On the Optimal Faresfor Public Transport

lan W.H. Parry

Resources for the Future
1616 P Street, N.W.
Washington, DC 20036
(202) 328-5151
parry@rff.org

Kenneth A. Small

Department of Economics
University of Cdifornia
Irving, CA 92797-5100
(949) 824-5658

ksmall @uci.edu

July 8, 2002
For presentation a the NBER summer workshop, environmental economics, July 2002.

Thisversion is highly preliminary. A substantially revised paper will be available at the workshop.

The authors thank the University of Cdifornia Energy Ingtitute for financial support.



On the Optimal Faresfor Public Transport

lan W.H. Parry and Kenneth A. Small

Abstract

Edimates of optima transport subsdies cover a wide range. Typicdly each covers one or two
cities and includes some but not dl of the following key factors congestion externdities, other
externdities from motor vehicles, scde economies due to the effect of service frequency on
waiting time, revenue condraints, intermoda subditutability, and preexiging fud taxes. Some
results are from computationd models whose inner workings are not trangparent. This paper
presents a single andyticd mode including nearly dl the above factors. We derive an andyticd
formula for optima trandt prices under dternative scenarios about adjusment of transit supply.
We then use it to compute optimal usng parameters intended to represent Los Angeles and
Washington. In future work we intend to add London and Brussels. The readts are used to
compare current and optima trangt subgdies, and in future will be used to explore variaion
across regions and to reconcile insofar as possible the previous disparate findings.
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On the Optimal Faresfor Public Transport

1. Introduction

Throughout the industrial world, passenger fares for public transportation are heavily subsidized.
For the United States as awhole, fares covered only 56 percent of operating costs for mass transit systems
1997 (Winston 2000, pp. 407).

There are two main efficiency rationales for operating subsidies to mass transit (Kerin 1992).
First, lower trangit fares reduce automobile use and thereby reduce externality costs from automobiles
such as traffic congestion, accidents, and air pollution. Subsidizing transit fares is a second-best response
to these externdlities but may be appropriate if more direct policies are infeasible. Second, there are scale
economies in mass transit from fixed costs (for example, maintenance of track and stations) and from
effect of increased service frequency on waiting times at transit sops (Mohring 1972, Jansson 1979).
Counteracting the scale economies are crowding costs that arise because full transit vehicles are less
comfortable, spend more time stopped while passengers board and aight, and cause delays when
passengers cannot enter and have to wait for the next vehicle (Kraus 1991).

However, a number of factors complicate the calculation of optimal transit prices. The external
cost of automobile travel and the supply cost of transit both vary dramaticaly by time of day and location.
Furthermore, gasoline is taxed heavily in many countries implying that the externa costs of driving in
some time periods are aready partly or fully internalized. And of course transit vehicles themselves
contribute substantially to congestion, pollution, and accidents. Finally, cross-elasticities among modes
and time periods require S multaneous optimization of many prices, asin Glaister and Lewis (1978).

Severa previous studies have estimated optimal transit prices. For London, Glaister and Lewis
estimated optimal rail and bus fares at about 50- 60% of marginal costs (line 3b, Table 4). A study for the
San Francisco Bay Areaand for Pittsburgh by Viton (1983) found optimal fares to be virtualy zero.
Winston and Shirley (1998) find quite the opposite for the United States as a whole, with bus and rail
fares covering 84% and 97% of marginal operating costs, respectively.' For a prototype representing
Belgian citiesin 1989, De Borger et al. (1996) estimate that optimal transit fares would be 114% of
average agency costs if service frequency is adjusted proportionaly to demand, and 50% if service
frequency is held fixed.” For Brussels and London, Van Dender and Proost (2001) estimate that optimal

! These etimetes assume optimized service frequency (pp. 50 and 58). Winston and Shirley put the annual welfare
gains from implementing optima transit prices and service frequency at $9 hillion.

2 Based on optimal pesk busftram prices from tables 4 and 6, divided by average variable private money costs (to the
agency) intable 3.
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bus and rail fares would be much higher than present fares if marginal-cost pricing of automobileis
permitted, but if not optimal fares would be nearly zero in peak periods and about double present faresin
off-pesak periods.

