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Abstract  
The accident risk with dangerous goods on roads is always present although accidents 
are rare, especially the accidents involving two vehicles with dangerous goods. 
However, it is desirable to eliminate the risk, e.g. by having vehicles with dangerous 
goods close to each other. A major premise of this study is that an appropriate 
coordination of vehicles with dangerous goods (DGV) can reduce the risk of having such 
vehicles close to each other in long road tunnels, and thereby reduce the accident risk 
between them.  
The aim of this study is to suggest a strategy for coordination of vehicles transporting 
dangerous goods (DGV) by means of C-ITS, and to identify major pre-requisits for 
deploymnet of such a strategy. The Stockholm Bypass tunnel, which is a new road in 
Stockholm (Sweden) that is currently under development, is used as a use case. The 
study identifies and evaluates two suitable strategies: global and local coordination. 
Global coordination is able to coordinate all involving vehicles within the coordination 
zone, e.g. from different roads and geographical areas, and achieves solutions from 
global aspects. Both centralized and distributed methods for achieving global 
coordination are proposed. Local coordination coordinates DGVs locally, e.g. DGVs on 
the same road, DGVs come from different roads but near to the tunnel entrance. Both 
global and local coordination are able to improve safety by guaranteeing the headway, 
while the differences rely on factors such as requirements of infrastructure support, 
communication methods, etc. Different methods will result in different coordination 
performance in respect to travel time, average speed, fuel consumption, greenhouse gas 
emissions, etc., and have been evaluated initially in this report.  
 
The major pre-requisites for deploying dynamic coordination of DGV in road are: 

 Reliable, fast, and interoperable wireless communication technologies.  
 Applicability to new vehicles and vehicles that are already on the market.  
 Positioning technologies that provide highly accurate position information.  
 High penetration rate of the technologies enabling identification of goods.  
 User-generated information about themselves, their vehicles and goods.  
 Business models and incitements that stimulate information sharing.  
 Evaluations at a national level as an initial step towards a EU-wide solution.  

 
The next step in a further study should be to: 

 Consideration of more complex scenarios and variations of different traffic. 
 Import realistic data traffic from other tunnels to study realistic traffic scenarios 
 Develop methods to deal with emergency situations 
 Extend the work on communications performance.  

 
The project has been initiated by the Swedish Road Administration and granted co-
funding for research from the European Union through the Trans-European Transport 
Network (TEN-T). 
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1 Introduction 

1.1 Background 
Dangerous goods such as explosives, acids, paints, solvents and pesticides are generally 
considered to present a hazard during transportation. In particular, transportation of 
such goods in road tunnels is challenging since an accident in a tunnel may have serious 
consequences and cause large socio-economic cost. Tunnel accidents that have occurred 
in the last two decades have triggered a vast body of research with the aim to prevent 
such situations and thereby improve the overall tunnel safety. As a result of that, several 
countermeasures have emerged.  
 
A countermeasure that has shown a great potential is often referred to as Intelligent 
Transport Systems or Services (ITS). It is a collective term for the application of various 
technologies in relation to traffic and transport in order to make systems safer, more 
efficient, more reliable and more environmentally friendly without necessarily changing 
the physical infrastructure [1].  
 
ITS are today considered as an integral part of the countermeasures enhancing safety in 
the European road tunnels and their role is expected to grow with the future technology 
developments. Camera-based tunnel surveillance systems are typical examples of ITS-
countermeasures that are widely employed today.  
 
Currently, systems known as cooperative ITS (C-ITS) are under development. Both 
industry and authorities force the development of such systems. These systems are 
based on information exchange by means of wireless communication between vehicles 
(referred to as vehicle-to-vehicle communication, V2V) and/or between vehicles and 
infrastructure (referred to as vehicle-to-infrastructure communication, V2I). Examples 
of the communication technologies used for these purposes include cellular networks 
(3G, 4G/LTE) and dedicated short-range communication (DSRC, based on IEEE 802.11p 
communication standard).  
 
C-ITS solutions are expected to improve traffic safety as well as energy and time 
efficiency. In particular, strategic documents published by the authorities, both at the 
national and international level, along with the results from various research projects 
and pilots show that C-ITS have the potential to address several issues related to the 
transportation of dangerous goods (e.g., [2], [3], [4], [5], [6], [7]). 
 

1.2 Motivation 
A recent study, conducted within the project “ITS Solutions for Safe Tunnels” as a part of 
the Stockholm Bypass project [8], shows that dangerous goods vehicles (DGV) are 
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considered as one of the major safety issues in long road tunnels, both by the road users 
and the other stakeholders such as the traffic management, rescue service, police, and 
authorities [9]. In particular, the study identified a need for avoiding that two vehicles 
carrying dangerous goods are traveling in a long tunnel at the same time, or at least that 
they are in close proximity to each other.  
 
