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Abstract

Many public transport services are heavily subsidized. One of the main
justifications of this is the expected beneficial effect on road congestion.
Stockholm introduced congestion pricing in 2006 and the effects on car and
public transport demand were carefully monitored. This change in prices
provides unique estimates on price- and cross-price elasticities. This paper uses
these data to model the optimal pricing, frequency, bus size and number of bus
lanes for a corridor in the presence of congestion pricing of cars. Results show
that the subsidies for peak bus trips are indeed too high. However, the major
welfare benefits of the reform are due to a decrease in frequencies during the off-
peak period and the use of larger buses.
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1 INTRODUCTION

Subsidies to public transport are a well-known and frequent example of second-best
policy. As car use during peak periods has large external congestion costs, attracting
car drivers into buses, metro or rail via low prices is an obvious second-best recipe.
However, a pricing policy for buses should also take into account dimensions other
than just substitution away from cars. First, pricing of public transport requires
attention to the positive economies of density: more users allow higher frequency,
implying decreased waiting costs. This is the so-called Mohring effect concerning the
trade-off between waiting costs and bus operation costs (Mohring, 1972). Second, there
are also discomfort and crowding effects associated with a more intensive use of
existing bus supply (de Palma et al, 2015). Third, there is the optimal procurement of
bus services. The bus service is subsidized, but the way in which the bus company is
subsidized determines the efficiency of the bus services (Gagnepain et al, 2013).
Fourth, to the extent that buses are more intensively used by lower income groups,
reduced bus prices could be justified as income redistribution policy. Fifth, the average
production cost of public transport is often decreasing due to large fixed costs. This is
important for metro and rail services but less so for bus systems.

Previous studies (Parry & Small, 2009) have concluded that subsidization of public
transport is primarily justified by the reduction of car use, indicating that the optimal
level of subsidization is sensitive to the cross-elasticity of public transport price on car
use, but also to the pricing of car use. In this paper we derive the optimal subsidization
and frequency of buses for a corridor leading into the city of Stockholm. Stockholm
differs from most other cities in that congestion charges are levied on the corridors
leading into the city. Due to the extensive monitoring program that was put in place
when the charges were first introduced in 2006, data regarding traffic flows, elasticities
and cross-elasticities are also well documented in Stockholm. Such data are both scarce
and crucial, given that the second-best argument for bus subsidies can only be
addressed for cities where such data are available. We focus on the efficiency aspects of
bus pricing, bus frequency, bus lanes and bus size and leave the procurement and
redistribution dimensions aside.

Public transport subsidies raise several research questions. We will focus on three
issues. The first is whether subsidies are still justified when road pricing is put in place
such as in Stockholm. The second question is whether, in analogy to peak and off-peak
toll differentiation for cars, how important it is to differentiate bus fares between peak
and off-peak. Third, as bus fares depend strongly on the bus transport technology
employed, we discuss, in addition to fares, the choice in bus frequency and size.

The bus corridor under study reaches from the inner-city Sédermalm and south-east
neighborhoods to the suburban areas of Nacka and Varmdo. The population of Nacka
and Varmdo combined is 134000 and the number of round trips in the bus corridor is
around 10000 per day. The corridor is served by approximately 200 buses in one
direction during rush hour. The road network in the corridor is also heavily congested
and is a candidate for metro extension (Cats et al, 2015).

Section 2 reviews the literature. Section 3 presents the theoretical model, and section 4
describes the main parameters used as well as the model calibration. Section 5 uses the
model to analyze the main research questions. Section 6 discusses caveats.
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2  LITERATURE REVIEW

The extensive literature on optimal public transport pricing has been reviewed in
recent papers by Parry & Small (2009) and Basso & Silva (2014). We add our paper to
the following Basso & Silva comparison:

Paper Peak Total Transit Cross- Marginal ~ Transport policies Welfare Distributional
and off- demand design congestion cost of analyzed analyses and analyses
peak elasticity  optimization effects public comparisons
periods funds
Borjesson et v v x x x Transit subsidies, v x
al. (201x) (dedicated congestion
bus lanes) pricing, bus fares

(uniform + time
differentiating),
bus lanes, bus

sizes, bus

frequencies
Kilani et al. v v x v x Zonal pricing, v v
(2014) cordon pricing,

transit fares,

capacity

extensions in
public transport

Basso and v v v v v Transit subsidies, v v
Silva (2014) congestion

pricing, bus lanes
Parry and v v x v x One public x x
Small transport fare at
(2009) the time

Parry & Small set up a generic model to determine the optimal subsidy rate for public
transport that is calibrated to London (pre-congestion tolling), Los Angeles and
Washington DC. Subsidies to bus as well as to rail services are studied. For bus and rail
services, the optimal second-best subsidy rate for operation costs turns out to be very
high: 90% or more.

For buses, there are three main motivations for bus subsidies in the peak period. First
there is the decreasing average cost of an additional passenger because the frequency
of buses increases less than proportionally to the number of passengers, at least when
buses are not full. Second, the car congestion costs reduce when a subsidy shifts car
drivers to bus transport. Third, there are the savings in waiting time for existing users
when the bus frequency increases, even though the increase may be less than
proportional (this is the Mohring effect).

In the off-peak period, the car congestion reduction motive disappears, while both the
savings in waiting time as well as the decreasing average cost of supplying an extra
passenger (buses have lower load factor) become the main justifications for subsidizing
bus services. As some two thirds of the PT passengers travel during the peak, car
congestion cost savings becomes the most important motivation for subsidized PT.
Whenever car congestion is priced or whenever the subsidy is less able to attract car
drivers into public transport (Parry & Small assume that for every two passengers
attracted into public transport, one is a former car user), the optimal subsidy rate in the
peak decreases strongly for buses.

While Parry & Small study optimal bus and rail subsidies for given car taxes, Basso and
Silva only focus on bus subsidies but also look into a wider set of policy interventions
than simply for bus subsidies. They also analyze congestion pricing of cars, dedicated
bus lanes and the role of peak differentiation for bus fares. Focusing on their results for
London (pre-congestion tolling), they find that congestion pricing and dedicated bus
lanes (with buses breaking even) are far more efficient policies than subsidizing bus
fares. The additional contribution of subsidized bus fares would therefore be small.
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Basso & Silva also analyze a policy of cross subsidization between peak and off-peak
bus use, where overall bus operations must break-even but where off-peak bus users
subsidize peak bus users. This policy improves welfare but only marginally.

Kilani et al (2014) find rather different results for Paris. They look into the effect of
price discrimination for peak and off-peak public transport in the absence of congestion
pricing for cars but without a budget constraint for public transport. They find that
higher prices for peak bus users are welfare-improving. The main reason is the high
level of congestion in PT, a factor that is absent in Basso & Silva and less important in
Parry & Small.

An important difference between Parry & Small (2009), Kilani et al (2014) and our
paper is that in our model, frequency is explicitly optimized and not determined as a
rule of thumb for the way in which additional PT demand is met.

3 STYLIZED MODEL

In this model, we study one corridor that links the suburban areas of Nacka and
Varmdo to the city center of Stockholm. Passengers can use either the car or the bus
and can do this in either the peak or off-peak period. All transport is from either the
suburb to the CBD or back. In this corridor only buses are available as public transport,
and at present, there is a dedicated bus lane. Given the distance, the bike mode may
also be considered but since it uses a separate bike path, there is not much interaction
with the other modes. For this reason we do not consider cycling in this paper.

We first present the model components; next we set up the optimization problem that
is used to compute equilibria.

3.1 Model components

For the corridor, the welfare consists of (1) the gross utility derived from car trips and
public transport trips (in euros), (2) the user cost of these trips, (3) the cost of public
transport supply and (4) the external costs other than congestion. We first look into
each of these components below.

Gross utility derived from trips

Preferences of travelers are represented by a quasi-linear utility function U. It consists
of the utility derived from other goods (money m) and the sub-utility function for
transport trips. The sub-utility function B is a quadratic function. Since we assume that
all individuals travelling in a given OD pair are homogeneous, we have the following
utility function for a representative individual travelling in the OD corridor under
study:

U(m,q/,q.q7,05)=m+B(a/,q,a5,0,) (1)

B(9/,0;,05,0) =
[aPq? -0.5bP(?)” | +[ aa? —0.507(c¢)” | +[ afa —0.507 (a)° |+ o —0.5b5 ()’ | (2)
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qij stands for the number of trips demanded by the representative individual in period

i using mode j. The superscripts p and o represent the peak and off-peak period
respectively and the subscripts ¢ and b represent the car mode and the bus mode,
respectively. Similarly, aij and b} are the parameters for period i and mode j in the

sub-utility function B.

