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utomated vehicles are expected to change future 
mobility. However, until the vehicles are on the road 

autonomously, they must be monitored with the help of 
an operation control center, which has a significant im-
pact on the costs. Based on a cost-effectiveness analysis, 
the impact of the Operation Control Center on the eco-
nomic efficiency of automated buses is evaluated. Data is 
derived from pilot operations with automated buses in 
public spaces. For this purpose, different scenarios of au-
tomated buses from automation level 0 to automation 
level 4 are calculated and compared.  

[Keywords: Automated Bus; Operation Control Center; Cost-Ef-
fectiveness analysis, Automated Freight Transport] 

s wird erwartet, dass automatisierte Fahrzeuge die 
zukünftige Mobilität verändern werden. Bis die 

Fahrzeuge jedoch autonom auf der Straße unterwegs 
sind, müssen sie mit Hilfe einer Betriebsleitzentrale über-
wacht werden, was einen erheblichen Einfluss auf die 
Kosten hat. Anhand einer Kosten-Wirksamkeits-Analyse 
wird der Einfluss der Betriebsleitstelle auf die Wirtschaft-
lichkeit von automatisierten Bussen bewertet. Die Daten 
werden aus Pilotbetrieben mit automatisierten Bussen im 
öffentlichen Raum abgeleitet. Zu diesem Zweck werden 
verschiedene Szenarien für automatisierte Busse von Au-
tomatisierungsstufe 0 bis Automatisierungsstufe 4 be-
rechnet und verglichen. 

[Schlüsselwörter: Automatisierter Bus; Operation Control Cen-
ter; Kosten-Wirksamkeits-Analyse, Automatisierter Güterver-
kehr] 

1 INTRODUCTION 

Climate change, demographic change, globalization, 
migration, urbanization and technological development are 
some of the biggest challenges for mobility and logistics in 
the future [1–5]. For this reason, future mobility concepts 
are needed that are climate-friendly, efficient, electrically 
operated, automated, networked, universally usable and 
safe [6–10]. Automated buses are a mobility concept that 
meets a number of these requirements [9, 11, 12]. Cur-
rently, the level of development of the automated buses is 
between level 2 and level 4 of the automation levels accord-
ing to SAE ("partially automated” and “highly auto-
mated"), so that an operator is present on board during pilot 
operations of the buses [11, 13–16]. But in order for the 
advantages of the automated bus (flexibility and low costs 
due to high utilization) to be fulfilled and the deployment 
to be economical, the vehicles must be operated without a 
driver and automation level 4 must be achieved [9, 12, 13, 
17]. Some companies, such as EasyMile in Toulouse, are 
already testing buses without drivers on board, and Level 4 
automated buses are also planned for use in Berlin and Mu-
nich in the future [18–20]. According to forecasts, how-
ever, highly automated driving (level 4) will not be ready 
for the market until between 2025 and 2030, and autono-
mous driving (level 5) will be reached later [17, 21]. In or-
der to nevertheless offer passengers a high level of reliabil-
ity in local public transport, a driver is essential for taking 
over the driving functions in emergency situations [22, 23]. 
In addition, communication with passengers is also an im-
portant task that should continue to provide [24]. For this 
reason, it makes sense to use the existing operation control 
centres (OCC) of transport companies and deploy human 
operators who monitor the bus remotely and intervene if 
necessary [22, 25, 26].  
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This requires the integration of new tasks into the ex-
isting control centres of potential operators such as 
transport companies [25]. To enable regular operation with 
highly automated vehicles on predefined routes even with-
out a safety person on board (SAE level 4), the German 
government passed the Autonomous Driving Act and a 
subsequent ordinance [27, 28]. In addition to the require-
ments for the manufacturer and the owner, it also defines 
the duties of a "technical supervisor". The Technical Super-
vision (hereinafter also referred to as Operation Control 
Centre) thus plays an essential role for the use of automated 
vehicles in public transport [27, 28].  

The objective of this paper is to shed light on the tasks 
of an OCC in the context of the requirements for the oper-
ation of automated buses and to investigate the impact on 
economic efficiency from the perspective of public 
transport companies. Chapter 2 explains the potentials and 
tasks of the OCC for automated buses and summarizes pre-
vious studies investigating the cost aspects or economic vi-
ability of automated buses in public transport. The third 
chapter describes the methodology used in this paper to 
evaluate the cost effectiveness of automated buses. Chapter 
4 presents the results, which are subsequently discussed in 
Chapter 5. Finally, chapter 6 summarizes the findings of 
the economic feasibility study and identifies the need for 
further research.  