A dynamic coordination of such vehicles that ensures that they are at a safe distance 
from each other while traveling in a tunnel could therefore increase the overall road 
safety, and make road users feeling safer when traveling in long tunnels [10]. The 
challenge is to make the coordination in a way that amplifies the positive and minimizes 
the possible negative effects. Examples of the possible negative effects include reduced 
traffic flow before or in the tunnel, reduced safety, or that some vehicles transporting 
dangerous goods are required to wait in order to get access to the tunnel.  
 
In the SMARTFREIGHT project, an application that controls the access to a tunnel was 
demonstrated [11] [6],  In the application, vehicles have to wait in a holding area if the 
amount of dangerous goods that is already in the tunnel has reached a predefined limit. 
In order to avoid that some vehicles have to wait, it is needed to investigate how to 
harmonize vehicle speed prior to the tunnel and thereby ensure that they do not reach 
the tunnel in an inappropriate moment. For this, it is necessary to define a suitable 
strategy for coordination of DGV as well as to define a strategy for controlling their 
speed in practice (e.g., automatically interfere in-vehicle control systems, provide 
recommendations and instructions to drivers). 

1.3 Aim  
The aim of this study is:  

 to suggest a strategy for coordination of vehicles transporting dangerous goods 
(DGV) by means of C-ITS, and  

 to identify major pre-requisits for deploymnet of such a strategy. 
 
The Stockholm Bypass tunnel serves as a use case. To understand the scenario, initial 
traffic simulations with a wide variety of settings are carried out. The goal is to create a 
base for more comprehensive trafic simulations to investigate how the coordination 
affects the safety, time efficiency, and energy efficiency. This study can as such be seen 
as a first step towards a traffic simulation that addresses the problem of dangerous 
goods in long road tunnels. 
 
The major contribution of this study is a coordination startegy, also refered to as an 
interaction protocol. Interaction protocols are used in different domains to explain how 
different entities should interact. For C-ITS applications, a message protocol should also 
be designed to carry the interaction messages. It all goes to relate to the C-ITS 
communication stack ranging from, physical and access technology layer, to facility and 
application layer. Whereas the actual communication (data transfer) is done according 
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to the lower physical and access layer the interaction is typically on the upper layers, e.g. 
application layer, see Figure 1. 
 

 
Figure 1 Communication stack. 

 

1.4 The Stockholm Bypass tunnel: A use case 
The Stockholm Bypass is a new tunnel project in Sweden, located west of Stockholm 
(Figure 2). The tunnel will consist of three lanes in each direction and there will be three 
exits and three enters. There will be emergency exists (every 150 meters) as well as 
extensive safety equippmnet such as road signs, emergency phones and fire-
extinguisher. With its length of ca 16 km, the Stockholm Bypass tunnel will be one of the 
longest in the world. The development of the tunnel is expected to take about 10 years.  
 
The Stockholm Bypass project has been granted co-funding for research from the 
European Union through the trans-European transport network (TEN-T). The research 
project contains several parts and will be finalized by the end of 2014. 
 
 

 
Figure 2 Schematic view of the Stockholm Bypass tunnel. 
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1.5 Report outline 
The rest of the report is organized as follows. First, a short description of the method 
applied in the study is provided. After, the results consisting of scenario specification 
and different coordination approaches are provided along with the coordination 
startegies that are impleneted in this study. Next, the simulation settings are described 
followed by some experimental results.  Section 6 presents the major pre-requisits for 
the deployment of a C-ITS system for coordination of DGV goods that this study has 
identified. The final sections summarizes the conclusions and suggestions for future 
work.  

2 Method 
The study is based on a literature review, expert discussions, and computer simulations.  

The literature review is used mainly to identify different approaches to coordinate 
individual vehicles and their characteristics.  

The expert discussions serve mainly to define a scenario in which the coordination of 
DGV will take place. This includes estimates of the number of vehicles, traffic flows, the 
number of vehicles carrying dangerous goods, and environmental conditions. An 
additional topic that was discussed is how the coordination could be deployed in real-
world traffic and which stakeholders need to be involved.  

The traffic simulations are used to identify appropriate settings for the scenario and the 
coordination strategy. Another objective is to obtain some preliminary results on the 
effects of the coordination. The traffic simulations were carried using the traffic 
simulator SUMO, which is described in more detail in the following sections.  

