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Executive Summary

The automation of heavy-duty trucks (HDT) is advancing rapidly, with features like adaptive cruise control
and emergency braking already standard. Companies such as Daimler Truck, Volvo, and Scania are testing
highly automated functions up to SAE level 4, while fully driverless trucks are being trialed in pilot projects,
especially on long-distance routes or within industrial zones (e.g. TuSimple, Einride). These varying stages
of development make it difficult to estimate market entry timelines for automation in the various road haulage
application scenarios (alt.: operational scenarios) like long-distance highway transport, hub-to-hub transport
or urban delivery. This paper provides an overview of current HDT automation status and proposes a roadmap
for different application scenarios based on the complexity of their characteristics. It highlights key pilot
projects and aims to support logistics stakeholders in planning for implementation. The study finds that
automation is more feasible with high motorway shares and becomes more complex with unsuitable loading
and unloading operations.
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1 Introduction

Alongside the development of battery-electric and hydrogen-based drive options, the automation of road
transport is one of the key areas of innovation in the mobility transition. Particularly in the field of HGTs,
automated driving functions open up considerable potential for increasing efficiency, safety and
sustainability in freight transport. In view of rising transport volumes, the growing shortage of drivers and
ambitious climate targets, the question of practicable and economically viable application scenarios for
automated HGTSs is increasingly becoming the focus of industry, research and politics. Automated driving
functions are now available in various degrees of maturity, and their implementation in logistics is
increasingly seen as necessary to meet the challenges of modern transport.[1]

Automated driving technologies are currently at various stages of maturity - from assistance systems (level
1-2) to highly and fully automated solutions #Ievel 4-5), which are already being tested in pilot projects.
While certain applications, such as automated factory traffic in closed areas, are technically advanced, there
are still significant challenges in other areas - such as urban delivery - in terms of sensor technology, decision-
making logic, infrastructure connections and regulation.[2][3]

Against this background, the central research question arises: Which application scenarios - for example long
haul highway transport, hub-to-hub connections, yard operations or urban delivery concepts - are most likely
to be automated from a technological point of view? The aim of this paper is to Frovide a road map for the
deployment-stages of HDTs in the most important application scenarios in long-distance road freight
transport. To this end, the application scenarios are analyzed individually by breaking down their
characteristics and evaluating their influence on the implementation of automation. It is meant to contribute
to the prioritization of development strategies and investments in this dynamic area of technology.
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2 Methodical Approach

The first step is to select the most frequently used HDT vehicle class. Based on the grouping of the
Commission Regulation (EU) 2017/2400 (differentiated by axis configuration, chassis configuration and
technically permissible maximum loading mass) this is the Long Haul, 4x2 tractor unit (LH-5). This class
not only shows the highest annual mileage - which speaks in favor of long-distance use - but also one of the
highest vehicle populations among all HDT classes.[4, p. 8]

As a second step, the most important application scenarios are determined. They provide information about
the intended use and the operating environment of the HDT. The categorical subdivision and designation

differ in the literature. The most commonly used apBIication scenarios (in terms of turnover and daily

oPeration) are listed in Table 1 with a brief description,
0

ased on Gockeler et al. [5, p. 39]. In the first column

Table 1, the HDT ap?Iication scenarios are clustered according to their individual characteristics. This is
0

based on an analysis

autonomous heavy-duty single frame trucks and tractor unit lorries, shown in Figure 2.

the most relevant pilot projects in Europe and North America carried out to test

Table 1: Cluster of the most relevant application scenarios according to Gockeler et al. [5]

Daily operation Share of
Cluster of intion of th licati £ licati
lication Application scenario Description of the application of the application ~ company
applica scenario profile in per turnover in
scenarios cent per cent
Goods are combined into load
units and transported from the
Hub-to-hub ~ Cargo transport consignor to the consignee 82% 36%
without being broken up. Wide
range of 500-1000km.
Goods (general cargo) from
. several consignors to different
Hub-to-hub gglnlggalﬁcgansport/ recipients. Transport in the main 51% 19%
y leg between two transshipment
warehouses.
Hub-to-hub; . . Individual delivery from the 0 0
urban Delivery / collection supplier to the customer. 47% 8%
Transport of High range requirements of up to 0 0
Interurban dangerous goods 830 kilometers on average. 32% 8%
: Construction site Traffic flows within a o o
Terminal traffic construction site. 25% 9%
Freight transport with own
Terminal Yard traffic company personnel. Routes 24% 5%
mostly under 150km.
. Transport of high range
Interurban tsrgﬁg'agr{{ heavy requirements of up to 725 15% 6%
P kilometers on average.
courier express services (CES)
Urban Courier transport mostly with smaller 9% 3%
vehicle classes.
Urban Assgmbly/customer Service trips to end customers, ) 1%
service mostly with smaller vehicles.
. Transport of personal furniture ) 0
Urban Moving transport and household goods. 1%
- Other Other transports 16% 4%

