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Abstract

The emergence of autonomous buses has potentially large consequences within the system of
public transportation. At the moment, buses have low fixed costs and high marginal costs. For
each additional bus put in operation to increase the available capacity, an additional driver has to
be paid a salary. On the other hand, rail has high fixed costs and lower marginal costs. With
autonomous buses, the comparative advantage of rail in terms of economies of scale is coming
under pressure.

In this paper, the conclusions of a doctoral thesis aiming at the holistic assessment of the
competitive situation of trains and buses in regional transport shall be presented. It establishes
a framework including a cost-allocation model for operating cost of trains and buses, the
maintenance cost of infrastructure as well as the possibility to take into account non-monetary
benefits such as shorter travel or access times.

After presentation of the main results of the aforementioned assessment framework, the latter
shall be applied to two case studies of regional railway lines in Switzerland: Schwanden — Linthal
and St. Gallen — Weinfelden.

Keywords
autonomous bus, automated train, costs, travel times, access times, Schwanden, Linthal,
St. Gallen, Weinfelden, Gossau, Sulgen
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1 Introduction

Autonomous driving technology is one of the major subjects of current research in transportation.
As soon as cars can be driverless, the same also applies to buses. The required technology
is not fundamentally different. The emergence of autonomous buses has potentially large
consequences within the system of public transportation. Buses currently have low fixed costs
and high marginal costs. For each additional bus put in operation to increase the available
capacity, an additional driver has to be paid a salary. On the other hand, rail has high fixed costs
and lower marginal costs. With autonomous buses, the comparative advantage of rail in terms of

economies of scale is coming under pressure.

The effects of the autonomous bus on the railway system in regional traffic are the core
topic of the main author’s dissertation being submitted later this year. This paper contains case
studies of the following two railway corridors which have been carried out as a part of this

thesis:

1. Schwanden - Linthal

2. St. Gallen — Weinfelden

2 Cost parameters

Before the actual case studies, this section summarizes the cost parameters which are going
to be used. Their development is explained in detail in the forthcoming dissertation. Parts of
them have been published as the following papers: Sinner et al. (2018a,b), Sinner & Weidmann
(2018). The comparison of bus and train services from the perspective of the public contracting

authority is done at three different levels stacking up as shown by the blocks in FIGURE 1:

e Level 1 - Operating costs, with costs of train infrastructure being accounted as laid down
in SBB Infrastruktur (2017);

e Level 2 - Total cost criteria, with inclusion of full-costs of infrastructure of both rail and

bus;

o Level 3 - Generalized costs with inclusion of monetarized benefit criteria, being travel

time, access time and transfers.



How does rail perform against autonomous buses? Two case studies in Switzerland April 2019

Generalized costs for contracting authority

Level 3 . Monetarized benefit criteria

Level 2 Full-costs of infrastructure

Level 1 Operating costs

Ficure 1: Levels of comparison for decision model

Costs at both comparison levels 1 and 2 are calculated along the procedures given in FIGURES 2(a)
and 2(b) for conventional buses and trains respectively. The necessary details for the inclusion
of infrastructure full-costs of conventional systems at comparison level 2 are given in TABLE 2.

Benefit criteria are monetarized by using the WTP-values in TaBLE 1.

TaBLE 1: Relevant WTP-values

All purposes Commuting Business Leisure Shopping

VTTS PT [CHF/N] 15.92 17.75 39.43 13.25 13.60
Access

. [CHF/N] 26.63 25.87 71.69 25.15 11.69
time
Transfers [CHF] 2.70 2.22 4.11 2.75 2.24

Cost parameters of autonomous buses and automated trains at levels 1 and 2 are given in
Ficures 3(a) and 3(b). The variable nmayven designates the maximum number of vehicles in
service on the line under consideration throughout one week day. This maximum is generally
occurring during the peak hours. The necessary details for the inclusion of infrastructure

full-costs of automated / autonomous systems at comparison level 2 are given in TABLE 3.



April 2019

How does rail perform against autonomous buses? Two case studies in Switzerland

S]S09 urel] [euonuaAuo) (q)

S]S0O SNQ [BUONUBAUOY (B)

S1S00-|In4 ainjonuiselyu| Buipnjoul e B e
S1s0Q [ejoL
oA0Qe 9 8} JO %228
un-ess/4HO 2ev00°0 uonnqiasia
WH/4HO 82°0
B/19SUlell/4HO 16¥.82 @
; W4HO 1592
uonnqulsig ' peaylan0 9A0Qe G 3Y} JO % £G'6
peay4anQ

_®_

wst-aull/4HD 000,02 :uoireiedo

T d19V], 98S  :90UBUSUIBH w-1ess/4HD €2800°0
wy-1ess/4HO +€+00°0 WH/4HO €9°}
wy/4HD +¥2°0 :ABisug ainjonJiseu|
ainjonnsesu|

20%

w-1eas/4HO 8¥000°0

S1s09 apis |euonesado
Wy/4HO €€°0

WH-1eds/4HD LIv10°0
WH/4HO Ge'¢ 1S092 32IYaA
BAsulell/4HD L2LES)

(paiuedwoode Ajny ssajun) sinoy aanonpoud Jo % g 0} padde
U4HO 98°¥+}  luepuane ule]

S1S0D-IN4 @injonaselyul Buipnjout
1500-[In4 amonuiselu) Buipnjoul s1505 Bunesado (1oL
S1s09 [ej0]
¢ 918v], 89S
ainjonsisesu)
I
BA0QE ¥ 8UL 1O % E1'S
uonnquisia
9AOQE € 89U} JO %80 |}
pesysan0
Wwy/4HO 25°0 uBy/4HO €€°0 uM/4HO €€°0
U/4HO s€¢ U/4HO s€¢ U/4HO S€e
SNQ pelenonly snq plepuels SNQIUIN
$1509 opis euonelsado
wy/4HO €0°¢ UB/4HO 19°L u/4HO L6°0
B/UaA/dHOD L¥2.0S B/USA/dHO £91..¢ B/YSA/JHO 9vv.L
SNq parenony SNQ pIepuels snoiuin

1509 9|91Yap

U/4HO LO'GLL  1S09 JojesadO

W4HD 1999 1509 J1aALQ

Costs of conventional systems at levels 1 and 2

.
.