3 Scenario specification 
The Stockholm Bypass tunnel will consist of two tubes with three lanes in each direction 
Figure 3. For the simulation purposes, the outline of the tunnel is somewhat simplified, 
see Figure 4. 
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Figure 3 Schematic view of the interior in the Stockholm Bypass tunnel. 

 

 

Figure 4 Simplified outline of the tunnel that is used in the simulation. 

 
It is expected that the capacity for one direction will be about 5600 vehicles per hour, or 
about 2000 vehicles per hour per lane (about 10 years after finalizing the tunnel). Based 
on the current vehicle distribution in Swedish traffic, it can be assumed that about 5 % 
of these vehicles will be trucks [12]. Of these trucks, approximately 4-6 % will be 
carrying dangerous goods. This corresponds to 4-6 DGV per hour per lane 
(corresponding to 0,25 % of the total number vehicles per hour per lane).  
 
It is further assumed that the tunnel traffic is evenly distributed to the two merging 
roads, e.g. each of the roads has 2800 vehicles per hour within which around 7 vehicles 
are DGVs.  
 
The scenario also assumes that DGVs enter the simulation zone consecutively with short 
headways within 10 minutes at the same time on both of the roads. This creates a 
scenario that without coordination, DGVs will meet at the tunnel with very short 
headways and the results with coordination will be more apparent. If these vehicles are 
evenly distributed within the network they would be manageable in case of an accident, 
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however, in a real traffic situation an even distribution between vehicles carrying 
dangerous goods cannot be assumed.  
 
These road and traffic settings are summarized in Table 1 and Table 2. 
 

Table 1 Road setting 

 
 

Table 2 Vehicle setting 

 

4 Coordination approaches 
It is clear that if there is no coordination between the trucks, it may happen that two 
trucks with dangerous goods will arrive at the tunnel at the same time, or with very 
short time headway between each other. To avoid this, we present in this section the 
coordination mechanisms that enable vehicles to negotiate and plan their time of arrival 
at the tunnel cooperatively.  
 
Two different approaches have been studied, namely Global coordination and Local 
coordination. Both of the approaches will make sure that the arrival times of trucks with 
dangerous goods at the entrance of the tunnel will keep a predefined time headway 
between each other. To realize global coordination, both centralized and distributed 
coordination may be used. Depending on the approach, different requirements on the 
vehicles and roadside infrastructure are needed. 

4.1 DGV coordination messages 
To enable vehicular coordination vehicle-to-vehicle (V2V) or vehicle-to-infrastructure 
(V2I) communication is necessary. DGV coordination messages that are generated by 
vehicles themselves and contain information about the DGV’s goods, position, speed and 
route are designed and used for coordination. The messages will be used either by the 
control center or other vehicles to estimate the time of arrival or distance to the tunnel 
for performing coordination.  
 
One potential way to implement the coordination message is to use the Cooperative 
Awareness Messages (CAM) that has been standardized within C-ITS. A CAM includes 
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basic information of the vehicles together with the information on the dangerous goods. 
CAMs are broadcasted periodically and can be forwarded to both its local area and a 
specified geographical area. Wide-area communication methods, such as public 
communication networks 3G and 4G/LTE, can be used for forwarding CAMs and related 
information. Both Global Coordination and Local Coordination can use the messages. 
The coordination mechanisms are explained in detail in the following part. 

4.2 Global coordination – DGV-GC 
Global coordination aims to achieve coordination between DGVs globally with 
consideration of all vehicles within the coordination area. Depending on the 
requirement of infrastructure support, two different coordination methods are possible, 
global centralized coordination and global distributed coordination.  

4.2.1 Global centralized coordination – DGV-GCC 
DGV-GCC is a centralized method that manages all DGVs approaching the tunnel by a 
central ITS-Station, for example, the tunnel controller. The basic idea is that there is a 
central point that collects information of the vehicles that are approaching the tunnel 
through constant analysis of the received coordination messages. As illustrated in Figure 
5, vehicles continuously send information to the infrastructure so that the control center 
can track DGVs and issue instructions accordingly.  Through centralized coordination, 
DGV-GCC allows the control center to coordinate the vehicles based on the criteria First-
In-First-Out (FIFO). The critical component of DGV-GCC relies on the efficient 
information collection and dissemination, e.g., DGVs must be able to send back real-time 
information and the control center is able to issue real-time instructions. Based on the 
current development of the C-ITS, the following methods are considered. 

 
Figure 5  Global centralized coordination (DGV-GCC). 