It isdifficult to reconcile these strikingly different results. The studies apply to different regions
and to different years. They also differ with respect to the efficiency effects they take into account. For
example, the Belgian studies incorporate pollution and accident externdlities, pre-existing fuel taxes, and
interactions with the broader fiscal system, while the other studies do not.®> Some studies but not others
take account of waiting costs and the way they are affected by service frequency; or separate peak and
off-peak periods; or interactions between rail and bus demand. Some of the empirical results are from
smple stylized models and others from elaborate computational models; the former smplify the Situation
more, whereas the latter tend to obscure the relative contributions of underlying relationships and
parameters.

This paper attempts to reconcile previous results using a single analytical model that incorporates
most of the effects that past work have suggested may be empirically important. We derive explicit
formulas for the optimal transit fares for both bus and rail, a both peak and off-peak periods. Our model
takes into account scale economies, crowding costs, externdities from pollution, congestion, and
accidents for al travel modes, pre-existing gasoline taxes, and (in future work not yet completed) optized
service frequency. We compute optimal fares using parameters intended to represent two very different
US cities: Washington (DC) and Los Angeles. In subsequent work, we intend to add London and Brussels
to obtain still wider variation and to permit comparison with Van Dender and Proost (2001). We dso
intend in future work to use parameters from previous studies in our model in order to see exactly where
the differences come from.

The results are used to compare current and optima transit subsidies, to explore variation across
regions, and to make transparent the contribution of various effects and parameters to the optimal subsidy.
In future versions we will aso compute the welfare gains from changing current pricesto their optimal
levels, with and without changes in service frequency.

Severa important issues are beyond the scope of the paper. We exclude distributiona issues and
the burden of transportation deficits on the broader fiscal system, though we discuss how these
considerations might affect our results. We do not analyze the desirability of infrastructure investments.
We do not consider the socid value of providing urban mobility to elderly and low-income individuas.
For the most part we refrain from analyzing the politica difficulties of implementing optima policies and

3 Winston and Shirley (1998) do discuss accident and pollution externalities (pp. 64-66) but argue that they have
little effect on their results.
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thus do not address, for example, the argument of Winston (2000) that transit privatization offers the only
real hope of significant reform.

The rest of the paper is organized as follows. Section 2 describes the analytical model and derives
optimal pricing formulas. Section 3 discusses parameter values. Section 4 presents the main quantitative
results and sengitivity analysis. Section 5 offers conclusions.

2. Analytical M odel

We consider a static model of passenger travel in an urban area.* Travel time, which depends on travel
choices as well as on congestion and transit frequency, enters utility directly rather than through atime
budget. Travel produces pollution and accident externalities, some of which are offset by fuel taxes
(which here are equivaent to vehicle-mile taxes since fuel efficiency of vehiclesis fixed). The
government chooses transit supply and collects fuel taxes at an exogenous rate. We then describe

household optimization and derive equations for transit prices under various scenarios.

A. Model Assumptions
(i) Household utility and Travel. The utility of the representative agent is:

(@) U=ulC,M,T,Y)-Z
where C isthe quantity of a numeraire consumption good, M is sub-utility from travel, T is time spent
traveling, Y isdisutility from crowding on masstranst, and Z is disutility from the external costs of
pollution and traffic accidents. The function u(.) is quasi-concave in C and M, and decliningin Tand Y.
The decline with respect to T is because greater travel time reduces time available for other pursuits; in
the sengtivity analysis we also consider that travel on different modes could provide different amounts of
disutiliy. Variables are expressed in per capita terms. Section 5 discusses heterogeneous agents and
distributional issues.

Within the regional transport network, agents make trips by bus, rail and auto during a peak and
off-peak period. Sub-utility from travel is.

@ M=M(E{M"i=P0O;j=ABR)

* The mode developed here shares some fegtures of atheoretical model in section 3 of van Dender and Proost
(2001). It differsfrom that mode by incorporating more driving externdlities, by disaggregating bus and rail, and by
explicitly modeling service frequency and wait times. In addition, we compute empirica vaues directly from our
optima subsidy formula, whereas Van Dender and Proost use acomputationa modd thet is considerably more
€laborate than the theoretical mode they present.
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where M is passenger milestraveled during period i by modej. The two time periods are i = P (pesk),
and O (off-peak). The three modes are j = A (auto), B (bus), and R (rail). The function M(.) is quasi-
concave; thus, travel on different modes and at different times of day are imperfect substitutes. In what
follows we interpret variationsin M " as representing variations in trip-making by mode, rather than in
trip length.