FIGURE 2



How does rail perform against autonomous buses? Two case studies in Switzerland April 2019

TaBLE 2: Infrastructure maintenance cost of conventional systems

Infrastructure component Maintenance cost

Bus INFRASTRUCTURE

Bus infrastructure along non-dedicated roads 2’150 CHF/km/a
. single-lane 35700 CHF/km/a
Ordinary road
double-lane 38’200 CHF/km/a
[ < 600 m 86’600 CHF/tunnel-km/a
Tunnel 600m < [ <2000 m 167°000 CHF/tunnel-km/a
[ >2000m 251’000 CHF/tunnel-km/a
. single-lane 495’700 CHF/bridge-km/a
Bridges .
double-lane 728’200 CHF/bridge-km/a

Norte: Cost figures of bus infrastructure are mutually exclusive!

TRAIN INFRASTRUCTURE

Track (rails, sleepers, etc.) 4’500 CHF/km/a + 0.00166 CHF/seat-km
Substructure 2’600 CHF/km/a
Train protection equipment 15°400 CHF/km/a
Overhead line 3’400 CHF/km/a
Telecommunications 5’100 CHF/km/a
Total 31°000 CHF/km/a + 0.00166 CHF/seat-km
Switches 12’900 CHF/switch/a
single-track 66’000 CHF/tunnel-km/a
Tunnel
double-track 93’000 CHF/tunnel-km/a
Bridge single-track 460’000 CHF/bridge-km/a
double-track 690’000 CHF/bridge-km/a
Stations 9’400 CHF/platform/a

Nore: Cost figures of train infrastructure are additive, with the exception of the substructure
which is mutually exclusive with tunnels and bridges!

! These unit cost parameters assume trains being accompanied by a train attendant at the default ratio of 24.4 %
of productive hours. If trains are fully accompanied, the time-dependent cost component of the overhead and
distribution cost blocks changes.
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TaBLE 3: Infrastructure maintenance cost of autonomous/automated systems

Infrastructure component

Maintenance cost

AUTONOMOUS BUS INFRASTRUCTURE

Bus infrastructure along non-dedicated roads 2'350 CHF/km/a
. single-lane 45’800 CHF/km/a
Ordinary road
double-lane 48900 CHF/km/a
[ < 600 m 90’200 CHF/tunnel-km/a
Tunnel 600m < [ <2000 m 174’000 CHF/tunnel-km/a
[ >2000m 261’000 CHF/tunnel-km/a
. single-lane 505’800 CHF/bridge-km/a
Bridges .
double-lane 738900 CHF/bridge-km/a

Norte: Cost figures of bus infrastructure are mutually exclusive!

AUTOMATED TRAIN INFRASTRUCTURE

Track (rails, sleepers, etc.)
Substructure

Train protection equipment
Overhead line
Telecommunications

Total
Switches

single-track
Tunnel

double-track

. single-track

Bridge

double-track
Stations

4’500 CHF/km/a + 0.00166 CHF/seat-km
2’600 CHF/km/a
23100 CHF/km/a
3’400 CHF/km/a
7’700 CHF/km/a
41°300 CHF/km/a + 0.00166 CHF/seat-km
12’900 CHF/switch/a
66’000 CHF/tunnel-km/a
93’000 CHF/tunnel-km/a
460°000 CHF/bridge-km/a
690’000 CHF/bridge-km/a
9’400 CHF/platform/a

Nore: Cost figures of train infrastructure are additive, with the exception of the substructure
which is mutually exclusive with tunnels and bridges!

2 These unit cost parameters assume trains being accompanied by a train attendant at the default ratio of 24.4 %
of productive hours. If trains are fully accompanied, the time-dependent cost component of the overhead and

distribution cost blocks changes.
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3 Case Study Schwanden- Linthal

The corridor Schwanden — Linthal is the southern, roughly 11 km long part of the single track
branch line Ziegelbriicke — Linthal in the Canton of Glarus. The railway line and the parallel
road both closely follow the river Linth. The area with alpine topography is only sparsely
populated. The section between Schwanden and Linthal is entirely located on the territory of the
municipality Glarus Siid (with 430.2 km? the largest municipality of Switzerland, Bundesamt fiir
Statistik (BfS), 2018a) having a population of roughly 10’000 inhabitants in 2017 (Bundesamt
fiir Statistik (BfS), 2018b), spread over almost 20 villages in the Linth valley and the neighboring
Sernftal joining the former at Schwanden. The road from Linthal over the Klausenpass into the

Canton of Uri is only open summer. In winter, the Linth valley is a dead end.

Current public transport service consists of the hourly S25 service Zurich —Linthal (accelerated
between Zurich and Ziegelbriicke, serving all stations beyond to Linthal) and the also hourly
S6 service Rapperswil — Schwanden. In peak-hours, there is a bus service Schwanden — Linthal
connecting to the S6 at Schwanden, thus providing half-hourly connections to Linthal in
alternation with the S25.

3.1 Passenger Demand

Passenger demand is calculated by using cross-section loads from the national passenger trans-
port model of Switzerland (Nationales Personenverkehrsmodell, NPVM) and station passenger
frequencies by SBB Personenverkehr Nachfrageentwicklung (2017). The highest load of
769 passengers per day per direction (assumed the same for 365 days/year) occurs in the
cross-section immediately south of Schwanden. Around 70 % of these passengers are through-
travelers in Schwanden. Travelers to and from stations serving multiple villages (Nidfurn-Haslen,
Luchsingen-Hitzingen, Diesbach-Betschwanden) are split on the respective towns proportionally
to the number of inhabitants and jobs according to the data sets GWS and STATENT by the
Federal Staistical Office. 3 For the temporal distribution of passengers within one day, we will

assume the one given by Weidmann (2013).

3.2 Scenario Definition

FiGure 5 provides a map of the entire corridor. It shows the current railway line with its stations.