Since generalized prices are used, m is the generalized income, which includes money
and all time spent on activities other than transport. Moreover, the quasi-linear utility
formulation implies the absence of income effects. This is justifiable due to the fact that
transport is only a small share (around 10 to 20 percent) of total expenditure. i

. . . . : po
represents the interaction terms between modes and/or periods, for instance Ib‘l for

the interaction between the bus mode in the peak period and the car mode in the off-
peak period. These terms are symmetric as required by consumer theory (the
symmetry of the Slutsky matrix). This formulation allows us to derive the willingness to
pay for the four transport goods (inverse demand functions)

aU - no 0 ~0
aq acp - bcpqcp - I P qc - chqb - IC% qb
N b - i i - i
aq,
oU 2
W: -bfay -0, —igas — i dc
b
aU 0 00 1 PO 0 0
00y =a; —bya; —i;°a) —iga; —iya’

User cost of trips

In our model, buses and cars use the same road infrastructure. We start with a separate
bus lane, which is the current condition in the chosen corridor. As a result, for a given
infrastructure, the time needed for a standardized trip by car is a function of car traffic

volume ., while the time for a standardized trip by bus is a function of the frequency

of buses f, and the vehicle equivalent of buses (thus the size of buses) o(S,). The user

costs of car use and bus use per trip before taxes and charges are

uc = ¢! +[a, + Al Ng, , out VOT ™
n'cap, capC
uc, = ac, +[a, + ,6’(M

cs, (Sy) - Ty 2f

b

b)]-vOT," {1+d|scom [M 1}} +VOT," — 60 (4)

(i=p,0)

The user cost of one car trip is the sum of the monetary cost C_and time cost of the trip.

The latter is the in-car value of time VOTCin multiplied by the travel time

N out
a, +ﬂ( q° +——), where a, is the free flow trip time, N is the number of
n'cap, cap,

potential users in the corridor (number of individuals living along the corridor), n is
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the number of hours, cap, is the number of lanes for cars and out is the sum of

commercial vehicles and private vehicles per hour whose destination is not the city
centre. It is assumed to be a constant.

We have a similar formulation for the user cost of a bus trip but we use the access cost
to bus stops ac, instead of monetary cost, plus the in-vehicle time cost

i
a(s,) fy : . . . :
o, + ,B(a—) that is augmented with a crowding or discomfort cost as a function
b
of the number of travellers on a bus over the maximum capacity where a traveller can

: . 60 : : .
stand or sit comfortably, CS,, plus the waiting cost VOT," —. o is vehicle equivalent
b

depending on the size of the bus S, and f, is the frequency of buses per hour. The user
Ng; / n'

igi
b b

the number of passengers has not reached the “discomfort threshold” (s, ).! This is to

cost of a bus trip is defined as a piecewise function, setting —1 to zero when

ensure that no extra gain from comfort condition can be captured by lowering bus
occupancy when the bus occupancy is already low.

Cost of public transport supply

For buses, the total operating costs for a corridor per day is a function of total
frequency f and the size s of the buses

C" = FI” +n® £, (ki + kg, (s, —45)) +n° £, (Ko, + K, (s, —45))

b P(nP p 0 (O 0 (5)

=C I:Fb (A5),S,(d5), Ky (@), S, (qb):l

The fixed cost including the maintenance of bus stops is represented by FI?. One bus
can have a decreasing average cost per seat offered when fixed cost k,, per vehicle is

large. k,, is the cost of increasing the size of the vehicle beyond the standard of 45

seats.2 Vehicle costs also differ between peak and off-peak since the size of vehicles and
the fleet is typically determined by the needs during the peak - peak load pricing then
requires that capacity costs are allocated to the peak period. Returns to scale in public

transport are the result of high fixed costs FI and high fixed costs K, per vehicle.

This type of formulation has been used by Parry & Small (2009), but as we keep the bus
routes fixed, we do not need to model the access costs and tradeoff between user access
cost and supplier cost. This results in the simpler formulation used by De Borger &
Proost (2015), where the access cost cannot be changed. The choice of frequency and
capacity of public transport will ultimately be a function of the volumes of public

transport. The optimal supply of frequencies is denoted by F.(q;),S,(q;) so that (5)
becomes a function of the quantities of public transport in optimum.3

Ydiscomy(x) equals 0 ifx < 0 and x otherwise.
2 The fixed cost per bus K, is assumed for a bus with 45 seats.
3 In the analysis the same size of buses is used for peak and off-peak. It could be optimal to use a

combination of small and large buses, but this is an extra complication and probably less important for
welfare optimization.
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The external costs other than congestion

For cars, external costs other than congestion consist of the external accident and
climate costs. We assume that they hold a constant charge per vehicle km, which is
equal to the existing fuel taxes, so that these external costs are already internalized in
the fuel taxes.

For buses, we have climate costs, accident costs and wear and tear of the road. Most
buses are diesel buses and again these are internalized in diesel taxes.

3.2 The welfare optimum

When we can use lump-sum taxes (head taxes) to finance any deficits, and in the
absence of any other distortions in the economy, we can formulate the welfare function
of each corridor as the total user surplus (before taxes or charges) minus the total costs
of public transport provision

Q=N-B(q/,9;,05,95) — N[q7 ucg +q, ucy +d; uce+d; ucy]

6
~C"[ R (a).S, @), R (@), S, (@) | ;

Our problem formulation makes sure that the selected quantities are in a user
equilibrium. The pricing of trips of different modes, bus frequencies and bus sizes are
chosen to maximize welfare, given the current allocation of road space over car and bus
lanes.

Optimal pricing, frequencies and bus size

We maximize this social welfare function subject to the constraints of user equilibrium
in each mode and period, where z'} is the toll or fare on mode | in period i

Q=N-B(q/,0;,0,0,)— N[q] uc+a; ucy +q; uc;+q; ucy]
-C°[R*(@}).S, (@), Fy (@), S, (@) (7)

+47 uc(:p+rc"—d—B +A uc§+rf—d—B + A ucb”+rb"—d—B + A uc§+r§—dB
dg? da; da? da,

c c b b

Differentiating with respect to 4 and setting them equal to zero, we have

dB dB

ucl +70 =——,uc +z; = aq°
C C (8)

o 3 o o dB

ucy +7, =——,UC; +7; o

b 0

Differentiating the objective €2 with respect to the number of trips, setting them to
zero, and rearranging gives*

ouc,  ouc,

4 Since there is a separate bus lane, =0, that is the user cost of car (bus) users is not
QC qb

affected by the change in the number of bus (car) users.

8
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. ouc;

oq?
o o 6uc§
Cc qC aq

C b PP p (%)

P =qP ducy +i6C (R"(95). S, (95))

dg; N oqy
2 g0 ducy +i5Cb(Fb°(qt§’),Sb(qt§’))
b = Y o 5

dg, N aq,

The resulting equations show that the optimal tolls for cars equal the marginal external
congestion cost imposed on car users. The optimal bus fares consist of the marginal
external costs imposed on bus users (taking into account the marginal benefits of
higher frequency and crowding costs) and the marginal cost of supplying bus services.

Differentiating the objective € with respect to the public transport frequencies in the
peak and off-peak periods, we hold the number of standardized trips  and the size of

the vehicle s constant to derive the optimal public transport frequencies f

~Na, auC.b =" (kgy + Ky (S, —45))
afb
(i=p,0)
! i

auc;b :VOTbi” ,BO'(Sb) (1+ dISCOmb (N—ql _1))

Ny cap, Csy (Sp) - T

[ 'B(O'(Sb) fb )] VOTIn (dlSCOmb %) _VOTbW 6(? .

caP n'es, (s,)- () 2()

(10)
From (10), we see that an increase in bus frequency introduces three effectss
(i) the decrease in bus waiting time Ng -VOT, (2(6;0) 6

(ii) the decrease in the cost of the in-vehicle time (reduced crowding in the buses and
increased congestion on the road which increases the in-vehicle travel time)

Na, [, + B( an, )] -VOT," - (discom, — s, (Sb) (Y 5)
po(sh) NG,y

—Ng! -VOT." 227 (1 + discom (—I
’ g capy ’ €Sy (Sp) - T

(iii) the increase in operating costs of bus —n (kgl + kti,2 (s, —49)).

Rearranging the first order condition with respect to bus frequency gives the optimal
bus frequency in terms of the number of standardized trips of different modes as

® The part of the piecewise function accounting for the number of bus passengers being below the
“discomfort threshold” is ignored here.
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i\2 . .
M -discom, -VOT," - &, +30- Ngy -VOT,"
n'cs, (sy)

Ng' -VOT," ﬂ;;sb)(l— discom, ) +n' (ki + ki, (s, —45))
b

(11)

fy =

It is not surprising that the optimal bus frequency increases with the value of waiting
time and decreases with the operating cost per bus. Regarding the value of in-vehicle
time for buses, the direction of change of bus frequency depends on the discomfort
coefficient.

Similarly, the optimal bus size can be computed given the number of trips and bus
frequencies. (For simplicity, €S, has the value of 30, which is two-thirds of the bus size,

and o =S, /18 in the following expression.)
i\2
7(Niqbi) §-discomb VOT, e,
i n'f, 2
Sp = (12)

NGE V0T 25 L0 disom) 11, + Kt ~45)
b

4  MODEL CALIBRATION

4.1 Values of parameters

We calibrate our model and solve the optimization problem numerically, using data
from the corridor connecting the suburban areas of Nacka and Varmdoé to the
Stockholm city centre. We use incoming trips to the city centre and assume that
outgoing trips are symmetrical. The average travel distance of 14 km is taken from the
travel surveys conducted before and after the introduction of congestion charges. Table
1 lists the values of parameters used in the calibration. All monetary values in Swedish
Krona (SEK) are converted to Euro using an exchange rate of 1 SEK = 0.1 €.

