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Sion, Switzerland, 2016
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• Deutsche Bahn + EasyMile
• In the first six months the vehicle covered 4,000 km autonomously and 

transported around 8,000 passengers
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Heise Magazine: 
https://www.heise.de/select/ct/2018/10/1526008148939708

https://www.heise.de/select/ct/2018/10/1526008148939708


6https://www.heise.de/select/ct/2018/10/1526008148939708#&gid=1&pid=3

https://www.heise.de/select/ct/2018/10/1526008148939708#&gid=1&pid=3
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• Trial to start in 2020 in Stockholm
• Phase 1: without passengers
• Phase 2: 300 passengers per day
• Driver aboard for safety reasons
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March 2019

• Current pilot at Nanyang 
Technological University

• Testing elements of 
Singapore’s urban roads, 
such as traffic signals, bus 
stops, pedestrian 
crossings, heavy rain and 
partially flooded roads. 

https://www.volvobuses.com/en-en/news/2019/mar/volvo-and-singapore-
university-ntu-unveil-world-first-full-size-autonomous-electric-bus.html

https://www.volvobuses.com/en-en/news/2019/mar/volvo-and-singapore-university-ntu-unveil-world-first-full-size-autonomous-electric-bus.html
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• Autonomous buses: increase in pilots and announcements since 2016
• All early developments: electric vehicles



What does this all mean for the cost 
structure and supply levels of a public 

transport service?
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1. What is the cost impact of automation in public
transport?

2. Is a cost reduction expected?
3. If yes, who should benefit from it and how? 

Methodology

• Public transport total cost (operator cost plus user cost) 
minimisation.

• Optimisation of service frequency, veh size, fare and subsidy
– Human-driven vehicles
– Driverless vehicles
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Research questions



Jansson (1980)
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• Santiago, Chile (6500 buses total, 200 electric buses)

Item
Percentage of total 

cost
Capital costs (depreciation) 12%
Fuel 26%
Maintenance 12%
Drivers 34%
Other costs 16%
Total 100%
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• Depending on bus type, driver cost account for 40-70 % of 
total operator cost in Singapore (Ongel et al. 2019) and in 
Australia (ATC 2006).

Current cost data



… and the cost of automation?
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Estimations of additional vehicle cost to 
have full automation capabilities
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Total cost (operators plus users) minimisation
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𝐶𝑡𝑜𝑡 = ด𝑐 𝐵
𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡

+ ถ𝑃𝑤𝑡𝑤
𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

+ ถ𝑃𝑣𝑡𝑣
𝑖𝑛−𝑣𝑒ℎ 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

𝑐: operator cost per bus unit [€/veh-h] 
𝐵: fleet size [veh]
𝑡𝑤: total waiting time, 𝑡𝑣 : total in-vehicle time.  
𝑃𝑤: value waiting time savings, 𝑃𝑣 : value in-vehicle time savings [€/h].

Optimisation variables: 
− 𝑓: service frequency [veh/h], 𝐾: bus capacity [pass/veh]

𝑐 = 𝑐0 + 𝑐1𝐾 𝐾 = 𝜃
𝑞

𝑓

𝐶𝑡𝑜𝑡 = 𝑐0 + 𝑐1𝜃
𝑞

𝑓
𝑅 + 𝑡𝑏

𝑞

𝑓
𝑓

𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡

+ 𝑃𝑤𝑎1
𝑞

𝑓
𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

+ 𝑃𝑣𝑎2 𝑅 + 𝑡𝑏
𝑞

𝑓
𝑞

𝑖𝑛−𝑣𝑒ℎ 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

𝑞: total demand [pass/h]
𝑅: running time, 𝑡𝑏 : board/alight time per passenger
𝜃: Ratio of passenger load in the most loaded section to total demand.



Jansson (1980)
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𝑐 = 𝑐0 + 𝑐1𝐾 ?



Total public transport cost minimisation

• Total cost minimisation: solution
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𝑀𝑖𝑛 𝐶𝑡𝑜𝑡 = 𝑐0 + 𝑐1𝜃
𝑞

𝑓
𝑅 + 𝑡𝑏

𝑞

𝑓
𝑓

𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡

+ 𝑃𝑤𝑎1
𝑞

𝑓
𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

+ 𝑃𝑣𝑎2 𝑅 + 𝑡𝑏
𝑞

𝑓
𝑞

𝑖𝑛−𝑣𝑒ℎ 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

𝑓∗ =
𝑃𝑤𝑎1𝑞 + 𝑡𝑏𝑞

2 𝑐1𝜃 + 𝑃𝑣𝑎2
𝑐0𝑅

𝐾∗ = 𝜃
𝑞

𝑓∗
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Mohring (1972)



Optimal pricing and subsidy

• The optimal (first-best) public transport fare 𝑃∗ [€/pax] is 
equal to the total marginal cost minus the average user cost 
(Else 1985, Tisato 1998)

• Optimal subsidy per trip?