The complexity of the application scenarios with regard to the use of autonomous HDTS is assessed based
on their individual characteristics. They are defined with the help of an evaluation matrix, so that any
|a_f)lgllcatlor) scenario can be configured and evaluated through its characteristics for the use of autonomous

Ts. This makes the application scenarios comparable and allows for a rough scenario of market maturity
based on the complexity for the use of autonomous HDTSs in these scenarios. The weighting for the
characteristics will be reviewed in a survey by a specialist group for autonomous driving. In the end, the
scenarios for heavy duty autonomous driving can be sorted on a timeline regarding the technology readiness
for market launch, leading to the final roadmap.
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3 Results

As can be seen from the literature analysis (FPure 1), most studies on roadmaps for fullfy autonomous driving
show similar milestones from driving on the factory premises (yard operations) in the first step to platooning
and highwa pilots to hub-to-hub traffic with safety drivers and finally fully autonomous driving at SAE
Level 5. In Figure 1, the estimates from the literature on the achievement of milestones are displayed on a
timeline. This shows that most sources expect the Highway pilot and hub-to-hub transport by 2030. The
timeframe for achieving fully autonomous driving for HDTs, on the other hand, is very long. This makes
precise planning for the logistics sector difficult.

A
Fully autonomous driving (SAE
Lvl. 5) - ready for the market
Hub-to-Hub (SAE Lvl. 4)

Highway pilot with safetydriver

(SAE Lvl. 4)

Platooning

autonomous operation on the
factory premises (yard operations)

- >
2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040

Figure 1: Milestone estimation in autonomous road freight transport (earliest milestone starting points based on
sources from industry and literature) [6—20]

These roadmap-milestones can also be found in the already completed and ongoing pilot projects. More
precisely, the projects can be divided into three different driving environments: terminal transport, highway-
finterurban transport and hub-to-hub transport. A compilation of relevant projects is shown in Figure 2.
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Figure 2: Major pilot projects for automated HDTs from 2014 to 2026

As seen in Figure 2, after testing in terminal transport and on factory premises, pilot projects will mainly
take place on selected route sections or even in hub-to-hub transport. In contrast to terminal transport, the
environmental conditions here are less controllable, which si%nificantlﬁ/_ increases the requirements for safety
and situational awareness, as also stated from Hashimi et al. [13]. For this reason, almost all projects in public
areas are still being carried out with safety drivers at SAE_Level 4. These findings reflect in the application
scenario characteristics which are analyzed in more detail. The characteristics were divided into the four
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main %roups: infrastructure, transport task, traffic_situation and environmental influences. Each character
value has several options to describe the complexity it has on the operation model. Through an additional
weighting for the relevance of each character value, they should be balanced with each other. The weighting
of the values is to be determined and reviewed by automotive driving experts. All of the relevant
characteristics as shown in Table 2, known from the literature and research are recorded to describe the
complexity of an operation model for the autonomous HDTSs.

Table 2: The four main groups with associated relevant character values. Each character value is assigned several
options that can be used to map the individual application scenarios.

Infrastructure Transport task Traffic situation Situational awareness
o o Type of goods Time of day / lighting
Communication Car-to-X transported Road users conditions
Loading/refueling requirements Route length / . .
during operation journey Traffic volume / density  Meteorology
Loading and

Loading/unloading location Direction of traffic flow  Weather extremes

unloading processes

Intervention options (control Vehicle class (HDT-

takeover) type) Speed range

Available infrastructure adaptations  Delivery time . .

for autonomous driving window tolerance Stationary traffic
Emergency stopping options Number of stops Traffic disruption in case

of system failure

The individual character values reflect the current technical challenges for autonomous systems. The four
core technologies according to Zhao et al. are the navigation system, route finding, environmental perception
and the control system [Zl]q. Ensuring safety is the top priority in all driving situations. It is primarily linked
to the perception of the environment [22]." The more complex the situation and the greater the number of
parameters to be considered by the autonomous system, the greater the challenge.