The own- and cross-price elasticities for car and public transport are derived from the
observed changes in the number of car and public transport passages over the toll
cordon (which the corridor under study passes) before and after the Stockholm
congestion charges were introduced in 2006 (see Appendix A). According to these
calculations the own-elasticities for car use are -0.54 and -0.85 in the peak and off-peak,
respectively. These elasticities have remained roughly stable over time, but have
perhaps increased slightly since 2006. Note that these elasticities are higher than what
is normally observed for car cost elasticity, and in particular for fuel cost elasticity (see
for instance (Goodwin et al., 2004)). This is because fuel costs make up around half the
marginal cost of driving in Sweden but also because the elasticity of traffic in a
particular corridor with respect to the charge is higher than a general price increase in
the system, since there are more adaptation mechanisms available such as changing
destinations. For public transport we assume an own-elasticity of -0.4. This is what is
found in many studies (Litman, 2004) and in the Swedish transport model (Borjesson,
2014).

The cross-price elasticity between car and public transport can be computed from
observed data since we know how the price increase for cars influences the public
transport volume. Our calculations indicate that the cross-price elasticity between car

10
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and public transport d&& is 0.13 and 0.11 for peak and off-peak, respectively, where

ch qb
B, is the public transport fare and P, is the car toll. The symmetry of the Slutsky

Cc
di:)—b equals 0.48 and 0.17 for peak and off-peak. These cross-
b Hc

price elasticities are substantially lower than the cross-price elasticity that would result
from the assumption made by Parry & Small (2009) - that 50 percent of the total
passenger increase on public transport as a result of a reduced ticket fare are drivers
diverting to public transport - given the public transport market share in the given
corridor. (The peak market share of public transport is 81% in the corridor under
study as well as for all trips to and from the inner city of Stockholm.)

matrix implies that

To see this let the own-price elasticity for public transport be g:ﬂ%i. Parry and
b Ub
, Lo g. 0.19 L
Small’s assumption implies dg, =0.5dq,. If = =081 and dq, =0.5dqg, the implied
O -
0.19
0.5dq, / (- G)
cross-price elasticity is dd, /. =— 081 _ —0.5%5 =0.85.
dr, /P, dr, /P, 0.19

This is a much higher elasticity than we find for Stockholm.

The cost functions for buses (see Appendix B) are based on data from Public Transport
Stockholm (SLL), taking into account the capital and operating costs of buses (cost of
drivers and fuel and maintenance). The free flow travel time for cars is computed by
assuming 40 km/hour for cars. The free flow time for buses is assumed to be 1.6 times
that of cars. The values of time are taken from the Swedish study on this topic
(Borjesson & Eliasson, 2014).

We take the bus equivalent as 2.5 cars and the maximum capacity of a bus that can sit
everyone comfortably (discomfort threshold) as 30 when the bus size is 45 seats.
However, both the bus equivalent and the discomfort threshold are functions of bus
size when bus size is not fixed, as is the case in later sections. The discomfort coefficient
for bus trips is calibrated from the observation that the in-vehicle bus trip time cost is
increased by 50% if the bus is full.6

Parameter Notation | Value

Number of peak hours per d ne 4 hours/day
Number of off-peak hours per day n° 9 hours/day

Length of a standardized trip (one-way) L 14 km

Number of representative individuals in the | N 134207 individuals”
corridor

Own generalized price elasticity, peak car trips ecp -0.54

Own generalized price elasticity, off-peak car eg -0.85

trips

® This is consistent with values in Wardman & Whelan (2011) since we assume that most travellers in
the corridor are commuters and that some passengers stand even if some seats are unoccupied. Also,
we experiment with the case that the in-vehicle bus trip time cost is increased by 100% due to
discomfort, see appendix E.

" Population in the municipalities of Nacka and Varmdg, Statistics Sweden, http://www.sch.se/

11
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Own generalized price elasticity, peak bus trips ebp -0.4

Own generalized price elasticity, off-peak bus eg -0.4

trips

Cross generalized price elasticity between peak | gP° 0.1

and off-peak car trips c

Cross generalized price elasticity between peak | PP 0.13

car trips and peak bus trips 0

Cross generalized price elasticity between peak | gP° 0.05

car trips and off-peak bus trips 0

Cross generalized price elasticity between off- | gop 0.05

peak car trips and peak bus trips <

Cross generalized price elasticity between off- | go 0.11

peak car trips and off-peak bus trips 0

Cross generalized price elasticity between peak ebpbo 0.1

and off-peak bus trips

Fixed cost of bus services (bus stops) Fl . 0 euro/trip

Cost of supplying bus frequency, independent of kbpl 144.6 euro/trip
bus size, in the peak period

Cost of supplying bus frequency, dependent of kbpz 1.37 euro/extra passenger per
bus size, in the peak period trip

Cost of supplying bus frequency, independent of kg’l 70 euro/trip

bus size, in the off-peak period

Cost of supplying bus frequency, dependent of ké’z 0 euro/extra passenger per trip
bus size, in the off-peak period

Free flow time for a standardized car trip a, 20.88 minutes/trip
Free flow time for a standardized bus trip a, 33.41 minutes/trip
Bus equivalent to number of cars o 2.5 cars/bus

Value of in-vehicle time, car VOTCin 0.2 euro/minute
Value of in-vehicle time, bus VOTbin 0.12 euro/minute
Value of waiting time for a bus VOoT," 0.204 euro/minute
Monetary cost per car trip before toll C. 2.1 euro/trip
Access cost to bus ac, 2 euro/trip
Discomfort coefficient for bus trips discomb 1

Maximum capacity of a bus that can sit everyone cS, 30

comfortably (discomfort threshold)

Table 1: Value of parameters

4.2 The baseline case

There are three lanes in each direction including one dedicated bus lane. Therefore,
cap, and cap, are set to 2 and 1 respectively. We calibrate the parameter in the

congestion function, £, of the lanes such that they are consistent with the observation

that a car trip in the peak has twice (208%) the travel time of the off-peak (See
calculation in Appendix C).8 The numbers of standardized trips by car and public
transport are shown in Table 2 and are taken from the large travel survey conducted in
Stockholm in 2005 before the introduction of congestion pricing. Since the traffic has
increased since then, we uniformly adjust trip frequencies for both car and public
transport upward by 5%. Taking into account the response to congestion charges

8Source tomtom: http://news.cision.com/se/tomtom/r/kotider-for-dagspendlarna-i-stockholmsomradet-

har-okat---brommaplan-ny-varsting,c9222853
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introduced after the survey, we reduce the number of standardized car trips during
both peak and off-peak periods by 30% and increase the number of standardized bus
trips in both periods by 5%.

The bus frequencies are calibrated to match the observations that buses are fully
occupied in the peak period and only 20% of seats are occupied in the off-peak period,
giving an overall occupancy of around 40% throughout the day. The car tolls and bus
fares used in calibration are the current tolls and bus fares.?

At this point, we take the number of lanes allocated to different modes and the size of
buses as given.

Parameter in the base case Notation Value
Additional time needed for an extra | S8 0.01975
standardized trip
Number of peak car trips per q’ 0.0105 trips per person per day
representative individual per day ¢
Number of off-peak car trips per q’ 0.0150 trips per person per day
representative individual per day ¢
Number of peak bus trips per qu 0.0453 trips per person per day
representative individual per day
Number of off-peak bus trips per qg 0.0288 trips per person per day
representative individual per day
Toll per peak car trip Z-CP 1.8 euro/trip
Toll per off-peak car trip ° 1.0 euro/trip
C
Fare per peak bus trip pr 2.175 euro/trip
Fare per off-peak bus trip Tt? 2.175 euro/trip
Bus frequency, peak be 67.49 buses/hour
Bus frequency, off-peak fbo 47.72 buses/hour

Table 2: The baseline case

5 RESULTS

We proceed in three steps. In section 5.1 we first look into the effects of marginal
changes in the policy parameters (frequencies, tolls, fares) separately. This helps in
understanding the main inefficiencies in the baseline equilibrium. In section 5.2 we
look for optimal combinations of policy parameters, exploring different second-best
equilibria. In section 5.3 we explore the impact of bus lane allocation and bus size. In
section 5.4 we present some sensitivity studies.

5.1 Direction of marginal changes

In this section we explore the gains and losses associated with a marginal increase in
frequencies, tolls and fares, assuming the current allocation of road space over car and
bus lanes.

% It is assumed that 90% of trips are made by passengers using monthly tickets (800SEK/month, 40
trips) and the rest using single tickets (37.5SEK/trip).
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Frequency

A first exercise is to keep all tolls, fares and traffic volumes fixed and explore the gains
and losses associated with a marginal increase of the bus frequencies in the peak and
off-peak periods. We report results, in terms of benefits and costs per day, in Table 3.
An increase in frequency will reduce waiting time and crowding in the bus. It will also
increase the cost of supplying extra vehicles: driver, fuel, maintenance and capital
costs. During the peak period, a marginal increase in the bus frequency (i) reduces bus
waiting time cost by 8.16 euros, (ii) reduces in-vehicle time costs (reduced discomfort
but increased trip time due to more road congestion) by 541.18 euros, and (iii)
increases the operating cost by 578.35 euros. This means that there is no obvious
welfare gain in adjusting the frequency in the peak - given the present volumes of
passengers.