2 LITERATURE REVIEW 

In the following, tasks of an OCC for remote monitor-
ing and control of automated buses for different automation 
levels are shown. These serve as the basis for the subse-
quent economic evaluation. 

Furthermore, the current research regarding the cost 
calculation or profitability analysis of automated vehicles 
in public transport is presented. 

2.1 TASKS OF AN OPERATION CONTROL CENTER 

In order to implement the operation of automated ve-
hicles in public road transport, not only the technical re-
quirements for the bus or bus fleet must be met, but also the 
framework conditions such as an OCC, intelligent and net-
worked infrastructure, telecommunications and legal 
framework must be established [29]. 

The main tasks of an OCC depend on the automation 
level of the bus fleet. The automation level is classified be-
tween level 0 and 5 according to SAE J3016, which is 
shown in Table 1 [13]. 

Levels 0 through 2 make up the regular bus fleet of 
most transit agencies. As shown in Table 1, the main driv-
ing tasks and responsibility for passenger safety lie with the 
driver. [13] 

Table 1: Levels of automation following [13] 

Automation 
level 

Vehicle 
driving 

task 
Driver task 

Safety 
Fallback 

Level 0: No 
Driving Au-
tomation 

Warnings 
and 
momen-
tary 
assistance 

Driving all of 
the time; Con-
stantly super-
vise the sup-
port features; 

Driver 

Level 1: 
Driver As-
sistance 

Steering 
OR ac-
celera-
tion; 
brake 
support 

Driving all of 
the time; Con-
stantly super-
vise the sup-
port features; 

Driver 

Level 2: 
Partial Dri-
ving Auto-
mation 

Steering 
AND ac-
celera-
tion; 
brake 
support 

Driving all of 
the time; Con-
stantly super-
vise the sup-
port features; 

Driver 

Level 3: 
Conditional 
Driving Au-
tomation 

All driv-
ing tasks 
under 
limited 
condi-
tions 

Not driving 
when auto-
mated driving 
features are 
engaged; 

BUT when 
the feature re-
quests, taking 
over control 

Driver / 
Safety 
operator 
on board 

Level 4: 
High Dri-
ving Auto-
mation 

All driv-
ing tasks 
under 
limited 
condi-
tions 

Not driving 
when auto-
mated driving 
features are 
engaged; No 
request to 
take over the 
control under 
limited condi-
tions 

System 
has to 
perform a 
minimum 
risk con-
dition / 
OCC 

Level 5: 
Full Driving 
Automation 
(Autono-
mous Driv-
ing)  

All driv-
ing tasks 
under all 
condi-
tions  

Not driving 
when auto-
mated driving 
features are 
engaged; No 
request to 
take over the 
control 

System 
has to 
perform a 
minimum 
risk con-
dition / 
OCC 
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The OCC performs conventional tasks such as: 

1. Monitoring regular operations (traffic situation, 
schedule delays 

2. Vehicle dispatch and dynamic rescheduling (on-
demand, plannable deviations) 

3. Fault and emergency management 

4. Dynamic passenger information [30, 31] 

The Operational Design Domain (ODD) is a key con-
cept for the design process and validation of the safety of 
an automated driving system and specifies the operational 
conditions under which the system should operate, e.g., in-
cluding possible road types, road types, weather conditions 
and road users [13, 32]. At Level 3, although the vehicle 
takes over the entire driving task for a defined area (ODD), 
the system can still make requests for human assistance, 
which requires the presence and intervention of an on-
board operator, even if the operator no longer has a con-
ventional driver's seat and takes control using a joystick 
[13]. Most pilot operations in Europe in recent years have 
been conducted at level 3 [33, 34]. The providers of auto-
mated buses such as EasyMile or Navya also develop and 
offer corresponding fleet management systems, which en-
able the monitoring of the vehicles by transmitting the cur-
rent position, various sensor data on the technical condi-
tion, speed, driving mode, temperature, battery level, etc. 
to the control centre via an API or web application [35]. 
This means that the conventional tasks of the operations 
control centre at level 3 are expanded to include monitoring 
of the vehicle sensors, but the scope of the tasks remains 
largely unchanged. 

