION RESULTS

Settings in the simulation model are based on real situations 
on the connection between the ports of Rotterdam and 
Antwerp. Several optimized situations are compared with the 
expected length of waiting times in 2020 [5][14]. The four 
locks this simulation is based on are the Volkerak, Krammer, 
Hansweert and Kreekrak lock.

The expected situations are compared with optimized 
situations in which the following setting for variables are 
varied: 

Length of controlled waterway; 

Lock capacity; 

Service time. 

These variables are set in simulation where the waiting time 
is minimized and where the total costs are minimized. The 
values for the settings investigated in the simulations are given 
in Table I. 

TABLE I. SETTINGS FOR SIMULATIONS

Variable
Situation 

Expected Investigated 

Length of waterway 20 km 10 km, 20 km, 30 km 

Lock capacity 5 vessels 5 vessels, 6 vessels 

Service time Average  Average, maximum 

Settings in the investigated simulations differ only with one 
variable at  a time compared to the expected situation. Also, for 
one simulation the settings are equal to the expected situation 
to compare the effect of the waiting time and costs 
optimization. Service times are different for each lock [14] and 
vary between 27 and 59 minutes per sequence. These settings 
are used for minimization in waiting, as well as for the 
minimization in costs. 

Figure 8 shows the results for the Volkerak lock, where the 
expected waiting times are the highest. The figure shows three 
different situations: the expected situation without 
optimization, the optimized situation for waiting times, and the 
optimized situation for the total travel costs. In this case 135 
vessels arrive during 24 hours, the length of the waterway is 20 
km,  the lock capacity is 5 vessels and the service time is 
average (36 minutes at the Volkerak lock). 



Figure 8. Waiting times of three different situations at the Volkerak lock.

Simulations are made for all four locks and show lower 
waiting times for the optimized situations compared with the 
expected situations at the locks. The expected waiting times in 
Table II are the results of the simulations. The simulation times 
in the column ‘Expected (minutes)’ do show similarities with 
the expected waiting times in 2020 [5]. The other columns 
show the percentages of the expected waiting times. ‘Expected 
(%)’ indicates the expected waiting times in minutes and are 
100% for each lock, the optimized columns indicate the 
percentages of the expected waiting times in minutes for the 
optimized situation. 

TABLE II. SIMULATION WAITING TIMES

Lock

Maximum waiting times  

Expected 

(minutes) 

Expected 

(%) 

Optimized 

time (%) 

Optimized 

costs (%) 

Volkerak 184 100 57 77 

Krammer 52 100 60 92 

Hansweert 23 100 9 17 

Kreekrak 62 100 42 69 

Results show that the waiting times are lower in the 
optimized situation due to the adjustments made in de 
velocities of the vessels. The velocities of the vessels can be 
adjusted between 5 km/h and the maximum velocity of the 
vessel with which the vessels enter the system. When the 
velocity of a vessel is lowered, the travel time will increase and 
with that the variable operating costs. Table III shows the total 
costs for the same three situation as in the previous table. The 
columns with the optimized results are in percentage of the 
expected costs in Euros. 

TABLE III. SIMULATION COSTS

Lock

Total costs

Expected 

(Euros) 

Expected 

(%) 

Optimized 

time (%) 

Optimized 

costs (%) 

Volkerak 802 100 131 112 

Krammer 653 100 117 111 

Hansweert 607 100 105 105 

Kreekrak 690 100 110 110 

Table II and III show that when the velocities of vessels are 
controlled by the system, the waiting times are lowered and the 
total travel costs will increase.  

V. CONCLUSION & FUTURE RESEARCH

The research presented in this paper illustrates that waiting 
times at locks could be reduced when the arrivals of vessels are 
controlled. The consequence is that the total travel costs will 
increase, due to lower average velocities of the vessels. The 
waiting times, however, show larger reductions than that the 
costs rise.

Future research should show if the a centralized system that 
adjusts velocities of vessels is applicable in practice.  
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