In the off-peak it makes even less sense to increase the frequency: there is less
congestion and the passenger load on a bus has not reached the discomfort threshold.
So the gain from increasing frequency is limited to the decrease in waiting time, 10.39
euros. The cost of increasing frequency is the increase in operating cost, 630 euros, and
the increase in road congestion, 22.90 euros. With little gain from the reduction in
waiting time but high operating cost and congestion from the extra frequency, welfare
would increase substantially if the bus frequency was reduced in the off-peak.

Period\components Waiting cost Time cost (in-vehicle) Operating cost Welfare effect
(discomfort + congestion)

Peak (4 hours) -8.16 -541.18 +578.35 Small Loss

Off-peak (9 hours) -10.39 +22.90 +630.00 Large Loss

Table 3: Cost and benefit of increasing bus frequency (in euros per day)

Tolls and fares

We know that in the first-best scenario, when all charges can be varied, the generalized
prices, including tolls and fares, equal the marginal social costs. The first step in
analyzing the potential reform is therefore to compute the marginal external cost of
increasing the volumes with one passenger each time. Table 4 presents these marginal
external costs.

At the baseline, we find that the marginal external congestion cost of a car trip is higher
than the current tolls during both the peak and off-peak periods. The reason for this is
that the commercial vehicles in the corridor are not sensitive to the tolls and the
vehicles in the corridor that do not have the centre as their destination are not charged.

For a bus passenger, things are different. Adding one more passenger (keeping
frequency constant) in the peak has an external discomfort cost of 6.61 euro. In the off-
peak the marginal external cost of one more passenger is practically zero, as the
discomfort threshold has not been reached.

Mode and MECC& Current Change

period\components  discomfort charges needed
cost

Peak car +4.51 1.80 Up

Off-peak car +3.56 1.00 Up

Peak bus +6.61 2.18 Up

Off-peak bus - 2.18 Down

Table 4: Components of optimal tolls or fares (for given frequencies)

14



Should buses still be subsidized in Stockholm?

5.2 Optimal pricing and frequency

We have 6 +1 +1 policy variables: two car tolls, two bus fares, two bus frequencies, the
size of the bus and the road space allocated to the bus lane. In this section we keep the
bus size and allocation of road space fixed and analyze different combinations of tolls,
charges and frequencies. Table 5 shows which variables in each scenario are optimized,
as well as the resulting tolls, fares, frequencies and occupancies. The variables that are
not optimized are kept at baseline values. In Figure 1, welfare results are reported as
deviations from the baseline, and subsidies are reported as percentages of the total
operating costs. Bus revenues and operating costs are also reported in Figure 1.

When car tolls in the peak and off-peak periods are optimized (scenario (2)), only a
small improvement in welfare is observed when compared to the baseline case. This
shows that the current car tolls do not leave much room for improvement as long as
bus pricing and frequencies are unchanged. Given the high marginal external
congestion cost (4.51 euros as reported in Table 4) one would expect a higher optimal
peak car toll than 1.1 euro. However, the toll in Table 5 is a second-best toll: increasing
the car toll above 1.1 euro sends too many passengers to bus transport during peak
periods where the external discomfort cost is also high. Therefore, as long as bus fares
and bus frequencies are not optimized, one should refrain from increasing the peak car
toll. On the other hand, the same problem does not exist during the off-peak period,
where the discomfort threshold has not been reached. In this case, sending more
passengers to buses increases welfare, and therefore we observe an optimal off-peak
car toll which is close to the marginal external congestion cost.

Optimizing bus fares in both the peak and off-peak (scenario (3)) gives a larger welfare
gain than optimizing car tolls, as there are more bus users than car users. Crowding in
the buses is the main cause of the optimal bus fare being higher during the peak. On the
other hand, there is ample space in off-peak buses and prices during these periods may
therefore be zero.

Scenario (4) shows that increasing peak frequency increases welfare because this
lowers the discomfort on buses. The welfare gain is small, however, as discomfort gains
and higher operation costs almost balance each other out (cfr. Table 3).

Scenario (5) shows that a decrease in off-peak bus frequency increases welfare
substantially, because maintaining a high bus frequency with a low number of
passengers is costly. Bus occupancy increases from 0.20 in the baseline situation to
0.67 when off-peak frequency is optimized. The welfare gain from optimizing the off-
peak bus frequency is much larger than the welfare gain from the optimisation of peak
frequency, car tolls or bus fares. Additionally, when the off-peak frequency is
optimized, optimization of the peak frequency increases welfare further (scenario (6)).

Once the optimal bus frequencies are in place, scenarios (7) and (8) show that a higher
peak toll is optimal because with the increased peak frequency, more passengers can be
accommodated without an excessively high discomfort cost. The peak bus fare is lower
than in scenario (3) due to lower marginal external discomfort with higher peak
frequency. However, the additional instruments of bus fares or car tolls barely bring
any welfare increases.

Scenario (9) simultaneously optimizes tolls, fares and frequencies; this is identical to
the scenario denoted S(a) in Section 5.3. During the peak, we see higher fares and tolls
compared to the baseline (but lower off-peak bus fare). The most important for welfare
is an increase in bus frequency during the peak and a strong decrease in bus
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frequencies during the off-peak. Over 90 percent of the welfare gain in the full
optimization (for given bus size and allocation of road space) has already been
achieved by adjusting the bus frequencies.

Scenario (10) is an extreme scenario that we present for illustrative purposes only,
since it returns to the pre-toll world and looks for the optimal bus fare. It is optimal to
have peak load pricing on buses. Despite the higher level of road congestion, it still pays
off to discourage passengers from using peak buses and send them to off-peak buses.
This is the result of high external discomfort in peak-period buses and a relatively low
cross-elasticity to car use as in scenario (3).

Scenario (3) computes the optimal subsidy for the current prevailing situation in
Stockholm. Hence, this scenario is of particular interest for one of the key issues of this
paper: whether buses should still be subsidized considering that Stockholm has
congestion charges. The results indicates that the subsidy could indeed be reduced to
14666 €/day corresponding to 20% of the operating costs (compared to 25859 €/day
or 37.5% of the operating costs in the current situation).

Scenario iy 0 pr 0 fbp f,0 occup,  occup, Opirating Subsidy  Subsidy
cos
€/trip buses/h passengers €/day €/day as % of
W operating
cost
(1)Baseline 1.80 1.00 2.18 2.18 67.49 47.72 1.00 0.20 69095 25859 37.43
(2)Car toll 1.15 3.03 2.18 2.18 67.49 47.72 1.00 0.20 69095 25499 36.90
(3)Bus fare 1.80 1.00 4.93 0.00 67.49 47.72 091 0.22 69095 14666 21.23
(4 )Peak freq 1.80 1.00 2.18 2.18 94.64 4772 0.75 0.20 84797 40377 47.62
(5)Off-peak freq 1.80 1.00 2.18 2.18 6749 14.25 1.00 0.67 48010 4840 10.08
(6)Peak + off-peak 1.80 1.00 2.18 2.18 9494 14.04 0.75 0.67 63751 19391 30.42
freq
(7)Car toll + freq 1.98 3.11 2.18 2.18 95.38 14.36 0.75 0.67 64207 19201 29.90
(8) Bus fare +freq 1.80 1.00 3.76 0.00 92.16 15.70 0.73 0.67 63189 17883 28.30
(9)Car toll + bus fare 4.44 3.48 4.96 0.87 92.11 15.78 0.73 0.67 63209 -3836 -6.07
+ freq (S(a))
(10) Bus fare + zero 0.00 0.00 4.30 0.00 67.49 47.72 091 0.22 69095 21578 31.23
toll

Table 5: Optimization of various combinations of tolls, fares and frequencies for given
bus size (45 seats)

The total operating cost when optimizing peak and off-peak frequencies is similar to
the baseline (scenario (6)) because operating cost savings from lowering off-peak
frequency is offset by the increase in operating cost due to higher peak frequency.

In summary we find that bus frequencies are currently highly suboptimal: the bus
frequency during off-peak periods is much too high. Adjusting that frequency
downwards strongly improves the efficiency of the system. The additional welfare gain
that could be realized from pricing instruments is small in comparison to that from off-
peak frequency adjustment. Optimizing bus frequencies, despite its importance, neither
entails a large increase in operating costs nor a subsidy increase.
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Figure 1: Welfare, bus revenue, operating cost and subsidy values from various
combinations of tolls, fares and frequencies for a given bus size (45 seats) for all
scenarios presented in Table 5.

5.3 Bus size and bus lane allocation

In this section we compare a few second-best scenarios with potential policy
combinations that are commonly observed or can be adopted in reality. The policies
involve (i) different bus sizes, (ii) differentiated bus fares, and (iii) endogenous
allocation of lanes. An upper bound of five euros is placed on all tolls and fares. Given
these constraints, tolls, fares and frequencies are optimized.

We compare the welfare levels in these scenarios and look for policy implications.
Table 6 summarizes these scenarios (a)-(d). In all scenarios under study, the buses
serving the corridor may have either 45 or 84 seats, and the bus size is the same during
both the peak and off-peak. Each of the four scenarios (a)-(d) therefore appears in two
versions, with large buses (L) and small buses (S).

Table 7 reports the tolls, fares, frequencies, bus occupancy rates, and allocation of bus
and car lanes for each of the 8 scenarios. Note that scenario (a) for small buses (S(a))
corresponds to scenario (9) in Table 5 of the previous section.