The operation of automated buses without a safety op-
erator (level 4) places special demands on the vehicle and 
the OCC as an additional fallback level. For automated 
buses to be used in public transport, a high level of opera-
tional safety is required [22]. On the one hand, the vehicle 
must be able to independently put itself into a risk-mini-
mizing state by safely leaving the lane and parking at the 
side of the road when the ODD is left, i.e., when the general 
conditions for automated driving no longer exist. In this 
case, the OCC must be able to access and control the bus 
remotely [25, 26, 28]. On the other hand, the current legal 
situation in Germany does not permit the remote execution 
of driving manoeuvres (teleoperation) in public areas. 
However, it should be possible to release the vehicle or trig-
ger an emergency stop (tele-assist).  

Furthermore, V2X technologies can provide valuable 
information not only to the automated driving system, but 
also to the OCC [36–38]. 

The types of connectivity included in V2X are: V2I - 
vehicle-to-infrastructure, V2V - vehicle-to-vehicle, V2N - 
vehicle-to-network, and V2P - vehicle-to-pedestrian [39]. 
All of these types of connectivity can improve safety, the 

user experience, or the amount of data from which an auto-
mated vehicle or OCC operator can make decisions. 

The scope of the tasks of an OCC is greatly expanded 
from level 4 and includes, in addition to the activities men-
tioned so far, further tasks, such as:  

1. Classification and prioritization of various re-
quest 

2. Remote control / tele-assist; 

3. If applicable, teleoperation, but only on the pri-
vate domain, e.g., at a depot) 

4. Infrastructure and vehicle-to-everything commu-
nication monitoring; 

5. If applicable, infrastructure control 

6. Passenger communication; 

7. Passenger safety 

8. Charging management [40–42] 

Since there is no longer a contact person on board in 
Level 4, passenger communication represents a new im-
portant area of responsibility for the OCC. Ensuring safety 
in emergency situations by communicating with safety au-
thorities and passengers is also outsourced to the OCC in 
this case. 

2.2 ECONOMIC ASPECTS OF AUTOMATED BUSES 

One expectation of automated vehicles is to reduce 
mobility costs [6]. In the following, approaches from the 
literature are presented that shed light on this aspect. Burns 
et al. calculate total fleet costs, vehicle reductions, and cost 
savings when using automated shared vehicles in three sce-
narios (small to medium town, suburban and urban) [43]. 
In the first approach by Fagnant & Kockelman in 2015, the 
annual economic benefits (crash cost savings, congestion 
costs, and other impacts such as parking savings) of auto-
mated vehicles for the U.S. are estimated [44]. In another 
paper by the two authors, a total fleet for automated shared 
vehicles and waiting times are determined based on a sim-
ulation model in Austin, Texas, and user fees are derived 
from this [45]. In addition to the cost of the equipment in 
the automated vehicle (e.g., navigation, sensors, comput-
ers, software, and servers), Litman cites additional costs 
that occur with automated shared vehicles [46]. These in-
clude empty runs, cleaning and vandalism, reduced service 
for limited people, and reduced comfort and privacy [46]. 
Friedrich & Hartl calculate the demand for automated ve-
hicles in various scenarios [47]. Based on the required ve-
hicles and investment costs, the cost of automated vehicles 
is calculated at 0.15€ per passenger kilometer [47]. Ste-
phens et al. research potential impact of automated shared 
vehicles on consumer costs [48]. Components of the total 
costs are connected automated vehicle (CAV) technology 
cost, maintenance and repair costs connectivity service fee, 
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insurance premiums, costs of crashes not covered by insur-
ance, fuel cost and cost of travel time [48]. Merlin com-
pares the cost of a conventional bus to that of automated 
cabs, with the latter showing a cost advantage in shared use 
[49]. 

In 2018, Bösch et al. completed the cost structures of 
individual operating models, through a bottom-up calcula-
tion of fully autonomous vehicles. Additionally, overhead 
costs are included in the calculation. Costs for four scenar-
ios (private conventional vehicle, private automated vehi-
cle, conventional cab, and automated cab) are calculated. 
The costs per passenger kilometer of buses are also deter-
mined on this basis. The results show that automated vehi-
cles have a cost advantage over conventional vehicles. [50] 

Based on the cost calculation of Bösch et al., Abe cal-
culates the costs for the use of automated cabs with consid-
eration of OCC monitoring [51]. In various scenarios, an 
operator remotely monitors one to ten vehicles, which has 
a significant impact on costs [51]. A similarly detailed cal-
culation as Bösch et al. has been made by Ongel et al. for 
electric vehicles, automated electric vehicles and buses 
[52]. As a result, the automated vehicle incurs $0.10 per 
passenger mile [52]. In addition, a sensitivity analysis is 
performed according to which energy costs have a major 
impact on the cost structure of automated electric vehicles 
[52].  