The alternative bus service corresponds to the peak-hours courses offered as connections to the

3 Nidfurn-Haslen: 34 % - 66 %; Luchsingen-Hitzingen: 67 % - 33 %; Diesbach-Betschwanden: 53 % - 47 %
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S6 to/from Schwanden (see above). Besides a handful stops which have been added, no further

changes to its route have been implemented.

Three train schedule and frequency scenarios as shown by the netgraphs in FIGURE 4 are
considered. Schedule T1 at 60 minutes frequency (FIGURE 4(a)) corresponds to the current
schedule of the S25. The train has a very long stop of 8, respectively 7 minutes in Schwanden to
wait for the oncoming train. At the moment, there is no further passing track between Schwanden
and Linthal. This situation is particularly unattractive for passengers. The "Ausbauschritt 2035",
at the moment at the stage of planning, foresees a passing track in Leuggelbach (Bundesamt fiir
Verkehr (BAV), 2018). This additional infrastructure allows schedule T2 with shorter stop in
Schwanden. Schedule T2 is a necessary condition for the introduction of a 30 minutes frequency
(with a short turnaround in Linthal, Ficure 4(c)), but can also be applied to 60 minutes frequency
(Ficure 4(b)). Schedule T1 is only possible with 60 minutes frequency. Please note that the
number of productive hours (as an input to the cost model) is the same for all three scenarios.
With 30 minutes frequency, the layover time in Linthal is converted into trip time. Staff cost is

not affected in any way by this change.

Three train types with different capacities are considered:

e GTW 2/6 with 100 seats, suitable for 60 min and 30 min frequencies,
e 4-coach Flirt with 200 seats, also suitable for both frequencies,

o DPZ with roughly 350 seats, currently used on the S25, only suitable for scenarios with

60 minutes frequency.

07 07 07
52 52 52
|::| Schwanden |::| Schwanden Schwanden
00 06 06
00 53 53
43 48 48
17 11 11
Linthal Linthal Linthal
(a) Schedule T1, (b) Schedule T2, (c¢) Schedule T2,
frequency 60 min frequency 60 min frequency 30 min

Ficure 4: Train scenarios Schwanden —Linthal
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We also consider three different bus schedule and frequency scenarios. They are shown

by the netgraphs in FIGURE 6 (over-next page). The scheduled journey time of the bus from

Schwanden to Linthal, Post is 28 minutes. It is thus possible to operate the hourly service with

one vehicle (with very short turnaround times at both terminal stations). This corresponds to

schedule B1, which can be operated with a minimal frequency of either 60 minutes (FiGURE 6(a))

or 30 minutes (FiGure 6(b)). However, connection times in Schwanden are rather long with 7,

respectively 10 minutes depending on the direction of travel. They can be shortened by using
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schedule B2 shown by FiGure 6(c). The very short turnaround in Schwanden is not possible
anymore, hence an additional vehicle is required. That’s why we assume that this schedule option
is only meaningful with a minimal frequency of 30 minutes (layover of 22 min in Schwanden;

with hourly service it would be 52 min).

The vehicle used for all bus calculations is a standard bus with 45 seats. A larger vehicle is

not possible, as some parts of the bus route use narrow roads with sharp turns.

10
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FiGure 5: Map of corridor Schwanden — Linthal

07 07 07
52 52 52
|::| Schwanden Schwanden Schwanden
57 03
59 59 55
29 29 35
27 27 23
| | Linthal, Post | | Linthal, Post | | Linthal, Post
(a) Schedule B1, (b) Schedule B1, (¢) Schedule B2,
min. frequency 60 min min. frequency 30 min min. frequency 30 min

FiGuUre 6: Bus scenarios Schwanden —Linthal
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3.3 Comparison of Operating and Total Costs (Levels 1 & 2)

Operating and total costs at levels 1 and 2 respectively (as of FiGure 1) have been calculated
for all of the above train and bus scenarios, both in conventional operation as well as auto-
mated / autonomous operation. Computation of train infrastructure cost for level 2 is more
complex than the one of bus infrastructure. The former depends both on the chosen schedule
(T1 or T2) as well as on the frequency and the type of vehicle. On the one hand, the passing
track in Leuggelbach adds more switches, tracks and platforms to the infrastructure. On the
other hand, infrastructure maintenance cost has a variable component depending on the number
of seat-km. The number or length of the relevant infrastructure items has been retrieved from
Schweers + Wall (2004) and aerial imagery by Bundesamt fiir Landestopographie (swisstopo)
(2018). TaBLE 4 on the following two pages draws the comparison of train and bus costs at both

levels 1 and 2. The following conclusions can be drawn:

e The cost difference between train and bus grows at the expense of the train when increasing

the minimal frequency ceteris paribus.

e On this specific line, passenger demand is in a range where the use of smaller train vehicles

leads to lower costs, both valid in conventional and automated operation.

e Train schedules T1 and T2 (at 60 min frequency) have the same cost at level 1, but differ

at level 2 due to the additional passing track in Leuggelbach.

e Bus schedule B2 has significantly higher costs than schedule B1 (both at 30 min minimal
frequency) due to the extra vehicle. With automation, the absolute difference between the

two schedules is reduced by roughly two-thirds.

Comparing the cost difference between automated train and autonomous bus on the one hand
to the one between their conventional equivalents on the other hand (at either level 1 or 2)
yields very interesting findings. In some scenarios, this difference increases, while in others it
decreases. In fact, the absolute cost savings of both train and bus thanks to automation depend
on a multitude of factors (frequency, rostering efficiency, etc.). Most importantly, both cost

reductions are a function of demand.