Figure 2 reports the bus revenue and operating cost in euros, welfare gain as a
percentage of maximum welfare gain (reached in scenario (c) with large buses), and
subsidy as a percentage of total operating cost in each scenario.

Figure 3 and Figure 4 show the number of trips and the mode split for both the peak
and off-peak, respectively.

Bus size Bus fares Allocation of capacities
(a) fixed at 45 or 84  differentiated in peak and off-peak fixed at 1 bus lane + 2 car lanes
(b) fixed at 45 or 84  Uniform fixed at 1 bus lane + 2 car lanes
(c) fixedat45or 84  differentiated in peak and off-peak variable, cap, +cap, =3
(d) fixedat450or84  Uniform variable, cap, +cap, =3

Table 6: Second-best scenarios (a)-(d)
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Fares, tolls, welfare and subsidies and the allocation of road space

In all scenarios, optimal frequencies, tolls and bus fares are all lower for large buses.
Bus fares are lower because the marginal cost of discomfort is lower. Since more bus
passengers can be served using large buses, there is less car congestion and car tolls
can therefore be slightly lower.

In scenario (a) welfare is 62% higher with large buses. The situation for the subsidy
percentage is similar due to the fact that the revenue almost covers the entire operating
cost in the large bus scenario.

In scenario (b) the bus fare is uniform, i.e. the same fare applies for peak and off-peak.
For both small and large buses there is only a small negative impact on welfare
compared to scenario (a). The optimal peak toll in scenario (b) is lower than in (a) to
prevent car users from diverting to bus transport, which would cause discomfort due to
crowding. This is less of a concern in the off-peak period, and the off-peak tolls are
therefore similar in scenario (a) and (b). Moreover, subsidies are much higher in
scenario (b) due to the low optimal uniform fare (see Figure 2). The welfare is higher in
scenario L(b) than in scenario S(b), and large buses should thus be used if there is no
budget concern for the bus operating cost.

In scenario (c) bus fares are differentiated between the peak and off-peak, and the
allocation of road capacity is endogenous. We maximize welfare by optimizing for peak
and off-peak car tolls, bus fares, bus frequencies and allocation of capacity to buses and
cars. We find that the current allocation of road space to buses is suboptimal and it is
welfare-improving to allocate more space to cars, in both scenarios of large and small
buses (scenario S(c) and L(c) in Figure 2). The re-allocation of capacity is welfare-
improving, despite optimal pricing and bus frequencies, because car lanes are heavily
congested by traffic types that are insensitive to tolls (commercial vehicles and vehicles
having destinations other than the city centre). Non-integer allocation of bus lanes can
be implemented by reducing the proportion of dedicated bus lanes in the corridor.

The welfare for the large bus scenario L(c) is the maximum welfare that can be
achieved with the combination of policies that we have, and is therefore the reference
point in welfare comparison.

In scenario (d) the bus fare is again uniform. As in scenario (b), we find a small welfare
loss, but the differentiation of bus fares between peak and off-peak increases welfare
marginally. It is welfare-improving to give more road space to cars as in scenario (c).

Scenario P R 0 occup, occup, cap,  cap Sé)sirating Subsidy  Subsidy
€/trip buses/h passengers number of €/day €/day as % of
capacity lanes operating
cost
BL 1.80 1.00 2.18 218 6749 47.72 1.00 0.20 2.00 1.00 69095 25859 37.43
Small bus (45)
S(a) 4.44 348 496 087 9211 15.78 0.73 0.67 2.00 1.00 63209 -3836 -6.07
S(b) 2.56 335 259 259 9516 14.20 0.75 0.67 2.00 1.00 63982 10843 16.95
S(c) 2.63 242 5.00 0.72 8492 1547 0.73 0.67 2.62 0.38 58862 -3027 -5.14
S(d) 1.38 256 298 298 8780 13.67 0.76 0.67 2.61 0.39 59393 1627 2.74
Large bus (84)
L(a) 4.37 347 4.04 000 5583 855 0.67 0.67 2.00 1.00 49579 -989 -2.00
L(b) 2.48 334 182 182 59.68 853 0.67 0.60 2.00 1.00 52606 14209 27.01
L(c) 3.50 2.72 484 013 5135 840 0.67 0.67 2.60 0.40 45934 -10803  -23.52
L(d) 1.27 256 216 216 5593 7.78 0.67 0.63 2.59 0.41 49168 6016 12.24
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Table 7: Results in second-best scenarios including different bus sizes and allocation of
bus lanes
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Figure 2: Welfare, bus revenue, operating cost and subsidy values in second-best
scenarios

Frequency, crowding and modal split

In this section we explore the frequencies for the peak and off-peak more closely, and
discuss crowding and modal split. Table 7 shows that when the peak and off-peak bus
fares are uniform (scenarios (b) and (d)) there is a larger difference between peak and
off-peak bus frequencies. Uniform fares result in more bus trips during the peak and
less trips during the off-peak compared to the scenarios with time-differentiated fares,
and the frequencies are adjusted accordingly.

The optimal bus frequency is lower when large buses are used. The benefit of
increasing bus frequency is smaller when the large buses are used, because there is less
crowding. Moreover, the cost of increasing frequency is higher for large buses due to (i)
a higher operating cost and (ii) a higher congestion cost since it takes up more road
space than a small bus. This applies to both peak and off-peak periods.

According to Table 7 the occupancy ratio during the peak is 0.73-0.76 for small buses
and 0.67 for large buses. These peak occupancy ratios mean that not all seats are filled,
while the discomfort levels at these ratios implies an increase in the time cost of a bus
ride. In the off-peak period, the occupancy ratio is 0.67 for small buses and 0.60-0.67
for large buses. As the discomfort thresholds are set at two-thirds the number of seats
on a bus (30 for a small bus and 56 for a large bus), there is no discomfort in off-peak
bus trips.

Figure 3 and Figure 4 show the number of trips per hour and the modal split for peak
and off-peak, respectively. (See appendix D for these numbers in greater detail.)
Scenarios (b) and (d) are constrained by uniform bus fares, resulting in more bus trips
(and a higher market share for bus transport) during the peak and less bus trips (and a
lower market share for bus transport) during the off-peak. Large buses result in a
higher market share for bus transport during the peak, due to lower fares and less
crowding.
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To summarize, it increases welfare to use large buses and allocate less road space to
buses, regardless of whether fares are uniform or not. Time-differentiated fares have
only a small impact on welfare. Uniform bus fares result in a larger difference between
optimal peak and off-peak bus frequencies and the resulting market shares for bus
transport. The optimal frequency for large buses is lower than that for small buses, in
both the peak and off-peak. The resulting bus market share for the peak is still higher
for large buses, due to less crowding and lower fares. Optimal frequency and prices
result in occupancy ratios in the range of 0.6-0.8.
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Figure 3: Number of peak trips and modal splits
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Figure 4: Number of off-peak trips and modal splits

5.4 Sensitivity analysis

We perform sensitivity tests on two key parameters: the discomfort penalty
(coefficient) and the cross-price elasticity between the car mode and the bus mode.
First, we increase the discomfort coefficient such that a full bus increases the in-vehicle
value of time by 200% (instead of 100%). Next, we experiment with the cross-price
elasticity between bus and car modes. We increase the cross-price elasticity %:—C

c b
from, in the base case, 0.48 in the peak and 0.17 in the off-peak to (i) 0.75 in the peak

and 0.30 in the off-peak 10 and (ii) 1.49 in the peak and 0.61 off-peak?1.

The results are presented in detail in Appendix E, and overall the same types of
mechanisms are at work. Some main conclusions can be drawn from the sensitivity
analyses. First, higher discomfort from crowding implies a higher optimal bus
frequency during the peak. It also implies lower subsidies during the peak when the car
toll remains unchanged (in particular when car toll is zero) and more road space
allocated to bus lanes. Higher cross-price elasticity implies a lower optimal peak car
toll, and a higher optimal peak frequency. It also implies a higher optimal subsidy,
particularly when car toll is zero. In scenario 9 (optimizing fare, tolls and frequency)
and the highest cross-price elasticity, the optimal subsidy is higher than in any other
scenario (but the original analysis in Table 5 results in a subsidy that is even negative
for scenario 9!).

dd i equals 0.2 for both the peak and the off-peak.

ch

dii equals 0.4 for both the peak and the off-peak.

ch

10 The symmetry of Slutsky matrix implies that

11 The symmetry of Slutsky matrix implies that
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5.5 Policy lessons for Stockholm

In section 5.2 and 5.3 we have analyzed 16 scenarios. The scenario with the highest
welfare is scenario L(c): large buses, a bus fare differentiated between peak and off-
peak, and less road space allocated to bus lanes. Table 8 summarizes the welfare effects
of the different scenarios. The following policy results emerge for the corridor under
study:

1. Targeting pricing only is insufficient, and simply optimizing bus frequencies for given
prices increases welfare significantly. The main reform needed is a decrease in off-peak
frequencies and a slight increase in the peak frequency. Optimal pricing only adds a
relatively small welfare gain. Improving bus frequencies becomes even more important
when discomfort is higher because of the huge losses associated with it.

2. Cost recovery is not really a concern for bus frequency optimization if the baseline
deficit is acceptable. The additional operating costs for higher peak frequency is
covered by savings during lower off-peak frequency. Scenarios with uniform bus fares
require more subsidies in general because uniform fares lead to more peak passengers
and less off-peak passengers, which increases operating costs.