 
 Public communication networks: This method is based on the already available 

public communication infrastructure, e.g. cellular networks. Information is send 
back to the control center through networks, such as 3G, 4G LTE or even the 
future 5G networks. Cellular communications currently have the best coverage 
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and have been widely used by logistic companies for fleet management. 
Combined with the improved positioning methods, such as European 
Geostationary Navigation Overlay Service (EGNOS), cellular network is able to 
provide accurate real-time tracking of DGVs. Meanwhile, vehicles can 
communicate directly with the control center with the required information and 
then receive coordination instructions, 

 Vehicle-to-infrastructure communications: V2I communications, being part of the 
C-ITS system, allow vehicles to communicate with RSUs. Vehicles will broadcast 
their status as usual through CAM messages. The messages will be forwarded by 
RSUs to the control center for calculating coordination solutions. Similarly, the 
control center will send instructions, e.g., speed suggestions, to vehicles through 
RSUs for coordinating purposes. 
 

The coordination procedure of DGV-GCC suggested (and implemented) by this study is 
summarized as follows:  

1. DGVs send real-time information, e.g., speed, GPS coordinates, dangerous goods, 
etc., to the control center. 

2. Once entering the control zone, e.g., 10 km before   entering the tunnel, the speed 
will be controlled according   to suggestions from the control center. 

3. Control center schedule all DGVs with destinations passing the tunnel in a 
centralized way, e.g., the first DGV entering the control range will be the first to 
arrive at the tunnel. And this applies independently from which road the DGV 
comes. A vehicle may have its preceding vehicle come from a merging road 
instead of the same road the vehicle is driven on as long as all vehicles are within 
the control range.    

4. Any vehicles within the control range will follow the instructions from the 
control center, thus keeping a predefined distance (e.g., 3 minutes headway) to 
its predecessor. 

4.2.2 Global distributed coordination – DGV-GDC 
DGV-GCC requires infrastructure support such as efficient V2I communications, which 
may limits its practical applicability for the time being. C-ITS RSUs are not yet available, 
and the deployment of massive RSUs will take a long time. Using public communication 
network is promising, however, it may bring with costs from data usage. Thus, 
distributed coordination, where no dependence on the infrastructure, is also proposed.  
Figure 6 illustrates the concept.  
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Figure 6 Global distributed coordination (DGV-GDC). 

 
In DGV-GDC, no central controller is needed, and coordination relies on V2V 
communications, where messages are forwarded through vehicular networks. To reach 
the performance of global coordination, geo-networking over ITS-G5 based vehicular 
network, is considered. Geo-networking allows vehicles to share information to a certain 
geographical region (may locate on the same or other roads). Coordination messages 
will be continuously forwarded until the destination geographical areas are reached and 
all vehicles within the area will then get informed. As illustrated in Figure 6, DGV-GDC 
allows vehicles to follow any other vehicles within the coordination zone, thus the same 
global control effects as that in DGV-GCC can be achieved, while through distributed 
coordination.  
 
Based on the above discussion, we propose for DGV-GDC the following coordination 
procedure: 

1. Geographical information dissemination: Any vehicles within the coordination 
zone broadcast CAMs to the surrounding vehicles. Messages containing 
information of dangerous goods, e.g. DGV coordination messages, will be 
forwarded to target geographical areas, e.g. critical zones that after the vehicle. 
Depending on the requirements on safety distances, the sizes of critical zones 
vary. Considering that a DGV is 3 km away to the tunnel and a following DGV is 
required to keep a safe headway of 3 minutes. With a speed limit of 80 km/h, a 
safe distance of around 4 km needs to be kept between the DGVs, thus the critical 
zone of the leading DGV is between 3 km and 7 km to the tunnel, e.g. within 4 km 
after the leading DGV, there should be no other DGVs. The leading DGV will make 
its information available this geographical zone on all approaching roads, so that 
no vehicles will run into the critical zones.  

2. Distributed coordination: All vehicles continuously listen to other vehicles' 
status. A DGV reaching a critical zone of any preceding DGVs will adjust its speed 
accordingly to keep the required headway. All following vehicles or newly 
arriving vehicles follow the same procedure, thus creating a global sequence for 

DGV f
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entering the tunnel with the pre-defined headway.  

With no dependence on infrastructure, DGV-GDC is able to reach the same coordination 
results as that in DGV-GCC. As explained, in DGV-GDC, coordination messages are 
forwarded through vehicular networks, thus a high penetration of V2V communication 
is required. Meanwhile, the deployment of C-ITS is gradually taking shape, thus DGV-
GDC is highly applicable in the future cooperative transport systems. 
 

4.3 Local coordination – DGV-LC 
DGV-GC requires infrastructure support such as a connected information platform 
between DGVs and the control center or efficient V2I communications. Another 
mechanism is to control vehicles locally, e.g., only vehicles that are nearest to the tunnel 
entrance needs coordination. Otherwise, any DGV only need to follow its direct 
preceding vehicle.  
 