Furthermore, PTV and Richter et al. describe in gen-
eral terms the cost changes related to operational and eco-
nomic approaches [53, 54]. In their 2020 study, Quarles et 
al. calculate and compare the cost development of electric 
and automated buses over a 20-year period [55]. Grote and 
Röntgen calculate the costs of using automated buses for a 
period of three years [56]. Thereby, a large part of the costs 
is based on actual values from a real operation [56]. Sadrani 
et al. are devoted to the cost evolution of automated buses 

when frequency and vehicle size are changed [57]. Further-
more, a sensitivity analysis is carried out with regard to 
travel time, demand fluctuation and extra waiting times, 
among others [57]. Based on the Berlin use case, Carreyre 
et al. analyse the costs and benefits of automated vehicles 
[58]. Here, the vehicles are used on-demand and the results 
of different stop strategies (door-to-door or stop-based) are 
calculated with MATSim [58]. Finally, Litman compares 
the costs of different studies of conventional and automated 
vehicles (e.g., cab or bus) [59]. The development of future 
costs is further described in qualitative terms [59].  

The literature analysis clearly shows that only a few 
studies consider the costs of an operation control centre. 
Bösch et al. consider the costs in general [50]. Abe calcu-
lates these costs in detail for different ratios between oper-
ator and cab [51]. For an automated bus that has already 
been deployed in public spaces, no cost calculation has yet 
been carried out that includes the costs of the OCC and the 
support relationship between operator and bus. This re-
search gap will be closed in the following.  

3 METHODOLOGY 

For the economic feasibility study, a three-step proce-
dure was applied, as shown in Figure 1. First, the scenarios 
to be considered were selected on the basis of automation 
levels and the state of the art. In order to cover as many of 
the currently relevant operational scenarios as possible, the 
following six operational scenarios are selected: two non-
automated operational scenarios - with a conventional die-
sel minibus (level 0-2) and an electric minibus (level 0-2), 
two semi-automated operational scenarios with a safety op-
erator on board - with a bus (level 3) in a rural area and a 
bus (level 3) an urban area - and two highly automated op-
erational scenarios without a safety operator on board - 
with a bus (level 4) before market readiness (BMR) and a 
bus (level 4) after market readiness (AMR). 

 

Figure 1. Methodology of the cost-effectiveness analysis 
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Figure 2. Scenarios for the profitability calculation

Market readiness in this context means that the bus is 
mass-produced and thus the expected purchase price is sig-
nificantly low. An overview of the scenarios is summarized 
in Figure 2. For a detailed account of the OCC's areas of 
responsibility, please refer to chapter 2.1. 

For the diesel bus and electric bus, vehicles are se-
lected that are similar to the EasyMile EZ10 Gen2 in terms 
of space capacity. The EasyMile vehicle is selected for the 
Level 3 scenarios because it is used very frequently in pilot 
operations in Europe, and also in two research projects of 
the Department of Logistics at the University of Magde-
burg. The data collected in these projects is incorporated 
into the cost comparison analysis. Furthermore, for the cost 
comparison and benefit analysis, a local transport company 
is assumed as operator and an operating period of seven 
days a week with two eight-hour shifts each. The mileage 
of 40,000km per year is recommended from the literature 
[Ver07]. 

Level 4 operation is expected to increase the economic 
efficiency of automated buses in the future by having one 
operator supervise multiple vehicles [42]. Therefore, the 
OCC costs for each of the two Level 4 scenarios are addi-
tionally determined as a function of the supervision ratio. 
Calculations are performed for the supervision ratios of 1:1 
(one operator for one vehicle), 1:2, 1:3, 1:4, 1:5 and 1:10. 

To determine the costs in the second stage, a static cost 
comparison calculation is applied [60]. Linear depreciation 
with a residual value is used [60]. The cost types of the in-
frastructure, the vehicle, the control centre and for the pro-
ject management are taken into account.  

For the individual costs compare table 2. 