3. The best pricing reform consists of higher peak and off-peak tolls combined with higher
peak bus fares and free off-peak bus services. Higher peak and off-peak car tolls increase
welfare given the current road congestion. The optimal peak bus fare is higher than the
baseline due to the high operating costs from increased capacity and high crowding
discomfort during the peak. The off-peak bus fare should be low or zero since crowding
in the off-peak buses is low. However, the welfare increase from better pricing schemes
is small compared to the welfare gain that can be obtained from an optimal service
frequency.

4. It is beneficial to switch from the existing bus fleet of smaller 45-seaters to larger buses
with 84 seats. Increasing bus size lowers user costs (less crowding and lower
congestion on the road due to the lower market share for car transport) and operating
costs (per seat) of the bus service. Using large buses increases welfare gain
considerably.

5. Giving more road space for car use is welfare-improving because existing car lanes
are congested during both the peak and off-peak periods. This re-allocation could bring
a further welfare gain comparable to the switch to larger buses. This conclusion,
however, is dependent upon the manner in which we modelled car congestion?2.

6. The optimal subsidy is sensitive to cross-price elasticity. In the current road tolling
and bus frequency regime (scenario (3)), optimal fares point to a lower subsidy rate
(21%) than the current one of 37%. Increasing the cross-price elasticity, which could
be valid for other corridors, increases the optimal subsidy to 26% and 45%. The effect
of the cross-price elasticity on the optimal subsidy is even higher when frequencies are
also optimized.

12 Using a static model assuming a volume delay function rather than a dynamic bottleneck model,
taking into account that queues build up upstream of a bottleneck, etc.
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Scenarios that optimize

(1) Baseline 0.0
(2) Toll 1.1
(3) Fare 5.4
(4) Peak frequency 7.0
(5) Off-peak frequency 30.0
(6) Peak and off-peak frequencies 37.2
(7) Toll + frequencies 38.2
(8) Fare + frequencies 39.8
(9) Toll + fare + frequencies 40.9
(10) Fare + zero toll 9.5
Second-best scenarios

S(a) - small bus + differentiated peak and off peak bus fares + fixed allocation of lanes 40.9
S(b) - small bus + uniform peak and off peak bus fares + fixed allocation of lanes 38.2
S(c) - small bus + differentiated peak and off peak bus fares + variable allocation of lanes 77.3
S(d) - small bus + uniform peak and off peak bus fares + variable allocation of lanes 73.9
L(a) - large bus + differentiated peak and off peak bus fares + fixed allocation of lanes 65.5
L(b) - large bus + uniform peak and off peak bus fares + fixed allocation of lanes 62.8
L(c) - large bus + differentiated peak and off peak bus fares + variable allocation of lanes 100.0
L(d) - large bus + uniform peak and off peak bus fares + variable allocation of lanes 96.3

Table 8: Welfare gains as percentages of maximum welfare gain (L(c))

5.6 Do these results carry over to other cities?

The operating costs and the differences in demand between peak and off-peak applies
to commuting corridors in many cities, and high service frequency in the off-peak along
with uniform pricing schemes is commonly observed. The policy results above are thus
relevant for many cities, at least in Europe.

The optimal subsidy is sensitive to cross-price elasticity, which probably does vary
substantially across cities and corridors due to large differences in the car-public
transport modal split. The optimal rate of subsidization (20 to 40%) we find for
Stockholm is substantially lower than those found for pre-toll London by Parry & Small
(2009), who find a subsidy rate of 90% or more for buses in the peak.

The major reason for the different subsidy rate is the large beneficial effect of bus
subsidies on car congestion in Parry & Small. This beneficial effect explains 42% of the
high subsidy rate, since there was a high external congestion cost per car before the
toll. In addition, their high cross-price elasticity implies that one out of two additional
passengers attracted by lower fares means that lower bus fares are an effective way to
reduce car congestion. In Stockholm, we analyze the optimal subsidy rate in the
presence of a toll on cars and we use a lower cross-price elasticity, which implies that
only 28% of new bus passengers are former car users.

We can also compare with the results of Basso & Silva (2014) for London. Like Parry &
Small (2009), Basso & Silva have a much higher cross-price elasticity than we do. A
second major difference with our results is that two of their best policies (dedicated
bus lane and congestion toll) are already in place in Stockholm. We discuss
subsidization when optimal policies are almost all in place and then the additional
power of higher subsidies becomes marginal and is supplied in the correct amount
(concerning frequencies and bus size) to offer the most potential for welfare gains.
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6 CAVEATS AND IDEAS FOR FURTHER RESEARCH

This paper models the optimal pricing, frequency, bus size and share of road space
allocated to bus lanes for a corridor in the presence of congestion pricing of cars. The
model is used to look into the reform of bus operations in one representative congested
corridor in Stockholm.

There are two simplifications that warrant further discussion. First, when calculating
the discomfort from crowding in buses we assume that travellers are evenly distributed
across all buses within the peak and off-peak periods. This is a strong assumption for
several reasons. First, many bus systems in crowded corridors are subject to bus
bunching, which implies that the service frequencies are not regular, leading to an
uneven distribution of passengers. Second, travellers may not arrive evenly to the bus
stops. Third, there are in fact several parallel bus lines operating in the corridor under
study. These bus lines have slightly different starting points within Nacka, but they
were simplified to one bus line in the analysis. This will also lead to an uneven
distribution of passengers, because some bus lines are more used than others. The
effect of this assumption of evenly distributed passengers is that the crowding within
buses is underestimated in the model. The possible effect of this underestimation is
somewhat covered by the fact that the sensitivity analysis assigns a higher discomfort
penalty for crowding. This leads to higher optimal bus frequencies in the peak and
more road space allocated to bus lanes.

The second simplification is related to the way we model road congestion. We apply a
static model based on a volume delay function, which responds to an increase in traffic
volume by predicting a longer travel time in the road segment under study. In such a
model the car volumes can exceed the maximum capacity of the road segment; the
model responds by predicting a long travel time. However, if the reason for the
congestion in the corridor is a city center bottleneck, then congestion can only be
modelled in a dynamic way, capturing that the travel times increase due to queues
building up upstream of the bottleneck. If this is the case, the travel time for cars will
not be reduced even if more space is allocated to them, since the capacity of the
bottleneck has not changed.

Of course, one also needs to consider the longer-term effects of public transport
policies on labor supply and more generally on agglomeration economics. Labor supply
and agglomeration economics is mostly driven by travel costs and accessibility during
the peak period (Proost & Thisse, 2016). If fine-tuned road pricing implies only small
shifts in working hours, then the agglomeration externalities are not affected
significantly by changes in travel costs (Arnott, 2007). Moreover, Anderstig et al.
(2016) have shown that road pricing helps in a better match of highly skilled workers.
Finally, we point to lower rather than higher subsidies for buses, and therefore there
will be a smaller negative feedback effect via labor taxes.
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p = peak, o = off-peak (period)
c = car, b = bus (mode)
number of peak hours (per day)

number of off-peak hours (per day)

number of potential travellers in the corridor

utility for a representative individual (per day)

sub-utility function from transport for a representative
individual (per day)

the utility derived from other goods for a representative
individual (per day)

flows per day for each individual
parameters in demand function

interaction term between peak period car use and off-peak
bus use

full price of using mode j in period i per trip

total cost of public transport supply (per day)

Fixed cost of the mode b

frequency of bus in period i (per hour)

size of buses

“discomfort threshold”, the number of passengers on a bus

where passengers start to be affected by crowding
discomfort coefficient

cost of frequency supply independent of size of vehicle (per
hour)
cost of frequency supply dependent on size of vehicle (per

hour)
free flow time needed for cars

free flow time needed for buses
parameter of congestion
bus equivalent to number of cars, depending on the size of

buses
value of time (in-vehicle) of mode j

value of time (waiting) of buses
access cost per trip of buses
money cost of driving (before tax) per trip

user costs of mode | at period i per trip per individual

(before charges)
fare or tax of mode | atperiod i per trip per individual

welfare per day
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Appendix A
Own- and cross-price elasticities
. . In(wiy /v
The own-elasticity for cars calculated as &' = %, where v, and v; are the
2 1

volumes of non-exempt vehicles and p; and p; are total travel costs in real terms
(adjusted for inflation, deductibility etc.). Index 1 is 2005 and index 2 is 2006. The
index i refers to peak and off-peak. To get an estimate of the average total travel cost,
we note that the median length of trips crossing the cordon was 13 km13 in both 2005
and 2006 according to travel surveys conducted before and during the congestion
pricing trial. Controlling for increases in fuel price, the average marginal driving cost
was €0.15/km and thus the median trip cost excluding the charge is € 13-0.15 = € 1.95.
The average charge in the peak is €1.8 and €1.0 in the off-peak. The cost thus increased
92% for the peak and 51% for the off-peak. The volume reduction of non-exempt
vehicles were 29.7% in peak and off-peak, and the increase in public transport was 9%
in the peak and 4.5% in the off-peak (the lower increase in public transport use in the
off-peak happened because few non-commuting trips are adapting to public tansport).
These numbers imply own-elasticities of -0.54 and -0.84 in the peak and off-peak,
respectively. The cross-price elasticities between car and public transport are 0.13 and
0.11 (log(1.09)/log(1.92) and log(1.045)/log(1.51)) for the peak and the off-peak.