Conclusion When considering the monetary costs at either level 1 or 2, the train is
generally less cost-efficient than the bus. This relation holds independently of whether con-
ventional or automated / autonomous operation is considered (in whatever combination). Only
in one very specific case in TABLE 4 (automated T2 30 min GTW 2/6 vs conventional B2 30

min), where all positive factors add up in favor of the train, the latter has costs comparable to

12
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Schwanden —Linthal: Cost comparison at levels 1 & 2

TaBLE 4

"JuBI01}}8-1S00 8JOW SNQ u!—ﬁmmc ‘JuaIol8-1S02 80w c_mzu—-_mm& / ensod

:puaba| 1000 {100 Ulel} — }S00 SNQ =V ,

000.1€8.1 000..¥8.£ 000861 000.099.€ cd ulw g 9/2 M1 2l ulw og
000.629.l 000..t¥8.€ 000.96S.l 000.099.€ 1d ulw g 9/2 M\19 2l ulw 0g
000.L€8.} 000.L6V.% 000,861 000.08%.% cd ulw og 4 cl ulw 0g
000.629.} 000..6V.v 000.96G.1 000.08v.7 (RS uiwog 5 e 2L ulw og mv
000.992.1 000.t02.€ 000.£€2.l 000.vEl.2 1d ulw 09 m 9/2 M19 Al uiw 09 m
000.99¢2.1 000.591. 000.£€2.l 000.vE..2 1d ulw 09 m 9/2 M19 Ll uiw 09 m
000.99¢2.1 000.2lE.£ 000.£€2.l 000.616.2 1d uwoe9 & a4 Al uiw 09 _w.
000.992.1 000.£l2.€ 000.ee2.l 000.616.2 (RS ulw 09 a4 Ll uiw 09
000.992.1 000.008.€ 000.eee.k 000./ES.E (RS ulw 09 Zdd 2l ulw 09
000.99¢.L 000,19 000.€€2.l 000.¥€S.€ Re| ulw 09 Zdd Ll uiw 09

000.%82- 000.£90.£ 000..¥8.£ | 000..29- 000.£€0.£ 000.099.€ cd ulw og 9/2 M19 Al ulw 0g
000.2.v.2 000..¥8.£ 000.cvv.e 000.099.€ 1d ulw og 9/2 M\19 2l ulw og
000.£90.£ 000.L6V.% 000.£€0.£ 000.08V.¥ c2d ulw og a4 Al ulw 0g
000.e¢.¥.c 000.L6V.% 000.2vv.e 000.08V.7 (RS ulw og m. 4 cl ulw og mw
000.L¥8.}  000.702.£ 000.+18,k 000.¥EL.C (RS ulw 09 m 9/2 M19 2l uiw 09 m
000.1¥8.1 000.591}. 000,18,k 000.E..C 1d ulw 09 m 9/2 M19 Ll uiw 09 m
000.1¥8.1 000.2lE.£ 000,181 000.616.2 1d ulw 09 m 4 Al uiw 09 _w.
000.}¥8.1 000.£/2.€ 000.L18.L 000616.2 Id ulw 09 a4 Ll uiw 09
000.}¥8.1 000.008.€ 000.}18k 000.7ES.E (RS ulw 09 Zdd 2l ulw 09
000.}¥8.L 000.19..€ 000.+18,k 000.ES.E (RS uliw 09 Zdd (N uliw 09

v sng ures| .V snq urel| ‘ayog  bauy 9IoIYdA  ayds  bauq
[e/4HD] 2 19A9] 1k S1S09 |e1o] [e/4HD] 1 19A9] 1k S1s09 Bunesado sng uied]

the bus. Subsequently, we will investigate whether — and if so to what extent — the inclusion of

13

the non-monetary aspects at comparison level 3 changes these results.



April 2019

How does rail perform against autonomous buses? Two case studies in Switzerland

Schwanden —Linthal: Cost comparison at levels 1 & 2

TaBLE 4

"JuBI01}}8-1S00 8JOW SNQ ul——ﬁgmc ‘JuaIol8-1S02 80w c_mzu—-_mm& / ensod

:puaba| 1000 {100 Ulel} — }S00 SNQ =V ,

000.1€8.1 000S.0.€ 00086/} 000b..Z 29  UWOE 92MLD 2l  uWwos
000.629.} 0005.0.€ 00096S.} 000r..Z 9  uWOE 92MLD 2l  uWwog
000.}€8.}  000.}2LE 00086/} 000.065€ 29  UWOE Ml 2l uwoe
000.629.}  000.}2LE 000965} 000.06SE 18 UWIOE Ui el uwoe
000992 0008052 000469~ | 000£€2.! 000426} 1@ UWO9 § 9ZMID 2L UWO09 §
00099Z.} 000.97.2 00068~  000£EZ} 000.¥26} 18 UWO09 8 9EMLD 1L uwoy E
000992.} 0004¥S2  000#08-  000£EZ.) 000.€02 g UWO09 & Wi 2l uwog ©
000.992.} 000.£05.2 A 000/08-  000£EZ.} 000.€02 g  UWO9 Ml L uwog
000.992.} 000.820.€ 000£€2.} 0006v92 g  UWO9 zda 2L uwog
000.992.} 000..86.2 000.£€2.} 0006v9.2 9  UWO9 zda L uwo9
0002L-  000.£90€ 000S/0£ 000652  000.£E0E 000v/.Z 29  UWOE 92 MLD 2L  UWOE
000£09-  0002.v2 00050 00026~  0002vv2 0004LLZ LG  UWOE 9ZMLD 2l  uwos
000859~  000.£90€ 000.}2LE 00085  000.ELE0E 000.06SE 29  UWOE Ml 2L uwoe
0002272 000.12L€ [[0008FkES| 0002vPZ O00006GE 18 UWOE o Wi el uwog
000.99-  000.}¥8.} 00080SZ 000€Hl- 0008} 000426} +8 UWO9 2 92MLD 2L uwo9 §
000929-  000.}¥8.} 000.9v.2 O000.ELI- 000148} 000426, +8 UWO9 3 9ZMLD L UWO09 &
000£0-  000..¥8. 000452 000922~ 000118l 000,602 LG uwo9 £ i el uwog ©
000299-  000.i¥8.1 000.£0S2 000922~ 00018} 000,602  Lg  UwW(09 Ml L uwog
000.}¥8.} 000.820.€ | 000.8E8-  000.}}8.} 0006v92 g  UWIO9 zda 2L uwog
000.}¥8.} 000.862 | 000.8E8-  000.}}8.} 0006v92 g  UWIO9 zda L uwog
+V sng urel| +V sng ulel| ‘9yds .Um‘_u_ CIRIIVETY ‘?yos .UQLH_
[e/4HD] 2 19A3] e S1s09 |ejo) [e/4HD] 1 12A8] e sis02 Bunesado sng urelp

14



How does rail perform against autonomous buses? Two case studies in Switzerland April 2019

3.4 Benefit Criteria

3.4.1 Travel times

Schedules of the train and bus scenarios are given in FIGUREs 4 and 6. The train has an end-to-
end trip time of 17 min, while the bus takes 28 min. We also take into account stay times in
stations, either for transfers or time spent to wait for the oncoming train. Schedules T1 and T2,
respectively B1 and B2 differ amongst each other by the stay time in Schwanden. Moreover, T2
has a stay time of one minute in Leuggelbach. Schedules are assumed identical over the entire

day and for all days, regardless of working days or weekends.