For this purpose, V2V communications combined with local communication between 
vehicle and the tunnel entrance controller may suffice. Potentially methods to realized 
this can be based on V2V and GeoNetworking. The conceptual illustration is shown in 
Figure 7. For vehicles on the same road, one DGV will need to notify areas that are 
within the safe distance (e.g., 3 minutes headway) on the same road so that vehicles will 
adapt their speed accordingly. For vehicles approaches the tunnel from different roads, 
the first vehicle on each of the road will need to coordinate. Thus, in DGV-LC, one DGV 
only need to check the status directly before it. There is no need to check vehicles from 
other roads. While the first vehicles from roads that meet at the tunnel needs coordinate 
properly to make sure the arrival at the tunnel follows the predefined headway. Since 
coordination between DGVs from different roads happens only between the first vehicle 
from each of the road and in order to adjust to the traffic situation on each of the roads, 
instead of FIFO, time of arrival based on the real-time speed is introduced for 
coordination.  
 
In principle, vehicles with the shortest time of arrival at the tunnel will be given priority. 
In the case that a DGV on one road is nearer to the tunnel with lower speed due to, e.g., 
congestion, while another DGV from another road enters the control range with higher 
speed. DGV-LC may give priority to the vehicles with higher speed, even it is a bit further 
from the intersection, as it will arrive earlier based on its current speed. 
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Figure 7  Local coordination (DGV-LC). 

 
The local coordination procedure suggested and implemented in this study is 
summarized as follows: 

 For each of the road, DGVs broadcast information to vehicles that are following it 
within a predefined safe distance, meanwhile, DGVs receive coordination 
messages from its direct preceding vehicles (if any) and adjust speed depending 
on the time of arrival. 

 If a DGV is the first vehicle on one road to arrive at the tunnel, it will need to 
share this information to the first vehicles from other roads. 

 Coordination messages between the first vehicles from each of the roads will 
allow negotiation for the priority based on the time of arrival and the vehicles 
will adjust their speeds accordingly. 

 When one vehicle enters the tunnel, its direct succeeding vehicle will 
automatically become the first vehicle and coordination will happen between the 
current first vehicles from each of the road. 

5 Experimental investigations 
This work argues for C-ITS to coordinate traffic in general and for the coordination of 
vehicles carrying dangerous goods in particular. The proposed interaction protocol is 
implemented in the SUMO traffic simulator and this section describes the experimental 
investigations performed. 
 
We developed and demonstrate two approaches to vehicle coordination aiming at 
reducing the risk of having two, or more, vehicles with dangerous goods in tunnels at the 
same time. The simulation experiments show how the coordination affects both the 
vehicles with dangerous goods and regular traffic in several scenarios. 
 

www.viktoria.se 
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5.1 Simulation settings 
The simulation is implemented in SUMO [13]. SUMO creates a road network from nodes 
and edges. Routes are defined according to the network where vehicles are inserted. To 
control the vehicles the traffic control interface TraCi is used. The car following model 
used was the Intelligent Driver Model (IDM). 
 
The simulation time is set for accomplishing a full simulation,  e.g., from the generation 
of DGVs to the time all DGVs pass the tunnel entrance. Travel distances and speeds are 
recorded for the whole simulation time, while CO2 emissions are only recorded during 
the control period. Benchmarking results are provided for the purpose of comparison. 
The results are based on the simulation of the scenario with no coordination. In other 
words, vehicles will try to run with the speed limit. The only potential factor that affects 
the vehicle dynamics is the intersection, where congestion might happen. 
 
The simulation settings are presented in Table 3 along with the results from the 
benchmarking simulation (no coordination imposed).  
 

Table 3 Simulation setting
 

 

5.2 Simulation results 
DGV-GCC and DGV-GDC are able to reach a global coordination for all vehicles within the 
coordination zone, thus the same performance results; therefore we use DGV-GC to 
represent both results. Performance indicators that we chose are: travel time, speed, 
and CO2 emissions.  
 
Generally, without coordination, as can also be interpreted from the benchmarking 
results, all DGVs will run with the posted speed limits. Thus, the average speed is known 
and the travel time can be calculated accordingly. The benchmarking results are inline 
with the calculations. Speed variations come from the imperfection of driving 
operations. With coordination, DGVs will need to coordinate the speed so that their 
arrival at the tunnel will keep the requirement on headway, as will be shown in the 
following parts.  
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5.2.1 Global coordination  
To exemplify the results, we take the case where coordination starts from 15 km before 
the tunnel and headway of 180 seconds. Figure 8 and Figure 9 show travel distance and 
speed over simulation time, respectively, based on the mechanism of global 
coordination. Statistics for a further several kilometers after entering the tunnel are 
recorded to show that within the tunnel, all DGVs are keeping exactly the required 
headway.  
 