Appendix B

Bus cost functions

Seats in the bus 45

Bus purchasing cost € 350000
Life years of bus 12
Discount rate 0.04
Days of the year 250
Number of trips per bus in the peak 2
Capital cost per year per bus € 37293
Capital cost per peak trip € 74.59
Capital cost per extra seat per peak trip € 1.37
Marginal cost for maintenance and fuel €/km 1
Marginal cost for drivers €/km 1.5
Marginal cost per trip (maintenance, fuel, drivers) € 70
Marginal cost per trip peak € 144.59
Marginal cost per trip off-peak € 70

Table B1: Bus costs

An 84-seat bus costs €600000 and a 45-seat bus is €350000. Assuming 12 years of use
and a discount rate of 4 percent, the cost per year of the 84-seat bus is 63931 euro per
year, while for a 45-seat bus it is 37,293 per year. Hence the extra seat costs of each

seat per trip in the peak (K/},) comes to € (63931-37293)/(84-45)/250/2=1.37.

13 For trips crossing the cordon twice, this calculation divides trip length by 2.
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Appendix C

Speed flow function

We assume the linear travel time function for cars:
T = ﬁ(V) + Tfree

We know from measurements that the travel time in the corridor is 108 percent longer
than the free flow travel time: 43.43 and 20.88 minutes, respectively (see reference in
the main text). We know from traffic counts that the total car volume is 2076 vehicles,
meaning 1038 vehicles for each of 2 lanes and per hour during the two peak hours.1*
This traffic consists of both private and commercial traffic as well as both traffic with a
destination within the city and traffic with its destination outside the city center. From
the travel survey we have that the total private traffic with destination within the city
center is 704 per hour during the peak. Commercial traffic makes up 30 percent of the
total traffic. As commercial vehicles may be of different sizes, we adjust the number
upward to 40 percent of total traffic for car equivalence. Hence, the total car
equivalence is 2283 (1141 per lane). Out of the 2283 car equivalents present on the
road, 830 are commercial, 704 are private traffic to the inner city and 749 are private
traffic with destinations outside the inner city. This implies

g= T —Tree  43.43 —20.88
(V)  2283/2

= 0.01975.

In our model we assume that commercial traffic is completely insensitive to congestion
charges.

T = B(VPin + Vpout + VC) + Tfree'

where Tf,.., = 20.88, f = 0.01975, and the (fixed) commercial traffic volume V in car
equivalents = 830 (415 per lane). The volume of private traffic with a destination inside
the city Vp;, varies with congestion charge and public transport fare. In the current
situation Vp;;, = 704 (352 per lane). The volume of private traffic with a destination
outside the city is Vpyyr = 749 (375 per lane). We assume that Vp,,,; is not affected by
charges, fares or public transport supply, because these trips are not charged with the
current charging scheme.

This means that the congestion function is

T = BVpin + Vpour + VC) + Tfree
T = 0.01975 (Vpin, + 375 + 415) + 20.88

14 Source:
http://www.trafikverket.se/contentassets/ch30927f4c4946658f50c84d0d4db54d/pm _trafik_kvarnholm
en_111228.pdf
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Appendix D

Additional tables on number of trips, modal shares and components in welfare are

presented here.

Number of trips and modal shares

Should buses still be subsidized in Stockholm?

Total Peak Off-peak Peak Off-peak Peak car Peakbus  Off-peak car Off-peak
per number of  car car bus bus split split split bus split
day  trips trips/h  trips/h trips/h  trips/h
BL 13367 704 224 3037 429 0.19 0.81 0.34 0.66
Small bus (45)

S(a) 13277 670 185 3007 473 0.18 0.82 0.28 0.72
S(b) 13278 671 185 3220 426 0.17 0.83 0.30 0.70
S(c) 13234 767 215 2793 464 0.22 0.78 0.32 0.68
S(d) 13149 767 215 2996 410 0.20 0.80 0.34 0.66
Large bus (84)

L(a) 13439 633 179 3127 479 0.17 0.83 0.27 0.73
L(b) 13434 634 179 3342 430 0.16 0.84 0.29 0.71
L(c) 13313 726 209 2876 470 0.20 0.80 0.31 0.69
L(d) 13316 726 208 3132 414 0.19 0.81 0.33 0.67
Table D1: Number of trips and splits

Components of welfare

(euro Welfare Utility User Operating Bus Subsidy

per cost cost fare

day) revenue

BL 708027 1350433 960950 69095 43236 25859

Small bus (45)

S(a) 735529 1344890 546151 63209 67045 -3836

S(b) 733743 1347176 549451 63982 53140 10843

S(c) 760045 1345108 526201 58862 61889 -3027

S(d) 757702 1346483 529389 59393 57766 1627

Large bus (84)

L(a) 752060 1347380 545741 49579 50568 -989

L(b) 750278 1349040 546156 52606 38397 14209

L(c) 775287 1346606 525385 45934 56737 -10803

L(d) 772798 1349648 527682 49168 43153 6016

Table D2: Components of welfare
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Appendix E
Discomfort doubled
A P 2 pr P fbp £, occup,  occup, Operating Subsidy  Subsidy
Welfare cost
€/day €/trip buses/h passengers €/day €/day as % of
capTity operating
cost
(1)Baseline 0 1.80 1.00 2.18 2.18 67.49 47.72  1.00 0.20 69095 25859 37.43
(2)Car toll 1218 0.00 211 2.18 2.18 67.49 47.72  0.99 0.20 69095 26040 37.69
(3)Bus fare 8314 1.80 1.00 5.00 0.00 67.49 47.72 093 0.22 69095 12510 18.11
(4 )Peak freq 31623 1.80 1.00 2.18 2.18 113.88 47.72 0.67 0.19 95924 49945 52.07
(5)Off-peak freq 20131 1.80 1.00 2.18 2.18 67.49 14.25 1.00 0.67 48010 4844 10.09
(6)Peak and off- 52010 1.80 1.00 2.18 2.18 11394 13.76 0.67 0.67 74568 28664 38.44
peak freq
(7)Cartoll + freq 52660 1.19 2.93 2.18 2.18 114.23 14.01 0.67 0.67 74887 28622 38.22
(8) Bus fare 53880 1.80 1.00 4.03 0.00 107.28 15.44 0.67 0.67 71774 19839 27.64
+freq
(9)Car toll + bus 54573 3.84 3.32 5.00 0.72 107.81 15.51 0.67 0.67 72122 1384 1.92
fare + freq (S(a))
(10) Bus fare + 8404 0.00 0.00 5.00 0.00 67.49 4772 092 0.22 69095 13475 19.50
zero toll
Table E1: Optimization of various combinations of tolls, fares and frequencies for given
bus size (Bus size = 45)
A P 2 7P 0 f,” occup,  occup,  capg cap, Operati Subsidy Subsidy
Welfare ng cost
€/day € /trip buses/h passengers number of €/day €/day as % of
capacity lanes operating
cost
BL 0 1.80 1.00 2.18 218 6749 47.72 1.00 0.20 2.00 1.00 69095 25859 37.43
Small bus (45)
S(a) 54573 3.84 332 5.00 0.72 10781 1551 0.67 0.67 2.00 1.00 72122 1384 1.92
S(b) 52661 1.30 297 225 225 11416 1398 0.67 0.67 2.00 1.00 74831 26979 36.05
S(c) 76857 2.02 2.27 5.00 0.56 101.65 1521 0.67 0.67 2.59 041 68373 2793 4.08
S(d) 74448 0.02 217 255 2.55 10793 1348 0.67 0.67 2.58 042 70910 19306 27.23
Large bus (84)
L(a) 72471 4.25 346 4.09 0.00 59.28 847 0.67 0.66 2.00 1.00 52257 -2000 -3.83
L(b) 70935 1.57 3.02 131 131 62.57 8.47 0.67 0.60 2.00 1.00 54862 26442 48.20
L(c) 93666 3.44 2.73 4.86 0.10 55.48 8.26 0.67 0.67 2.57 043 49119 -12056  -24.54
L(d) 91533 0.28 222 154 1.54 59.39 7.80 0.67 0.63 2.56 044 51918 19860 38.25

Table E2: Results in second-best scenarios including different bus sizes and allocation

of lanes
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Scenarios that optimizes

(1) Baseline 0.0
(2) Toll 1.3
(3) Fare 8.9
(4) Peak frequency 33.8
(5) Off-peak frequency 21.5
(6) Peak and off-peak frequencies 55.5
(7) Toll + frequencies 56.2
(8) Fare + frequencies 57.5
(9) Toll + fare + frequencies 58.3
(10) Fare + zero toll 9.0
Second-best scenarios

S(a) - small bus + differentiated peak and off peak bus fares + fixed allocation of lanes 58.3
S(b) - small bus + uniform peak and off peak bus fares + fixed allocation of lanes 56.2
S(c) - small bus + differentiated peak and off peak bus fares + variable allocation of lanes 82.1
S(d) - small bus + uniform peak and off peak bus fares + variable allocation of lanes 79.5
L(a) - large bus + differentiated peak and off peak bus fares + fixed allocation of lanes 77.4
L(b) - large bus + uniform peak and off peak bus fares + fixed allocation of lanes 75.7
L(c) - large bus + differentiated peak and off peak bus fares + variable allocation of lanes 100.0
L(d) - large bus + uniform peak and off peak bus fares + variable allocation of lanes 97.7

Table E3: Welfare gains as percentages of maximum welfare gain (L(c))

32




Should buses still be subsidized in Stockholm?