3.4.2 Access & Egress distances

Access and egress distances weighted by the actual number of habitants and jobs with their
actual location of residence or workplace are given in TaBLE 5. Depending on the town, distances
to the nearest bus stop are 33 % to 80 % shorter than distances to the nearest railway station.
Reductions are the most significant in Haslen, Hétzingen and Diesbach, which all share their

station with a neighboring town.

3.4.3 Transfers

The only transfer involved is the one from train to bus and vice versa in Schwanden affecting all

passengers transiting the station of Schwanden.

TABLE 5: Schwanden—Linthal: Access and Egress distances

#inhab. #jobs Distance to railway [m] Distance to bus [m]
inhab. jobs average inhab. jobs average

Nidfurn 272 45 566 370 538 309 320 311
Haslen 515 105 830 654 800 193 227 199
Leuggelbach 158 29 550 465 537 350 348 350
Luchsingen 565 213 464 385 442 319 231 295
Hatzingen 301 87 727 635 706 190 136 178
Diesbach 209 64 916 908 914 169 174 170
Betschwanden 200 41 388 277 369 281 383 298
Ruti 349 39 428 316 417 287 253 284
Linthal Braunw. — — — — — — — =
Linthal 893 323 670 675 671 321 285 311
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TABLE 6: Schwanden—Linthal: Summary of monetarized benefit criteria

WTP-value T1 T2 B1 B2

" travel 15.92 CHF/h  [pax-min/d] 18’062 18062 28’446 28’446
E stay 15.92 CHF/h  [pax-min/d] 8'346 2’439 9'458 3'895
access 26.63CHF/h [pax-min/d] 9’655 9'655 4’543 4’543
Transfer 2.70 CHF [pax/d] — — 1’113 1’113
u travel [CHF/a] 1’749'000 1°749°000 2'755'000 2'755°000
E stay [CHF/a] 808000 236°000 916’000 377°000
access [CHF/a] 1’564'000 1°564°000 736’000 736’000
Transfer [CHF/a] — — 1097000 1°097°000
TotaL [CHF/a] 4’122°000 3°550°000 5°503°000 4°965°000

3.4.4 Summary

TaBLE 6 provides a summary of the above benefit criteria, including their monetarization. WTP-
values as of TaBLE 1 are used. Access distances are converted to times by using a walking speed
of 6 km/h. The values in the bottom part of TABLE 6 are generalized cost components, thus the
lower the better the service for passengers. The passage from schedule T1 to T2, respectively B1
to B2 with reduced stay times in Schwanden provides significant benefits for passengers in terms
of generalized costs. Secondly, the longer access distances of the train are overcompensated
by its shorter travel times. Last but not least, the transfer in Schwanden, inherent to all bus

scenarios, significantly contributes to the total generalized costs.

3.5 Comparison of Generalized Costs (Level 3)

TaBLE 7 contains the comparison of train and bus services’ generalized costs at level 3 as of
Ficure 1. The overall picture is much more nuanced than at comparison levels 1 and 2 where
the bus was always (except in one specific scenario) the more cost-efficient option. Within
the same combination of conventional or automated / autonomous operation, generalized costs
spread over a range of roughly 1200000 CHE. When both modes train and bus are operated
the same way, this range spreads more or less equally over positive (i.e. in favor of the train)
and negative (i.e. in favor of the bus) values. When the train is automated, while the bus is
not, this range of 1.2 million CHF is entirely located on the positive side. The opposite is true
when the bus is autonomous while the train is not. When comparing the different schedules
within the same mode, we notice the following. At level 1, the passage from train schedule T1
to T2 is cost-neutral (cf. TABLE 4), and at level 2 it causes additional infrastructure maintenance.

In return, its effect at level 3 is overall positive, as passengers’ travel times can be shortened
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TaBLE 7: Schwanden—Linthal: Generalized cost difference at level 3,
all cost values in [CHF/a], positive|=in favor of train, negalnll =in favor of bus
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significantly. For the bus, the situation is different. At levels 1 and 2, schedule B2 (at the same
minimal frequency) causes much higher costs due to the additional vehicle. With automation,
this cost surplus is reduced. At level 3, we have to differentiate between conventional and
autonomous operation. In the former, the additional operating cost cannot be compensated
by the customer benefits. B1 yields a better balance (from the bus perspective) than B2. In

autonomous operation, the operating cost surplus is outweighed by customer benefits. B2 thus
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yields a better balance (from the bus perspective) than B1. The previous statement regarding
comparison of cost differences (at level 2) between automated train and autonomous bus to
those between their conventional equivalents stays equally valid at level 3. Within the same
combination of frequency, schedules and vehicle, the difference of cost deltas at level 3 is the
same as at level 2, since the delta of monetarized benefit benefit criteria, which is added on top

of level 2, does only depend on the chosen combination of schedules.

Conclusion Unlike cost comparison at levels 1 and 2, the difference of generalized costs
at level 3 yields a much more diverse overall picture regarding competitiveness of train and
bus. When both modes are operated the same way (either both conventional or both auto-
mated / autonomous), there are some scenarios where the train has the lower generalized costs
and some others where the bus does. In contrast, when only one mode is automated and the
other one stays conventional, the automated mode is superior. The line Schwanden — Linthal is
at the edge between the domains of train and bus in terms of generalized costs. A robust
statement on the superiority of the one or the other is not possible, as the result depends

too much on the specific schedule and frequency being chosen.