As shown, with global coordination, DGVs arrive at the tunnel following FIFO principle, 
thus except that the first DGV is able to run with the highest speed, all other vehicles 
need to reduce the speed to make sure a certain headway to be achieved upon arriving 
at the tunnel. Given that simulation starts from 20 km and coordination starts from 15 
km to the tunnel, in the first 5 km of the simulation, DGVs run with full speed without 
coordination, resulting in short headways. From the time that coordination starts, DGVs 
start to adjust their speeds, shown in Figure 8. Distances between DGVs gradually 
increase, and upon reaching the tunnel, DGVs will keep the required headway to their 
direct predecessors. After entering the tunnel, DGVs are able to accelerate to the speed 
limit while still keeping the required headway between their predecessors and 
successors. In global coordination, DGVs follow a rather smooth speed variation, as they 
follow the FIFO mechanism and speeds are adjusted globally for vehicles on all the 
roads. However, also because of the global principle where speed adjustment starts 
early, most of the DGVs experience speeds below 10 m/s. Also because of the early 
coordination, no sharp change of speeds is witnessed, and most of the vehicles keep 
speeds over 5 m/s shown in Figure 9.   
 

Figure 8 DGV travel distances vs travel time (DGV-GC). 
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Figure 9 DGV speed vs time (DGV-GC) 

 

5.2.2 Local coordination  
For comparison, we take the same scenario as above to illustrate the local coordination 
mechanism DGV-LC. Figure 10 and Figure 11 show the travel distance and speed results. 
Compared with results of DGV-GC, similar results are shown, while differences rely on 
the arriving sequence and the speed changes. As discussed previously, DGV-LC 
coordinates the leading DGVs from different roads based on their estimated time of 
arrival, thus FIFO principle only locally holds for DGVs on the same roads and may not 
hold for DGVs from different roads.  As illustrated in Figure 10 where distance lines for 
vehicles from different roads may cross with each other, it happens that a DGV further to 
the tunnel with a higher speed may be scheduled before a DGV nearer to the tunnel but 
with a lower speed.  
 
Another difference compared with DGV-GC is the travel speeds. DGV-LC coordinates 
non-leading DGVs locally within the same road, thus a DGV may keep a higher speed 
until it becomes a leading vehicle. However, once a DGV becomes a leading DGV and 
starts coordinating with DGVs from the other road, the speed may be decreased sharply 
to make sure the headway, shown in Figure 11. Most of the DGVs under DGV-LC 
coordination achieve speeds over 10 m/s in the beginning, while on the other hand, 
speed lower than 5 m/s are witnessed when approaching the tunnel. The low speeds 
mostly correspond to the situation when a DGV on one road becomes the leading vehicle 
and needs to coordinate with the leading vehicle from the other road.   
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Figure 10 DGV travel distances vs travel time (DGV-LC). 

 

 
 

Figure 11 DGV speed vs time (DGV-LC). 

5.3 Summary of the simulations results 
Table 4 summarizes the results of all simulation scenarios. For both global and local 
coordination, the travel time will be decreased significantly compared to the 
benchmarking results. This is natural because most of the DGVs will need to reduce the 
speed to meet the headway requirements. For example, with the coordination zone of 15 
km, and a required headway of 180 seconds, the average travel time for DGVs is 
increased from 684 seconds to 1588.43 seconds with DGV-GC and to 1556.29 seconds 
with DGV-LC. Clearly, the increase of the travel time comes from the decrease of the 
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speed. Without coordination, DGVs are able run with speed up to 21.88 m/s. With 
requirements on the headway, speeds for DGVs will be reduced accordingly based on 
the coordination principles. The average speed of DGVs is reduced to 10.94 m/s with 
DGV-GC and 11.06 m/s with DGV-LC, respectively.  
 

Table 4 Summary of the simulation results 

 
 
For both DGV-GC and DGV-LC, travel speeds are affected by the coordination zone and 
the headway requirements. The larger the coordination zone is, the higher the average 
travel speed will be. This is because a larger coordination zone gives more time for DGVs 
to adjust the speed, thus it is possible to keep a relative higher speed while the headway 
upon arriving at the tunnel can still be satisfied. For a specific coordination zone, the 
larger the headway requirement is, the lower the average speed will be. This is natural, 
as to meet a larger headway, DGVs need to reduce speed further than that of a smaller 
headway.  
 