Table 2: Overview of the cost items used 

 Vehicle Infrastruc-
ture 

OCC 

In
ve

st
m

en
t 

co
st

s 
 

Depreciation 
per year 

Imputed inter-
est 

Approval  

Programming 
of the route 

Safety operator 
training 

Preparation for 
pilot operation 

Depreciation 
per year 

Road Site 
Units 

Road markings  

Signage 

Localization 

Shelter (near 
the route) 

Work-
place 

Software 

Employee 
training 

O
pe

ra
ti

ng
 c

os
ts

 Personnel costs 

Vehicle usage: 

 Insurance 
 Mainte-

nance / 
servicing 

 Energy 
costs 

 Overhead 

Use of infra-
structure: 

 Mainte-
nance / re-
pair 

 Energy 
 Insurance 

Personnel 
costs 

Software 
license 
fees 

Mainte-
nance / 
servicing 

Insurance 
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The costs are determined by project experience, expert 
interviews and literature research. In the benefit analysis 
(third stage), benefit criteria are first determined from the 
literature, which are then evaluated in an expert survey on 
a 10-point scale for a conventional diesel bus and an elec-
tric bus. To determine the overall benefit per vehicle vari-
ant, the criteria ratings are multiplied by the weighting per 
criterion and added together. The prioritization of the crite-
ria is also done by asking experts and using a pairwise com-
parison [61]. The results of the cost analysis and benefit 
analysis are ultimately summarized in a cost-impact analy-
sis and the break-even point is calculated. 

4 RESULTS 

First, the results of the cost calculation are presented 
in chapter 4.1 for different scenarios. This is followed in 
chapter 4.2 by the results for the benefits, which are then 
compared with the costs. 

4.1 RESULTS COST CALCULATION 

As already explained in chapter 3, the costs are col-
lected in an Excel spreadsheet and calculated for a total of 
16 different scenarios, which are summarized below: 

1. Diesel Bus (Level 0 – 2) 

2. Electric Bus (Level 0 – 2) 

3. Automated (Aut.) Bus Stolberg (Level 3) 

4. Aut. Bus Magdeburg (Level 3 

5. SAE Level 4 before market readiness (BMR) 
with ratio 1:1 (one operator is responsible for one 
vehicle) 

6.  SAE Level 4 BMR (1:2) 

7.  SAE Level 4 BMR (1:3) 

8. SAE Level 4 BMR (1:4) 

9. SAE Level 4 BMR (1:5) 

10.  SAE Level 4 BMR (1:10) 

11. SAE Level 4 after market readiness (AMR) with 
ratio 1:1 

12. SAE Level 4 AMR (1:2) 

13.  SAE Level 4 AMR (1:3) 

14. SAE Level 4 AMR (1:4) 

15. SAE Level 4 AMR (1:5) 

16. SAE Level 4 AMR (1:10) 

 

 

In the following, the results for selected scenarios are 
shown and briefly explained. Figure 3 shows the costs for 
the first year of operation. A distinction is made between 
one-time costs, annual investment costs and annual operat-
ing costs. It is clear that annual operating costs account for 
the largest share of costs in the first year. Furthermore, it 
can be seen that the diesel and electric buses are the cheap-
est alternatives in the first year with costs of approximately 
240,000 euros. In comparison, the automated buses have 
costs up to 441,000 euros (SAE Level 4 BMR 1:1). How-
ever, if the supervision ratio of control centre staff to vehi-
cles increases, the difference decreases significantly. In the 
SAE Level 4 AMR scenario (1:3), costs are reduced to 
245,00 euros in the first year of operation. At this point, the 
break-even point is reached. At a higher support ratio, the 
costs of automated buses would be below those of conven-
tional vehicles. From these results, it can be seen that the 
personnel costs for drivers and control centre personnel 
have the largest share and, consequently, the greatest lev-
erage. 

The results for the annual costs are similar (see Figure 
4). Diesel and electric buses (costs amounting to approxi-
mately 215,000 euros per year) are significantly cheaper 
than the current automated buses that have been deployed 
in Stolberg and Magdeburg. With the onset of market ma-
turity and increasing support ratios, this will change. The 
break-even point is already reached in the SAE Level 4 
AMR (1:2) scenario (costs of 203,544.55 euros), which is 
not listed in the figure. 