3.6 Conclusion

For the corridor Schwanden — Linthal the main findings are:

e At comparison levels 1 and 2, the bus is in all examined scenarios (except one) the most
cost-efficient option. Automation of either mode does not reverse this ranking. However,
it has a notable effect on the cost difference between both modes. Automation helps saving

costs for both modes.

e The absolute amount of the cost saving achievable through automation strongly de-
pends on the specific scenario parameters such as schedule, frequency and vehicle type.
In some scenarios, the bus saves more through automation, while in others the train saves

more. A generally true statement also applicable to other lines is not possible.

e When comparing the generalized costs at level 3, the results are most nuanced than at
levels 1 and 2. Which mode is the more cost-efficient one depends on automation. If both
train and bus are either conventional or automated / autonomous, their generalized costs
are very similar (with a slight advantage for the one or the other depending on the scenario
parameters). In contrast, if only one mode is automated while the other is not, then the
automated mode is the more cost-efficient one. Especially the shorter travel times and the

missing transfer in Schwanden are comfort elements which provide significant advantages
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to the train. Its longer access times are overcompensated by the shorter travel times. This

finding applies equally to conventional and automated / autonomous operation.

4 Case Study St. Gallen—Weinfelden

The line St. Gallen — Weinfelden is a secondary railway in Eastern Switzerland. It connects
the two main arterials of the region: on the one hand Zurich — Winterthur — St. Gallen and on
the other hand, further north, Zurich — Winterthur — Weinfelden — Romanshorn. Trains running
from St. Gallen to Weinfelden use the double-track main line St. Gallen —Zurich until Gossau
(ca. 10km), where the secondary line divides out northwards. At Sulgen (ca. 7km east of
Weinfelden), the latter joins the double-track main line Romanshorn—Zurich. The section
in-between the two main arterials — from Gossau to Sulgen — is the focus of this case study. It is
23 km long and is single track on the entire way. There are passing tracks at the intermediate
stations of Arnegg, Hauptwil, Bischofszell Stadt, Bischofszell Nord and Kradolf. The line
characterized by two high bridges over the rivers Sitter and Sornbach as well as steep slopes of
up to 17 %o in the vicinity of Bischofszell (Schweers + Wall, 2004).

The towns in the corridor (Gossau and Sulgen excluded) have a population of roughly 14’000
inhabitants. Among these towns, Bischofszell is the largest municipality with around 6’000
inhabitants (Bundesamt fiir Statistik (BfS), 2018b). The corridor Gossau—Sulgen is located
in two different cantons: the southern section from Gossau to Hauptwil is part of the Canton
of St. Gallen, while the continuation northwards is located on the territory of the Canton of

Thurgau.

The railway line is currently served by the S5 service St. Gallen — Weinfelden. On the northern
section from Weinfelden to Bischofszell Stadt, trains are running every an half an hour (Monday
to Sunday). On the southern section, the minimal frequency is only 60 minutes. During peak-
hours Monday to Friday, frequency on the southern section is increased to 30 minutes, too. The
reason for this somehow particular schedule is the interaction of the two cantons: while the
Canton of Thurgau is funding a full-fledged 30 minutes schedule for the section located on its
territory, the Canton of St. Gallen limited its subsidies to an hourly service with 10 additional

pairs of courses during peak-hours Monday to Friday (Schweizer Eisenbahn-Revue, 2019).

4.1 Passenger Demand

The highest load of 2’780 passengers per day per direction occurs the cross-section immedi-

ately north of Gossau. Hence, the current schedule does not reflect the actual demand distribution
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F1Gure 7: Map of corridor Gossau—Sulgen (continued)

across the corridor. Furthermore, we assumed that 80 % of the passengers arriving/departing

at/from Gossau and Sulgen are through-travelers. For the temporal distribution of passengers

within one day, we will again assume the same one by Weidmann (2013).
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4.2 Scenario Definition

Ficure 7 provides a map of the entire corridor. It shows the current railway line with its stations.

The alternative bus services uses the main road on the majority of its route. From Gossau to

Arnegg it serves the stops of an bus existing line connecting Gossau to Andwil via Arnegg.

Three train scenarios with different frequencies, but same schedule (corresponding to the

current one in 2019) as of FIGure 8 are considered:
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e F1: hourly service St. Gallen — Weinfelden with additional courses in peak-hours whenever

necessary for capacity reasons (after lengthening of trains),

e F2: status quo with 30 min frequency between Weinfelden and Bischofszell and 60 min

frequency with additional peak-hours courses between St. Gallen and Bischofszell,

e F3: 30 minutes frequency on the entire route.
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Two train types with different capacities are considered:

Bellevue
nwl
550

e the longer, three-car version of the GTW with 160 seats, officially referred to as GTW 2/8

(Stadler Rail, 2008),

e the 4-coach Flirt with 200 seats in the same configuration as for the previous case study.

23



How does rail perform against autonomous buses? Two case studies in Switzerland April 2019

Weinfelden Sulgen
55 48
05 12
1
v 1 47
12, operated all day in all
in F2 and F3 operated all day, in F1 : scenarios F1, F2 and F3
when required for capacity reasons 1 | 34
1
23 !
: Bischofszell Stadt
: |34
23 !
in F3 operated all day, in F2 :
11 times per day, in F1 when
) . 21
required for capacity reasons :
39 :
20 10
39 51
Gossau St. Gallen

Ficure 8: Train schedule St. Gallen —Weinfelden

On the bus side, only one scenario with minimal frequency of 30 min is considered. Passen-
ger demand is such that one hourly course would only suffice in the very early morning or late
evening. The corresponding cost difference would be too small to justify full analysis. Instead,

two bus capacities as a consequence of different levels-of-service LOS are considered:
e an articulated bus with 50 seats (standard LOS),

e the same bus type while accepting a few standing passengers during peak hours from
06:00 to 09:00 and 16:00 to 19:00, thus increasing capacity to 60 passengers (adjusted
LOS).