Compared with DGV-GC, DGV-LC is able to maintain a higher average speed, thus a 
shorter travel time. This is because that in the first mentioned, DGVs need to consider 
vehicles from all roads, while in the latter, they only need to consider vehicles on the 
same road. 
 
As for the CO2 emissions, DGV-LC causes more emissions than DGV-GC. This shows the 
advantages of a global coordination mechanism, where DGVs are able to adjust the 
speed more ahead of time and smoothly, though a larger travel time is expected. While 
in DGV-LC, sharp speed reduction at the time when a DGV becomes the leading vehicle 
may cause higher emissions.  
 
It is noted that the proposed coordination mechanisms for DGVs do not affect regular 
vehicles since each road has two lanes and they are free to change lanes. 
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6 Major pre-requisites for deployment 
The major pre-requisites for deploying dynamic coordination of vehicles with 
dangerous goods (DGV) in road tunnels in general, and in the Stockholm Bypass tunnel 
in particular are: 
 

 Reliable, fast, and interoperable wireless communication technologies. Increased 
number of C-ITS services in future will lead to the increased amount of 
information that needs to be transmitted. This in turn will out new requirements 
on reliability, interoperability, and transmission rate. The extensive 
developments of cellular networks and dedicated short-range communication 
(DSRC) are promising. 

 It is not viable to assume that all vehicles on our roads will have a connectivity 
solution in 2025. To obtain a high penetration level, future C-ITS should not only 
be possible to fit into new vehicles, but also vehicles that are already on the 
market.  

 Positioning technologies that provide highly accurate position information. 
Positioning in long road tunnels is difficult due to lack of GPS-signals. The 
extensive development of the 5th generation of cellular networks (5G) is 
promising with regard to positioning capabilities [14][15].    

 Technologies enabling identification of goods and their properties. Although 
smart tags based on RFID have been in use for a while, this is an area that is still 
in its infancy. 

 User-generated information about themselves, their vehicles and goods. This will 
require new cloud services as well as new methods for handling the information 
(storage, data fusion, big data analysis, extraction of the most relevant 
parameters, etc.). Business models and (voluntary) incitements that stimulate 
information sharing and acceptance of C-ITS applications. This in turn requires 
great cooperation between different stakeholders. Some of these aspects are 
addressed in the recently completed project called Harmoniserat intelligent 
transportsystemstöd för transport av farligt gods (HITS) [16]. However, the topic 
requires more attention and should be investigated in more detail. It is especially 
important to investigate how the incitements and similar solutions can be 
applied in practice.  

 It is important to start exploring and demonstrating the C-ITS solutions for road 
tunnels on a national level (e.g. Sweden could become a test-bed for such 
solutions). However, in the long term a EU-wide solution will be necessary. To 
avoid fragmentation, a generic and holistic approach is needed. 
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7 Conclusions 
The risk with dangerous goods on roads is always present although accidents are 
extremely rare, especially accidents involving two vehicles with dangerous goods. 
However, it is desirable to avoid risks, e.g. by having vehicles with dangerous goods 
close to each other. A major premise of this study is that an appropriate coordination of 
vehicles with dangerous goods (DGV) can reduce the risk of having such vehicles close 
to each other in long road tunnels, and thereby reduce the crash risk between them.  
 
This study proposed three coordination mechanisms, which are global centralized 
coordination, global distributed coordination and local coordination. The performance 
of these mechanisms was investigated in simulations using the Stockholm Bypass tunnel 
is used as a showcase. The major characteristics of these approaches can be summarized 
in the following way. 
 
Global centralized/distributed coordination: 

 Control center has full control. 
 Less requirements on vehicle coordination. 
 Easy to reschedule and readjusted to adapt to traffic situation. 
 Long range communications (e.g., cellular networks) or dedicated infrastructures 

may be needed. 
 Dedicated control center is needed. 
 Cost may be high for both vehicles and the control center. 

  
 Local coordination: 

 Local and distributed coordination. 
 Short range communications, such as EU C-ITS. 
 Vehicle only cares its immediate predecessors. 
 Decision is local and only has local effects. 
 Potentially less cost as future vehicles will have communication devices. 

 
Influences of the proposed coordination mechanisms on travel time, speed, and 
greenhouse emissions of DGVs are studied by simulation. Initial results show that all 
coordination mechanisms are effective to maintain safe distances among DGVs within 
tunnels, while posing no negative influences on regular vehicles. It is shown that 
coordination zone and required safe headway affect the system performance, which 
necessities further investigation. Furthermore, local coordination results in higher 
average speed and higher emissions than global centralized and distributed 
coordination, while global coordination is able to manage speed changes more smoothly. 
Factors such as infrastructure support and penetration of V2V and V2I communications 
play important roles for the applicability of the proposed mechanisms in practice, which 
calls for further exploration. 
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7.1 Future work 
The study suggests the following future work. 
 