External costs and supply costs by the transit agency are determined by vehicle-miles (denoted
V') rather than passenger-miles. They are related as follows:
©) M1 =vigl
where a" is the average number of occupants of an automobile, bus or train. Automobile occupancy is
asumed fixed.® Transit occupancy may or may not vary, depending on how the government adjusts the
availability of vehicle miles.

(ii) Travel times and travel quality. The average time to travel amilein period i by mode j, excluding the

costs of waiting for transit service, is denoted p" . We assume that the street system and rail network are

separate, and that congestion (caused by both autos and buses) affects only the former. Thus:
(4) piA:piA(\/iA,ViB); piB:piB(ViA,ViB); piR:IjR
Each congestion function p' () is quasi-convex with positive first derivatives. For given traffic volumes,

p' >p'®: thatis, autos go faster than buses, not |east because buses have to make stops. Also
ploTp/IVB<plo qpll/V™: an extravehicle-mile by abus adds more to congestion than an extra
vehicle-mile by car, as buses go dower and take up more room.

When agents decide on auto travel they take account of their average time cost, but not of their
effect on congestion. The marginal externalities from an extra vehicle-mile by auto, bus and rail (in per
capita time units) are:

(5) Pij :MiApijA+ MinijB,jzA,B PiR:O

We assume that the P ' s are constant are the relevant range; thus, marginal congestion costs at the
optimum transit prices are equal to estimated marginal congestion costs at observed (non-optimal prices).
Thisis areasonable smplification because trangit is only a small share of tota travel in the citieswe

study (both initially and in the optimum), so that changes in transit prices have negligible effects on
margina congestion costs.

® This assumption ignores incentives to carpool, which would be affected by congestion taxes but very little by
transit prices.
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We define W® and W* as the average time spent waiting for bus and rail service per passenger
milein period i using the following constant elagticity functiond form:
©  wivi)y=wl- (VI j=BR wh =0
where W) >0 and h! <0 are parameters. h!) © W/V" /w' isthe elagticity of wait time with respect to
service frequency; it is negative because wait time on a transit mode falls when service frequency is

increased. There is no waiting time for auto.
Thus, the household' s totd time spent traveling is:

M  T=S,@"+w)M’
Disutility from crowding on mass transit, for example having to stand (e.g. Kraus 1991), isa

function of occupancy:

® Y=sy'M'; yi@)=yi@'/a)’; y'"=0

where @ isinitial vehicle occupancy, y ¢ >Oisinitia crowding cost, and by’ © y Ja” /y ">0isthe
elasticity of crowding costs with respect to the load factor, assumed constant. There is no crowding on
auto.

(iii) Household budget constraint. The money costs per passenger mile are denoted p" . For busandrail
these represent fares.® For auto p'* = p'* +t'*, where p" includes al non-tax costs (pre-tax gasoline

expenses, maintenance costs, parking fees, etc.) and t* is the tax paid on gasoline, expressed on a per
passenger mile basis. We alow the tax per mile to vary between peak and off-peak periods, as fuel
consumption per mile can differ significantly between congested and free flowing roads. We assume that
fuel efficiency in agiven period is given, which is reasonable because fuel taxes per gallon of gasoline are
fixed, and changes in transit prices only have modest effects on congestion levels.’

The household budget constraint equates expenditures on consumption and transport to
disposable income:

© C+Sp'M'=1+G
)

® Agents may also incur parking feeswhen using transit. However in aggregate these costs are small relative to fares
(eg., WMATA 2001) so weignorethem.

" In contrast, when analyzing the welfare effects of changesin gasoline taxes it isimportant to account for changes
in fud efficiency. Thase changes weaken the link between reducing fuel and reducing congestion and accidents,
implying amuch lower optima tax (see Parry and Smal 2001).
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where | is (exogenous) income, G is a lump-transfer from the government, and the price of the genera
consumption good is normaized to unity.

(iv) Government and production. Bus and rail transit are publicly provided. The agency cost functions are
linear:

(10) KiR(\/iR) :HiR+kiRViR; KiB(\/iB) :kiBViB

The fixed cost for rail, HY, represents fixed operating costs, such as the cost of operating stations. (It does
not include the costs of constructing rail infrastructure, which we consider in Section 5). Our assumption

of no economies or diseconomies of scale for agency cost of providing bus vehicle-milesis consstent
with the empirical evidence (Small 1992, p. 57). Parameters k'® and k'™® are the constant costs per vehicle

mile, such costs as drivers, electricity, and diesdl fuel excluding tax.? k™ > k® because we impute
vehicle capital costs to the peak period and peak-only service does not conveniently fit an eight-hour
workday for drivers and consequently labor costs are higher.