The schedule of the alternative bus service is shown in FIGURE 9 (next page). The bus service
is only running between Gossau and Sulgen where it connects to S-Bahn lines S1 and S10 to
St. Gallen and Weinfelden respectively. Their departure and arrival times in Gossau and Sulgen
correspond to the current schedule. The travel time of the S1 between Gossau and St. Gallen
has been extended by 2 minutes in order to serve all stops currently served by the S5. Transfer
times in Gossau and Sulgen are all around 8 minutes. These are not very attractive, but they
are inevitable consequences of the schedules of the S1 and S10 on the one hand and the bus

travel time of 41 min between both stations on the other hand. A shift of the schedule of either
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Weinfelden Sulgen
00 51 51
S10 to/from Romanshorn
02 08 08
42
16
22
36
Bischofszell Stadt
22
36
01
57
54 54 44
S1 to/from Wil
05 05 17
Gossau St. Gallen

Ficure 9: Bus schedule St. Gallen—Weinfelden

S-Bahn line is not possible. The slot of the S1 is dictated by the dense traffic of IC, IR and
freight trains between St. Gallen and Wil (and onwards to Winterthur and Zurich). The S10 is
bound by connections in both Weinfelden (IC/IR services to/from Zurich) and Romanshorn (RE
to/from St. Gallen). In return, the proposed schedule allows very efficient rotations of the bus
with turnaround times of only 4 minutes at both ends. The cost of possibly needed extra capacity

on either the S1 or the S10 is not further considered in the case study.

4.3 Comparison of Operating and Total Costs (Levels 1 & 2)

Operating and total costs at levels 1 and 2 respectively (as of FIGUre 1) have been calculated for
all of the previously explained train and bus scenarios, both in conventional operation as well
as automated / autonomous operation. Computation of train costs at level 2 is more complex
than for the previous case study. Besides the section Gossau — Sulgen exclusively used by the S5
service, 4 the latter also includes infrastructure shared with other users (IC, IR, other S-Bahn

lines and freight traffic). Attributing the entire annual infrastructure maintenance cost of these

4 For the sake of simplification, freight trains to/from Bischofszell Nord (via Sulgen) serving the local industry are
neglected.
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sections to the S5 service does not catch reality. Hence, costs at level 2 have to be understood as

follows regarding infrastructure:

e the section Gossau— Sulgen exclusively used by the S5 is included at level 2 according to

Ficures 2(b) (conventional) and 3(b) (automated),

e the sections St. Gallen—Gossau and Weinfelden — Sulgen shared with other users are

accounted for at level 1 as of Ficures 2(b) and 3(b).

Infrastructure maintenance cost is again a function of the chosen frequency (F1, F2 or F3) and
vehicle type due to the variable component depending on the number of seat-km. The number
or length of the relevant infrastructure items has been retrieved from Schweers + Wall (2004)
and aerial imagery by Bundesamt fiir Landestopographie (swisstopo) (2018). TaBLE 8 on the
following two pages draws the comparison of train and bus costs at both levels 1 and 2. The

following findings are worth noting:

e The cost difference between train and bus grows at the expense of the train when increasing
the minimal frequency ceteris paribus. The difference between frequencies F1 and F2 is
much larger than the one between F2 and F3 (valid for both levels of comparison as well

as both conventional and automated / autonomous operation).

e The overall picture is not reversed by automation of either mode. When the automated
train is competing against the conventional bus, the scenario with maximum temporal
bundling (frequency F1) allows the former to reach a black zero versus the latter. In all

other scenarios, the bus is more cost-efficient.

e The cost difference between the two types of train vehicles is very small. In conventional
operation there is a slight advantage for the smaller one, while in the automated case there
is a small advantage for the larger one. This may seem counter-intuitive but is explained
by the vehicle fixed cost which rises with automation. The smaller the individual vehicle,

the more of them are needed and thus the greater the effect of this extra cost.

e The acceptance of a lower LOS of the bus service during peak-hours has a significant
effect on the overall costs. However, savings related to this measure are reduced with
automation. The cost of additional vehicles during peak-hours is much lower if no driver

is needed.

e Cost savings thanks to railway automation are the highest for frequency F3, while they
are the lowest for F1. This is expectable, as higher frequency also means more productive

hours on which money can be saved.
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When considering the monetary costs at either level 1 or 2, the tra

Conclusion

generally less cost-efficient than the bus. Only in one specific case — automated train with

maximum temporal bundling (F1) against conventional bus — rail manages to break-even. The
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overall cost advantage of the bus is partially due to the fact that the train cost covers the

through-service between St. Gallen and Weinfelden, while the bus cost only refers to the section

Gossau — Sulgen. In order to obtain a comprehensive picture, we thus need to include the cost of

the additional transfer (comparison level 3), which is being addressed in the following section.
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The sensitivity analysis further down in this section will analyze how a direct bus service from

St. Gallen to Weinfelden performs.

4.4 Benefit Criteria

4.4.1 Travel times

Schedules of all train and bus scenarios are given in FiIGures 8 and 9. The train has a trip time of

45 min from St. Gallen to Weinfelden. The bus takes 41 min from Gossau to Sulgen.

4.4.2 Access & Egress distances

TaBLE 9 provides the access and egress distances weighted by the actual number of habitants
and jobs with their actual location of residence or workplace. Depending on the town, distances
to the nearest bus stop are 5 % to 50 % shorter than distances to the nearest railway station.
Reductions are the most significant for Hauptwil and Sitterdorf. In the former, the railway
station is located at the southern end of the town. The residential areas on the opposite hill are
not well connected (see map on page 22). In Sitterdorf, the railway station is centrally located.
Access and egress distances of the bus are smaller nevertheless, as the irrigation of the town by
bus stops is finer. At the other end of the spectrum, access and egress distances in Kradolf are
barely reduced. Due to presence of only one bridge over the river Thur (see map on page 23),
there is exactly one meaningful location for a public transport stop/station, used by both the

railway and the bus.

4.4.3 Transfers

The through-traveling passengers in Gossau and Sulgen have to transfer. Their share has been

assumed to be 80 % of the load of the immediately contiguous section.