The total costs for a five-year service life show that 
automated buses with SAE Level 4 AMR with a support 
ratio of 1:3 are already cheaper overall than diesel and elec-
tric buses (Figure 5). The costs for automated buses with 
SAE Level 4 BMR also approach the costs of conventional 
vehicles as the support ratio increases. 
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Figure 3. Costs in the first year 

 
Figure 4. Annual costs 

 

Figure 5. Total Costs over five years of use 
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Broken down into the five cost categories (project man-
agement, vehicle operating costs, infrastructure + operation 
control centre operating costs, vehicle investment costs and 
infrastructure + operation control centre investment costs), it 
can be seen that vehicle costs decrease and infrastructure and 
OCC operating costs increase as automation increases (Fig-
ure 6). In addition, the investment costs of the vehicle de-
crease due to market maturity and the then possible series pro-
duction. 

Figure 7 shows the total costs of the 16 scenarios in re-
lation to the total mileage over a period of five years. In this 
calculation, the infrastructure costs incurred to operate the 
buses are fully applied to the total cost of the buses. In this 
approach, it should be noted that the SAE Level 4 BMR sce-
narios not only have higher costs, but also assume low mile-
age per year for these vehicles. While a mileage of 40,000 km 

per year is assumed for the diesel bus, the electric bus, and all 
SAE Level 4 AMR scenarios, the mileage for the SAE Level 
4 BMR scenarios is only 28,864 km per year. Therefore, au-
tomated buses SAE Level 4 BMR (blue line) do not reach the 
cost of conventional buses of about 5.50 euros per vehicle-
kilometer. Automated buses SAE Level 4 AMR are already 
more cost-effective from a support ratio of one control centre 
employee to two vehicles (5.47 euros per vehicle kilometer).  

Since the infrastructure measures (including roadside 
units) can also be used by other road users, Figure 8 shows 
the costs per vehicle kilometer without infrastructure costs. 
Thus, especially the cost values for automated buses are sig-
nificantly reduced and perform better. 

 

 
Figure 6. Comparison of five cost categories 

 
Figure 7. Cost per vehicle kilometer incl. infrastructure 
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Figure 8. Cost per vehicle kilometer without infrastructure

4.2 RESULTS COST-EFFECTIVENESS ANALYSIS 

In the expert survey, the criteria selected are climate 
protection, time flexibility, safety, opening up new spaces, 
and opening up new user groups. The results of the survey 
are compared in pairs and the partial benefit is formed. Fig-
ure 9 shows the result of the expert survey by visualizing 
the part worth for each criterion. 

The automated bus is rated significantly better than the 
conventional diesel bus in terms of climate protection, open-
ing up new areas and new user groups. In terms of time avail-
ability, both systems are rated identically, and only in terms 
of safety is the diesel bus rated better. The latter is again in 
contrast to the opinions in the literature [6]. Overall, accord-
ing to the experts, the automated bus has a higher overall ben-
efit. 

In summary, the total costs of the alternatives per benefit 
point are calculated (Figure 10). The same benefit value is 
determined for the electric bus based on the expert survey as 
for the automated bus, which is why it has an advantage over 
the diesel bus. Automated bus BMRs have a better cost-ef-
fectiveness ratio than diesel bus from a ratio of 1:3 and a bet-
ter cost-benefit ratio than electric bus from a ratio of 1:6. The 
scenarios with SAE Level 4 AMR have a better cost-effec-
tiveness ratio than the diesel and electric bus starting at a care 
ratio of 1:2.  

The same representation without considering infrastruc-
ture is shown in Figure 11. Similar to Figure 8, the automated 
bus becomes more attractive compared to the diesel bus due 
to the elimination of infrastructure costs. Even at a service ra-
tio of 1:2, the BMR automated bus is rated better than the 
conventional diesel bus. 

 
Figure 9. Benefit points per benefit criterion and bus variant 
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Figure 10. Cost per benefit point of an alternative (incl. infrastructure) 

 

Figure 11. Cost per benefit point of an alternative without. infrastructure 

5 DISCUSSION 

In the following, the question of the economic viability 
of automated buses is answered in summary from today's 
perspective and in a short- to medium-term perspective. 
The limitations of the selected method and the data situa-
tion are examined and the need for further investigation is 
derived. Furthermore, the transferability of the economic 

feasibility studies in this paper to freight transport is dis-
cussed and the need for future research is defined.  