𝑃∗ =
𝑑𝐶𝑡𝑜𝑡
𝑑𝑞

−
𝐶𝑢
𝑞

𝑓=𝑓∗
𝑃∗ =

𝑐0𝑅 𝑡𝑏𝑞 2𝑐1𝜃 + 𝑃𝑣𝑎2

𝑃𝑤𝑎1𝑞 + 𝑡𝑏𝑞
2 𝑐1𝜃 + 𝑃𝑣𝑎2

+ 𝑐0𝑡𝑏 + 𝑐1𝜃𝑅

𝑠∗ =
𝐶𝑜𝑝
𝑞

𝑓=𝑓∗
− 𝑃∗ 𝑠∗ =

𝑐0𝑅 𝑃𝑤𝑎1

𝑃𝑤𝑎1𝑞 + 𝑡𝑏𝑞
2 𝑐1𝜃 + 𝑃𝑣𝑎2



The cost effect of vehicle automation

• For automated vehicles, we assume a unit operator 
cost, ҧ𝑐, as follows:

ҧ𝑐 = ഥ𝑐0 + ഥ𝑐1𝐾 = 𝛼 𝑐0 + 𝑐1𝐾

• 𝛼 = Τഥ𝑐0 𝑐0 is the percentage reduction in vehicle 
unit cost due to not having a driver, 0 < 𝛼 < 1

• The cost parameters for automated vehicles are 

ഥ𝑐0 = 𝛼 𝑐0 and     ഥ𝑐1 = 𝑐1
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𝑐 = 𝑐0 + 𝑐1𝐾Effect on



Total cost minimisation automated vehicles

• Let ҧ𝑓 and ഥ𝐾 be the optimal frequency and veh capacity with 
automated vehicles:

• Optimal subsidy and fare:
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𝑀𝑖𝑛 𝐶𝑡𝑜𝑡 = 𝛼𝑐0 + 𝑐1𝜃
𝑞

𝑓
𝑅 + 𝑡𝑏

𝑞

𝑓
𝑓

𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡

+ 𝑃𝑤𝑎1
𝑞

𝑓
𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

+ 𝑃𝑣𝑎2 𝑅 + 𝑡𝑏
𝑞

𝑓
𝑞

𝑖𝑛−𝑣𝑒ℎ 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

ҧ𝑓 =
𝑓∗

𝛼
,   ഥ𝐾 = 𝛼 𝐾∗

ҧ𝑠 = 𝛼 𝑠∗,    ത𝑃 < 𝑃∗ 𝑏𝑢𝑡 ത𝑃 ≠ 𝛼 𝑃∗



Empirical estimation of α

• Estimation in 3 cities
– Munich
– Berlin
– Santiago de Chile

• Electric vehicles
• 2 factors behind α

– Reduction in cost due to driverless operation
– Increase in vehicle cost due to automation
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City

Bus driver gross 
salary

[€/month]
Munich 2700
Berlin 2300
Santiago 1200



Munich case study

Vehicle type Car Van Mini bus
Regular 

bus
Articulated

bus

Vehicle length [m] 4 5 8 12 18

Vehicle capacity [passengers] 5 8 44 70 110

Vehicle price [€/veh] 29490 43433 281234 419429 627696

Energy consumption [KWh/km] 0.14 0.15 0.64 0.90 1.30

Cost of energy [€/kwh] 0.23 0.23 0.23 0.23 0.23

Average speed [km/h] 18.1 18.1 18.1 18.1 18.1

Energy cost [€/veh-h] 0.6 0.6 2.6 3.7 5.3

Driver cost  [€/veh-h] 15.3 15.3 15.3 15.3 15.3

Veh capital cost [€/veh-h] 1.0 1.5 5.8 8.7 13.0

Veh maintenance cost [€/veh-h] 0.8 1.0 1.6 3.5 3.5

Charging infra cost [€/veh-h] 0.8 1.0 1.5 2.3 3.8

Increased cost due to automation 57% 57% 37% 25% 24%

Total cost human driven [€/veh-h] 18.5 19.4 26.8 33.5 40.9

Total cost automated [€/veh-h] 3.8 4.9 13.6 20.3 28.6
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We need estimations of cost items for different vehicle sizes

𝑐 = 𝑐0 + 𝑐1𝐾
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Munich: 𝑐 = 𝑐0 + 𝑐1𝐾



Total cost minimisation automated vehicles
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𝑀𝑖𝑛 𝐶𝑡𝑜𝑡 = 𝛼𝑐0 + 𝑐1𝜃
𝑞

𝑓
𝑅 + 𝑡𝑏

𝑞

𝑓
𝑓

𝑜𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡

+ 𝑃𝑤𝑎1
𝑞

𝑓
𝑤𝑎𝑖𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

+ 𝑃𝑣𝑎2 𝑅 + 𝑡𝑏
𝑞

𝑓
𝑞

𝑖𝑛−𝑣𝑒ℎ 𝑡𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

ҧ𝑓 =
𝑓∗

𝛼
,   ഥ𝐾 = 𝛼 𝐾∗

ҧ𝑠 = 𝛼 𝑠∗,    ത𝑃 < 𝑃∗ 𝑏𝑢𝑡 ത𝑃 ≠ 𝛼 𝑃∗

City 𝛼 𝛼 Τ1 𝛼
Munich 0.16 0.40 2.5
Berlin 0.19 0.44 2.3

Santiago 0.32 0.57 1.8



Solution of the full problem
Munich values
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Results

• Winners:
– Operators: reduction operator cost

– Users: reduction waiting time and fare

– Public sector: reduction of optimal subsidy

• Losers:
• Drivers (3 million municipal buses around the world, Bloomberg 2018)

• Extensions
– Congestion

– Crowding

– Network effects: density of routes, feeder/trunk configurations

– Shared on-demand services
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