Cross-elasticities=0.2

A P 0 pr 0 fbp 0 occup,, - 0ccup, Operating Subsidy Subsidy
Welfare cost
€/day € /trip buses/h passengers €/day €/day as % of
W operating
cost
(1)Baseline 0 1.80 1.00 2.18 2.18 67.49 4772  1.00 0.20 69095 25859 37.43
(2)Car toll 1366 0.00 3.30 2.18 2.18 67.49 4772  0.99 0.21 69095 25643 37.11
(3)Bus fare 3596 1.80 1.00 4.55 0.00 67.49 4772 092 0.22 69095 18218 26.37
(4 )Peak freq 5007 1.80 1.00 2.18 2.18 95.30 4772  0.75 0.20 85175 40767 47.86
(5)Off-peak freq 20137 1.80 1.00 2.18 2.18 67.49 14.25 1.00 0.67 48010 4840 10.08
(6)Peak and off- 25253 1.80 1.00 2.18 2.18 95.59 14.03 0.74 0.67 64124 19777 30.84
peak freq
(7)Cartoll + freq 26236 0.44 3.21 2.18 2.18 95.26 14.53 0.74 0.67 64243 19554 30.44
(8) Bus fare 27124 1.80 1.00 3.36 0.00 93.42 15.64 0.73 0.67 63883 22893 35.84
+freq
(9)Car toll + bus 27503 1.59 2.52 3.46 0.00 93.47 16.03 0.73 0.67 64158 21933 34.19
fare + freq (S(a))
(10) Bus fare + 2934 0 0 3.64 0.00 67.49 47.72 092 0.22 69095 28314 40.98
zero toll
Table E4: Optimization of various combinations of tolls, fares and frequencies for given
bus size (Bus size = 45)
A P 7 7P 9 f,° 0 occupp, occup,  cap cap, Operating Subsidy Subsidy
Welfare cost
€/day €/trip buses/h passengers number of €/day €/day as % of
capacity lanes operating
cost
BL 0 1.80 1.00 2.18 218 6749 47.72 1.00 0.20 2.00 1.00 69095 25859 37.43
Small bus (45)
S(@a) 27503 1.59 2.52 346 0.00 9347 16.03 0.73 0.67 2.00 1.00 64158 21933 34.19
S(b) 26412 0.00 2.63 1.33 133 9581 14.81 0.75 0.67 2.00 1.00 64742 36970 57.10
S(c) 51992 0.28 1.60 4.05 0.00 84.81 1555 0.73 0.67 2.62 0.38 58844 14018 23.82
S(d) 50231 0.00 2.34 222 2.22 87.82 14.02 0.75 0.67 2.61 0.39 59628 16282 27.31
Large bus (84)
L(a) 44319 5.00 3.68 4.38 0.22 56.53 8.70 0.67 0.67 2.00 1.00 50220 -7242 -14.42
L(b) 43220 0.00 2.67 0.58 0.58 59.54 8.59 0.67 0.62 2.00 1.00 52541 40030 76.19
L(c) 67268 3.09 256 4.61 0.00 51.62 845 0.67 0.67 2.60 0.40 46176 -7095 -15.37
L(d) 65452 0.00 240 143 143 55,55 7.80 0.67 0.65 2.59 0.41 48882 20133 41.19

Table E5: Results in second-best scenarios including different bus sizes and allocation

of lanes
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Scenarios that optimizes

(1) Baseline 0.0
(2) Toll 2.0
(3) Fare 5.3
(4) Peak frequency 7.4
(5) Off-peak frequency 29.9
(6) Peak and off-peak frequencies 37.5
(7) Toll + frequencies 39.0
(8) Fare + frequencies 40.3
(9) Toll + fare + frequencies 40.9
(10) Fare + zero toll 4.4
Second-best scenarios

S(a) - small bus + differentiated peak and off peak bus fares + fixed allocation of lanes 40.9
S(b) - small bus + uniform peak and off peak bus fares + fixed allocation of lanes 39.3
S(c) - small bus + differentiated peak and off peak bus fares + variable allocation of lanes 77.3
S(d) - small bus + uniform peak and off peak bus fares + variable allocation of lanes 74.7
L(a) - large bus + differentiated peak and off peak bus fares + fixed allocation of lanes 65.9
L(b) - large bus + uniform peak and off peak bus fares + fixed allocation of lanes 64.2
L(c) - large bus + differentiated peak and off peak bus fares + variable allocation of lanes 100.0
L(d) - large bus + uniform peak and off peak bus fares + variable allocation of lanes 97.3

Table E6: Welfare gains as percentages of maximum welfare gain (L(c) )
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Cross-elasticities=0.4

A P 2 pr 0 fbp 0 occup,, - 0ccup, Operating Subsidy Subsidy
Welfare cost
€/day € /trip buses/h passengers €/day €/day as % of
W operating
cost
(1)Baseline 0 1.80 1.00 2.18 2.18 67.49 47.72  1.00 0.20 69095 25859 37.43
(2)Car toll 3572 0.00 4.16 2.18 2.18 67.49 47.72 097 0.22 69095 24960 36.12
(3)Bus fare 3456 1.80 1.00 3.23 0.00 67.49 47.72 096 0.22 69095 31377 45.41
(4 )Peak freq 5878 1.80 1.00 2.18 2.18 96.95 47.72  0.73 0.20 86129 41845 48.58
(5)Oft-peak freq 20097 1.80 1.00 2.18 2.18 67.49 14.25 1.00 0.67 48011 4838 10.08
(6)Peak and off- 65066 20840 32.03
peak freq 26096 1.80 1.00 2.18 2.18 97.24 14.01 0.73 0.67
(7)Car toll + freq 28515 0.00 3.70 2.18 2.18 95.71 15.29 0.71 0.67 64983 20245 31.15
(8) Bus fare 65621 38803 59.13
+freq 28471 1.80 1.00 2.12 0.00 96.66 15.43 0.73 0.67
(9)Car toll + bus 65308 57546 88.11
fare + freq (S(a)) 30420 0.00 147 0.62 0.00 9620 1535 073  0.67
(10) Bus fare + 4901 0.00 0.00 1,52 0.00 67.49 47.72 0.96 0.21 69095 51482 74.51
zero toll
Table E7: Optimization of various combinations of tolls, fares and frequencies for given
bus size (Bus size = 45)
A P 0 7P 0 . f, occupp, occup,  cap cap, Operating Subsidy Subsidy
Welfare cost
€/day €/trip buses/h passengers number of €/day €/day as % of
capacity lanes operati
ng cost
BL 0 1.80 1.00 2.18 2.18 67.49 47.72 1.00 0.20 2.00 1.00 69095 25859 37.43
Small bus (45)
S(a) 30420 0.00 147 0.62 0.00 96.20 1535 0.73 0.67 2.00 1.00 65308 57546 88.11
S(b) 30343 0.00 1.37 0.00 0.00 96.82 15.22 0.73 0.67 2.00 1.00 65582 65582 100.00
S(c) 53805 0.00 0.79 210 0.00 86.14 14.76 0.73 0.67 2.61 0.39 59117 35506 60.06
S(d) 52944 0.00 0.53 0.03 0.03 8848 1434 0.75 0.67 2.60 0.40 60210 59539 98.89
Large bus (84)
L(a) 47185 0.00 229 013 0.00 57.75 8.72 0.67 0.63 2.00 1.00 51202 49551 96.77
L(b) 47182 0.00 2.27 0.00 0.00 57.95 8.72 0.67 0.63 2.00 1.00 51365 51365 100.00
L(c) 68808 0.00 1.71 154 0.00 5212 7.98 0.67 0.67 2.59 0.41 46278 28248 61.04
L(d) 68300 0.00 148 0.00 0.00 54.73 7.85 0.67 0.66 2.58 042 48265 48265 100.00
Table E8: Results in second-best scenarios including different bus sizes and allocation
of lanes
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Scenarios that optimizes

(1) Baseline 0.0
(2) Toll 52
(3) Fare 5.0
(4) Peak frequency 8.5
(5) Off-peak frequency 29.2
(6) Peak and off-peak frequencies 37.9
(7) Toll + frequencies 41.4
(8) Fare + frequencies 41.4
(9) Toll + fare + frequencies 44.2
(10) Fare + zero toll 7.1
Second-best scenarios

S(a) - small bus + differentiated peak and off peak bus fares + fixed allocation of lanes 44.2
S(b) - small bus + uniform peak and off peak bus fares + fixed allocation of lanes 44.1
S(c) - small bus + differentiated peak and off peak bus fares + variable allocation of lanes 78.2
S(d) - small bus + uniform peak and off peak bus fares + variable allocation of lanes 76.9
L(a) - large bus + differentiated peak and off peak bus fares + fixed allocation of lanes 68.6
L(b) - large bus + uniform peak and off peak bus fares + fixed allocation of lanes 68.6
L(c) - large bus + differentiated peak and off peak bus fares + variable allocation of lanes 100.0
L(d) - large bus + uniform peak and off peak bus fares + variable allocation of lanes 99.3

Table E9: Welfare gains as percentages of maximum welfare gain (L(c))
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