5.1 KEY THESES ON THE ECONOMIC EFFICIENCY OF 

AUTOMATED BUSES  

According to the current state of the art, the use of an 
automated bus is significantly more expensive than con-
ventional alternatives. This is true even up to an operator 
ratio of one operator for ten vehicles. Once they are ready 
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for the market, however, automated buses (level 4) will be-
come more cost-effective than conventional vehicles with 
a service ratio of one operator for three vehicles. Consider-
ing qualitative benefit criteria, though, a more favourable 
cost-effectiveness index of automated buses compared to 
diesel buses already results from an operator ratio of 1:2 
(AMR) or 1:3 (BMR). Moreover, in this paper, the costs 
for upgrading the infrastructure are attributed entirely to the 
bus operator, which is the rule for the pilot operations with 
automated buses to date [15]. In principle, however, the ex-
penses for upgrading the infrastructure do not always lie 
with the operator. It is also possible that the state or local 
authorities will assume these expenses, because with the 
increase of automated vehicles in traffic, other road users 
will also share this infrastructure. Without taking infra-
structure costs into account, the cost-effectiveness index of 
automated buses is more favourable than that of diesel 
buses at a ratio of 1:2 (AMR and BMR).  

Instead of a cost-benefit analysis, a cost-effectiveness 
index is calculated, since the benefits of the alternative sce-
narios, with the exception of the conventional variants (die-
sel bus and electric bus), are difficult or impossible to quan-
tify according to current technology readiness levels. The 
pilot operations with automated buses (Level 3) to date 
have generally been conducted as part of research projects 
and without ticketing requirements. From these results, it 
cannot be concluded whether the demand will be compara-
ble in a regular operation. For this reason, it was decided in 
this analysis to look at the benefit criteria qualitatively, 
which is possible with the help of a cost-effectiveness anal-
ysis [60].  

In Europe, for the first time in 2022, an operation was 
approved without a safety operator on board and with su-
pervision by an OCC [18]. The Level 4 pilot operations in 
Germany were in the planning phase at the time of the eco-
nomic feasibility studies. Therefore, the costs could only be 
estimated on the basis of the requirements for Level 4 op-
eration described in Chapter 2 and on the basis of the expe-
rience gained from Level 3 operation. For the Level 4 sce-
narios, too, the benefits can currently only be assessed 
qualitatively, as there is a lack of data on usage and demand 
from practice. Furthermore, the required infrastructure ad-
justments depend strongly on the chosen route [62]. Alt-
hough user acceptance of an automated bus without a 
safety person appears to be high, it still needs to be vali-
dated in real operation [63, 64].  

With regard to the Level 4 operations currently in the 
start-up phase, many questions and economic aspects re-
main unanswered. For example, the availability of highly 
automated buses (Level 4) needs to be investigated and in-
cluded in the evaluation. Also, the cost of additional secu-
rity, including cybersecurity, or nationwide network cover-
age (at least 4G) should be investigated and factored in. In 
the context of the operator role, there is hardly any practical 

knowledge about how many automated buses can be super-
vised by one operator and what the optimal fleet composi-
tion might then be, if necessary. These are important ques-
tions that must also be answered for future economic 
feasibility studies. 

5.2 AUTOMATED VEHICLES IN FREIGHT TRANSPORT 

The methodology used in this paper to evaluate cost-
effectiveness can also be applied to the transport of goods 
with automated vehicles on public or private roads by 
adapting the scenarios. However, each section of the supply 
chain has different requirements and cost drivers. These 
should be analysed separately to accurately understand the 
impact of deploying automated transportation in each use 
case. For example, long-haul, short-haul, and in-plant 
transportation (including handling process) all have differ-
ent vehicle and infrastructure requirements, as well as dif-
ferent regulatory requirements. The use of highly auto-
mated, driverless vehicles on factory premises is already 
possible and is being actively tested [65-67]. For this rea-
son, the use of automated vehicles for freight transport on 
factory premises will be of great importance [68]. Some re-
quirements for autonomous driving are not in the fore-
ground for freight transport, e.g. driving speed. While 
speed is a critical factor in passenger acceptance, auto-
mated freight transportation can operate reliably at lower 
speeds. Reliability and predictability are more important in 
freight transportation. This opens up a wide range of appli-
cations for trips on company premises and in the immediate 
vicinity (shuttle services). This opens up new potential for 
logistics, comparable to the developments in the indoor 
sector since the 1990s. 