 Consideration of more complex scenarios and variations of different traffic. 

o Integration with more realistic scenarios, such as more intersections. 
o Integrate with the realistic geographical information with Stockholm bypass 

tunnel. 
 Extend work to more complicated traffic situations 

o Large scale simulation on the whole tunnel traffic 
o Import realistic data traffic from other tunnels to study realistic traffic 

scenarios 
o Methods to deal with emergency situations 

 Extend the work on communications performance  
o Study requirements on communications both from the infrastructure and the 

vehicles  
o Evaluate the current C-ITS standards and propose potential improvement 
o Study the on-going 5G network and its application for tunnel traffic 

management 
 Develop new C-ITS applications for tunnels 

o Joint effort with the on-going C-ITS deployment and standardization 
o Develop new (Day2) C-ITS applications (such as coordination of trucks with 

dangerous goods) based on tunnel background.  
  
For performing the above-mentioned work items, research and demonstration projects 
are needed. Based on current development of cooperative ITS and the dependence on 
infrastructures, we propose the following project ideas. 

7.2 Project proposal 

7.2.1 Solutions, simulation and verification on DGV coordination 
Aim: The project is a continuous work followed by the initial simulation results 
presented in this report. It will develop more complicated coordination methods and 
extend the simulation to more complex scenarios. The results will provide solid 
foundations for practical deployment of DGV coordination.  
Research tasks: Major tasks within the project include: 

 Extending the current simulation scenario to multiple roads with multiple 
intersections, 

 Study on scenarios involving single-lane roads where coordination will have 
direct influences on the regular traffic flow, 

 Study how to cope with the fairness of traffic from different roads, e.g. traffic 
density adaptive coordination methods, 
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 Study on criteria for optimal decision making, e.g. the optimal coordination zone 
setting, the optimal headway depending on the traffic situation, etc.  

 Initial integration of the realistic geographical information of Stockholm Bypass 
tunnel.  

7.2.2 Barriers and solutions for promoting DGV coordination 
Aim: The aim of the project is to find out the factors that may influence the introduction 
of dangerous goods coordination, such as organizational acceptance at the company 
level and driver acceptance at the road level. This will give strategic insights for 
adapting technical solution to accelerating the deployment. 
Research tasks: Major tasks within the project include: 

 Study on factors that affect organizations for coordinating DGVs 
 Identify business models and (voluntary) incitements that stimulate information 

sharing and acceptance of C-ITS applications. 
 Identify organizational and other resources needed for deployment in real-world 

traffic. 

7.2.3 C-ITS applications for DGV coordination – Solution, demonstration and 
standardization 

Aim: The project aims at developing and demonstrating C-ITS applications based on the 
current and future communication systems for coordinating DGVs in road tunnels. It will 
evaluate the available cellular network, such as LTE, and the EU Dedicated Short Range 
Communication (DSRC), e.g. ITS-G5, and the integration of different communication 
methods. The project will involve partners from different industries such as logistics, 
telecommunication operators and vendors, car manufactures, as well as governments 
and standardization organizations. It will focus on realistic deployment and 
demonstration, eventually making the application an indispensable part of fleet 
management involving dangerous goods.  
Research tasks: Major research tasks within the project include: 

 How to build a real-time communication platform that connects dangerous goods 
vehicles from different logistic companies,  

 Identify information that should be exchanged between the logistic companies 
and the road/tunnel administration for the purpose of dangerous goods vehicle 
coordination,  

 Explore the potentials of building a country wide real-time data base of 
dangerous goods vehicles,  

 Coordination message design based on the current C-ITS standards and the 
transmission of the messages through multiple communications, e.g. cellular 
network and the EU DSRC, 

 Study on the effects of the penetration level of V2V and V2I, and how that should 
be complimented with the current cellular communications,  

 Evaluating methods for emergency evacuation upon situations involving DGV, 
such as through LTE emergency communication, and/or DSRC geo-networking,  
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 Study on accurate positioning methods combining LTE network, and GPS, such as 
the EU EGNOS system, 

 Large scale and realistic traffic simulation based on the geographical data of the 
considered road tunnel, 

 DGV coordination application design and demonstration, and proposal to C-ITS 
standards future release. 

Potential research partners: Trafikverket, Viktoria Swedish ICT, Ericsson, Telia, DB 
Schenker, SCANIA, VOLVO, etc.
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