4.4.4 Summary

TaBLE 10 provides a summary of the above benefit criteria, including their monetarization. WTP-
values as of TaBLE 1 are used. Access distances are converted to times by using a walking speed
of 6 km/h. The values in the bottom part of TaBLE 10 are again generalized cost components,
thus the lower the value the better the service for passengers. As for the previous case study,

the longer access distances of the train are overcompensated by far by its shorter travel times.
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TaBLE 9: St. Gallen—Weinfelden: Access and Egress distances

#inhab. #jobs Distance to railway [m] Distance to bus [m]
inhab. jobs average inhab. jobs average

Arnegg 1’645 570 601 469 567 426 380 414
Hauptwil 1’129 344 778 790 781 398 296 374
Bischofszell Stadt 5’440 3117 656 524 608 511 433 483
Sitterdorf 830 278 475 609 509 276 227 264
Bischofzell Nord 5440 3117 656 524 608 511 433 483
Kradolf 2'744 860 566 614 577 538 581 548

TasLE 10: St. Gallen—Weinfelden: Summary of monetarized benefit criteria

WTP-value Train Bus

" travel 15.92 CHF/h [pax-min/d] 107'312 178’677
E stay 15.92 CHF/h [pax-min/d] 11'780 60’525
access 26.63CHF/h [pax-min/d] 32’318 23’516
Transfer 2.70 CHF [pax/d] — 7645
u travel [CHF/a] 10°393°000 17°304°000
E stay [CHF/a] 1’141°000 5'812°000
access [CHF/a] 5236000 3'810'000
Transfer [CHF/a] —  7°534°000
ToraL [CHF/a] 16’769°000 34’509°000

Norte: Travel times refer to the section Gossau— Sulgen only. The continuation to St. Gallen
and Weinfelden is not included, as it is identical for both modes.

Furthermore, the transfers in Gossau and Sulgen significantly contributes to the total generalized

costs of the bus service. The difference of total monetarized benefit criteria between train and

bus service is much larger than for the previous case study. It is also significantly higher than

the cost differences at level 2 given in TaBLE 8. These are a consequence of the much higher

patronage than in the corridor Schwanden — Linthal. Monetarized benefit criteria linearly grow

with rising demand.

4.5 Comparison of Generalized Costs (Level 3)

TaBLE 11 (next page) contains the comparison of generalized costs at level 3. The overall picture

is fundamentally reversed compared levels 1 and 2 where the bus was always by far (except in

one specific scenario) the more cost-efficient option. The contribution of the benefit criteria is
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TasLE 11: St. Gallen—Weinfelden: Generalized cost difference at level 3,

all cost values in [CHF/a], positive =in favor of train, negatn"l

=in favor of bus

Train Bus TRAIN OPERATION

Frequency Vehicle LOS CONVENTIONAL AUTOMATED

F1 (60min) GTW 2/8 standard 15'704°000 16'983’000

F1 (60 min) Flirt standard 15'716’000 17°017°000

F2 (hybrid) GTW 2/8 standard 11°091°000 13'706'000

F2 (hybrid) Flirt standard 11°097°000 13'856°000

';' F3 (30min) GTW 2/8 standard 9’533°000 12’552'000

E F3 (30 min) Flirt standard 9'412°000 12’575’000

%‘ F1 (60min) GTW 2/8 adjusted 14’783'000 16’062'000

O F1 (60min) Flirt adjusted 14’795°000 16°096°000

F2 (hybrid) GTW 2/8 adjusted 10’170°000 12'785'000

F2 (hybrid) Flirt adjusted 10’176’000 12'935°000

z F3 (30min) GTW 2/8 adjusted 8612000 11°631°000

E F3 (30 min) Flirt adjusted 8'491°000 11'654'000
w

E F1 (60min) GTW 2/8 standard 13’377°000 14'656’000

@ F1 (60 min) Flirt standard 13’389°000 14°690°000

F2 (hybrid) GTW 2/8 standard 8'764°000 11’379'000

F2 (hybrid) Flirt standard 8'770°000 11’529'000

% F3 (30min) GTW 2/8 standard 7°'206°000 10'225'000

3 F3(30min) Flirt standard 7°085’000 10°248°000

E F1 (60min) GTW 2/8 adjusted 12’620°000 13'899°000

< F (60 min) Flirt adjusted 12’632°000 13'933’000

F2 (hybrid) GTW 2/8 adjusted 8'007°000 10'622'000

F2 (hybrid) Flirt adjusted 8'013’000 10’772°000

F3 (30min) GTW 2/8 adjusted 6'449°000 9468000

F3 (30 min) Flirt adjusted 6°'328°000 9°491°000

Data source: cost differences at level 2: TasLe 8; monetarized benefit criteria: TasLe 10.

so significant that the train is in all cases by far the superior option. Travel times and transfers

are the two key non-monetary aspects which lead to this result. Generally speaking, these are

potential comparative advantages of the train which keep their importance with automation of

either or both modes. Differences between the two train vehicles or between the two bus LOS do

not change compared to level 2. Neither of them enters into the calculation of the monetarized

benefit criteria. The previous statements in these regards apply identically to level 3.
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4.6 Conclusion

For the corridor St. Gallen — Weinfelden the main findings are:

e At comparison levels 1 and 2, the bus is in all examined scenarios (except one) the most
cost-efficient option. Automation of either mode does not reverse this ranking. However,
it has a notable effect on the cost difference between both modes. Automation helps saving
costs for both modes.

e The absolute amount of the cost saving achievable through automation strongly de-
pends on the specific scenario parameters, first and foremost frequency and LOS. In
some scenarios, the bus saves more through automation (e.g. train at frequency F1), while

in others the train saves more (e.g. at frequency F3).

e When comparing the generalized costs at level 3, the situation looks completely dif-
ferent. The train is by far the superior mode. The higher patronage than in the previous
case study leads to much higher monetarized benefit criteria, which again play in favor
of the train. Shorter travel times and the absence of transfers are key comparative ad-
vantages. The slightly longer access and egress times are outweighed by far by the two

aforementioned strengths.
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