Teleoperation, i.e. the complete takeover of vehicle 
control by a human operator at a distance (from an OCC) 
by means of telecommunication technology, can also be of 
great relevance for freight transport, since drivers often 
have to bridge long waiting times during the loading and 
unloading of trucks along the transport process [42]. A tel-
eoperator can use the waiting time to control another truck 
[68]. Another function that can be performed by the OCC 
is fine positioning, which is essential for goods handling. 
With the help of the OCC, the development phase can be 
bridged up to full automation according to level 5. For this 
reason, a highly automated outdoor goods handling system, 
in which it is estimated that 80% of the tasks can be per-
formed without human assistance and 20% of the processes 
are performed by a teleoperator from the OCC, leads to ma-
jor efficiency gains in plant logistics [68]. Instead of de-
ploying, dispatching, and scheduling multiple drivers for 
material handling equipment, such as forklifts, on a shift 
basis, all that is needed is to schedule personnel in the OCC 
who are called from the vehicles as needed, perform the 
necessary processes via teleoperation, and are available for 
the next need (request). 
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In summary, in addition to monitoring vehicle data and 
providing tele-assistance, an OCC in freight transportation 
can perform the following additional tasks, similar to those 
in passenger transportation: 

1. Monitoring of: 

a. vehicle sensor data  

b. delivery schedules and deviations 

c. vehicle capacity 

d. freight, cold-chain monitoring  

e. goods handling 

f. site and infrastructure for delivery 
(parking space, etc.) 

2. Order management (e.g., current transport / 
delivery costs, delivery times, delivery qual-
ity (using interface to the ERP system of the 
logistics service providers, if applicable) 

3. Vehicle module management, if hybrid 
transport (automated or remote-controlled 
module switch, maintenance, resource over-
view) 

4. Teleoperation (e.g. goods handling, driving 
on specific sections of the route) 

5. Customer communication (answering re-
quests from logistic service customer) [41] 

To perform a cost-effectiveness analysis in freight 
transportation, it is recommended to first specify the use 
case and the levels of automation to be compared. Depend-
ing on the availability of data, a cost-benefit analysis or a 
cost-effectiveness analysis can then be performed. To en-
sure availability, security and high quality of service for the 
customer, an OCC should be included in the calculation 
from automation level 4, regardless of the use case. Similar 
to passenger transportation, instead of the personnel costs 
for the drivers, the personnel, investment and operating 
costs of the OCC would have a greater or lesser impact, 
depending on the use case and the support ratio. 

6 CONCLUSION  

This paper first presented the role and influence of 
OCC on the use of automated buses in public transport de-
pending on the automation level according to SAE. Subse-
quently, a total of 16 scenarios were formed, on the basis 
of which the economic viability of conventional buses, par-
tially automated buses in the context of pilot operations and 
highly automated buses without a safety driver for public 
transport companies was examined. For this purpose, the 
respective total costs were calculated and the costs per ben-
efit point of the alternatives were compared, taking into ac-
count the benefit criteria such as climate protection, time 

flexibility, safety, and the opening up of new areas and user 
groups.  

State-of-the-art automated buses are significantly 
more expensive than conventional alternatives. The total 
costs over 5 years of use are about 46% higher for an auto-
mated bus operated according to SAE level 3 in a rural area 
and about 56% higher in an urban area compared to a diesel 
bus. The total cost for a Level 4 operation, with 1:1 moni-
toring of the vehicle by the control centre according to to-
day's market maturity is even 72% higher. This difference 
in cost, however, will decrease with the increase in vehicles 
monitored per control centre operator. However, until the 
capital cost of the automated vehicle decreases as a result 
of volume production, the SAE Level 4 BMR scenarios 
will remain more expensive than conventional buses. After 
market readiness, the costs for the SAE Level 4 AMR (1:2) 
scenario roughly equal the costs of the diesel and electric 
bus and continue to decrease as the number of automated 
vehicles increases. The SAE Level 4 AMR (1:3) scenario 
is approximately 16% less expensive than the diesel bus. 

Considering the potential benefits, the operation of 
SAE Level 4 automated buses can already be beneficial to-
day despite the high investment costs. The results of the 
cost-effectiveness analysis have shown that the cost per 
benefit point is already lower for the SAE Level 4 BMR 
(1:3) scenario than for the diesel bus. However, the actual 
monetary benefits must be explored in future regular oper-
ations and the expected net benefit or net present value cal-
culated in a cost-benefit analysis.  

While some companies are already experimenting 
with driverless buses, it is important that these vehicles can 
be operated without a driver in order to achieve their full 
economic efficiency. This requires the further development 
of existing control centres of the transport companies and 
the implementation of new work processes, interfaces and 
standards. The results of this study provide transit agencies 
and decision makers considering the implementation of au-
tomated bus systems with an overview of the selected po-
tential automation scenarios and their impact on total cost 
and estimated cost-effectiveness. 
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