The simulation of the application scenarios with help of the character values confirms that the system
complexity for autonomous driving is increasing, depending on the growing proportion of journeys in public
traffic areas. In the roadmaps this is characterized through the shift from yard operations in a well controllable
terminal to highway-only-trips with directional traffic to federal and city roads with crossing traffic. The
complexity increases in particular due to hi?her demands on the environment perception caused by other
road users, traffic rules and associated signal systems to be observed, as well as general traffic routing. This
is reflected in the characteristics through higher requirement values in the “traffic situation” group (Table 2)
and also confirmed by Zhao et al.[21] and SalRe and Willand [23]. The transport task is also becoming more
complex with the switch to journeys in public traffic areas, due to longer transport distances or the loading
and unloading points. These can vary greatly in terms of access, space conditions and maneuverlng options,
as well as available unloading aids and the need of manual work, as also noted by Csiszar and Foldes [24].
Besides the traffic situation and transport task, the environmental parameters of weather, meteorology, time
of year -and da¥ have a gartlcular impact on the complexity and safety because they can restrict the sensor
system's field of vision. Cameras and lidar in particular have limited visibility in heavy rain, snowfall or fog.
As even the high-precision maps only record the fixed infrastructure and not the road users, a solution for
fully autonomous drlvnlg in poor visibility conditions is not yet within reach 25&. Communication, mainly
Vehicle-to-everything (V2X) and vehicle-to-vehicle (V2V), is also often described as a challenging element,
particularly due to network coverage, data protection, standardization and %/bersecurlty [26]. To
communicate, connectivity is essential for the safe operation of vehicles [6, p. 5]. By networking vehicles
with the infrastructure and other road users, the detection radius is extended beyond the field of vision of the
detection sensors installed in the vehicle. This makes it possible to determine the position and status of
signaling systems or road users at an early stage and further increases safety. Furthermore, it is very important
for the system security that various intervention options, such as remoté control of the HDT or available
emergency stops, are available in the event of an emergency. This ensures that the vehicle does not interfere
with surrounding traffic in the event of a system failure or emergency stop. The need to stop for refueling or
charging especially on long-distance journeys also increases the complexity due to the access to the relevant
refueling or char%lng station and the required manual assistance. It would therefore be best to use i.e. a fuel
cefll-plowerg trﬁi%t at has a long range in order to avoid refueling stops on the road as far as possible and to
refuel at the hubs.

Besides the already mentioned, further challenges can be found in non-technical areas such as legal matters,
ethics, trust and acceptance, as well as business models [22]. The developed evaluation matrix enables a
structured mapping and differentiation of various application scenarios for autonomous HDTSs on the basis
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of defined character values. The comparison of the milestone scenarios for yard transport, hub-to-hub
transport, and fully autonomous long-haul show a comprehensible increase in the operational complexity
(Figure 3). The reason for this is the greater complexity of the individual character values of the application
scenarios. This observation is consistent with recent findings in the literature shown in Figure 1. In addition,
the evaluation matrix also enables the comparative categorization of other, previously less investigated
application scenarios and the systematic assessment of their respective complexity.

100
84 80
80
2 59
é 60 26 45 47
£ 40 29 29
8 13 18
20 10 11
, 1l L] | |
Infrastructure Transport task Traffic situation Overall rating
application scenarios
mYard traffic ~ m Hub-to-Hub traffic fully autonomous long haul trip

Figure 3: Comparison of the application scenario according to the defined character main groups on a percentage
scale for complexity, created with the developed evaluation matrix. The character group for “situational awareness”
was kept constant and therefor left out in these application scenario examples.

4 Conclusion

The findings show that the application scenario has a major influence on the de%ree of complexity in the use
of autonomous HDTSs and that this degree of complexity can be determined by the characteristics of the
aBpllcatlon scenario. As this can be directly translated into technical requirements such as environment and
object recognition, route finding, autonomous maneuvering processes or system communication, the
application scenarios can be roughly classified on a roadmap in terms of their potential development stage in
the field of automation. This shows that certain application scenarios could enter automation earlier than
others. As also shown in the ‘[_)I|Ot rojects, the interface with the handover of goods is particularly challenging
in terms of technical feasibility. The more decentralized this process is (away from logistics hubs), the more
difficult it is to control the environment. The loading and unloading location, the load carrier and the available
loading aids have a particularly large influence on the complexity. The previously high proportion of manual
work in this area also makes it more difficult to implement the highest level of automation for decentralized
transports, such as individual delivery scenarios in urban settings. In contrast, there are characteristics in the
application scenarios that reduce complexity. These include, above all, a high proportion of motorways and
loading and unloading in controllable environments such as terminals or hubs. A possible time estimate for
automation in the mentioned milestone scenarios is shown in Figure 4. In future research, the character values
of the application scenarios should be further detailed with the help of experts in order to be able to better
assess the effects of technological developments.
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Figure 4: Roadmap scenario of milestones for autonomous HDTs based on the application scenario complexity
analysis. The colors represent the SAE-Levels divided in two development steps for Level 4 with safety driver and
Level 5 for full autonomous driving.
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