The government chooses the supply of vehicle miles for bus and rail. We take vehicle sizes and
route lengths as given; therefore an increase in the supply of vehicle miles represents an increase in
sarvice frequency. The government budget constraint is then:

1) G= S p'MI+St™M™"- S KI(VY)

ihjt A iLjtA
That is, the transfer to households (possibly negative) equals government revenues from transit fares and
fuel taxes, minus the costs of providing trangit services. Thus, the benefits of reducing the losses or
increasing the profitability of transit are accounted for in higher disposable income 1+G for households.
We assume that gasoline, diesdl fuel, and the consumption good are produced competitively
under constant returns, so that producer prices are fixed.

(v) Other externalities. Externa damages from pollution and accidents are given by:

12 z=Sqg'V’
1]

Parameters g are the external pollution and accident damages per vehicle-mile, assumed constant. The
constancy of these parametersis discussed in Section 3 when we choose empirica estimates of them for
our simulations. The part of accident costs that is internalized (e.g., own driver injury risk) isimplicitly

taken into account in the sub-utility function M(.) for travel.

8 Taxes on fuel used in public transport are simply atransfer within the government and are not distortionary if the
government can pursue a stated objective as we assume here.
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(vi) Household optimization. Househol ds choose passenger miles and consumption to maximize utility (1)
and (2) subject to their budget congtraint (9), with travel time given by (7) and crowding disutility by (8).
The household regards as given the parameters p" and w' for travel times, a ' for occupancies, and Z
for total externalities. Thisyields the first order conditions:

(13) u

R I A R R VAT IS

where the Lagrange multiplier | © u. isthe margina utility of income/consumptionand r " © -u. /I

and r¥ ©-u, /I arethe(margina) values of travel time and crowding. Agents equate the marginal
benefit from travel (in dollars) with sum of money costs, travel costs and (for bus and rail) wait and
crowding costs, per passenger mile of travel. Using (13), and the household constraints, we can obtain the
demand for passenger miles, and consumption, as functions of the money, time, crowding, and income.
Substituting these functions in (1) and (2) the indirect utility function can be expressed:

(14 M'=M'(p,p,w,y,GW=Wp,p,W,y,G)- Z

where bold type indicates a vector with e ements corresponding to different periods and modes.

B. Model Solution

We now compute the marginal welfare effects of higher transit prices and use them to derive
optimal trangit pricing formulas and the welfare gains from policy reform. We use aternate assumptions
about adjustments in service frequency, represented by the quantity V! © dV'/dM" which describes the
margina supply response of the transit agency to margina changes in demand.

For notational convenience we focus on peak-period rail, but the formulas are analogous for other

transit modes.

(i) Marginal welfare effects. We differentiate indirect utility with respect to p°® while taking account of
induced changes in travel, their effects on waiting and crowding costs and other externdlities, and the
effect on household income of smaller transit deficits (through the government budget constraint). The
result (see Appendix A) is.

1 dw ;dm ! i AU i da’ dv’
13 |_dpPR =-S,;H" dpr - 1S MWV dpR -ris My dM ! dpR
where
(16) H"=E"-t"*; HY=E"- (p"- k'V)),jt A E”:(q”ll +rTP”)\/A‘,,j
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Assuming the demand for rail transit is downward-doping, dM "? / dp”® <0; and since al modes are
subdtitutes for each other, dM " / dp™® >0 for ij* PR. The quantity da’’/dM " ° (1- MV V1)V is
another facet of the supply response, showing how occupancy changes in response to increased demand;

it isequa to one if vehicle-miles are held fixed for trangit, zero if they are increased proportiondly to
passenger-miles, and zero in the case of auto.

The quantity E" denotes the (marginal) external cost of a passenger-milesin time period i by
mode . These consist of per-vehicle pollution and accident costs q''/1 and, in the case of auto and bus,

per-vehicle congestion costs r TP, dl multiplied by the effect on vehicle miles from amarginal increase

in passenger miles, V,J . The quantity H" denotes the net marginal external cost; that is, external cost net
of taxes and government pricing policy. Inthe case of auto, the net marginal external cost is reduced by
the fud tax. In the case of rail and bus, it is reduced to the extent that the transit price is above the supply
cost of an extra passenger mile (k"V,) ). The first term on the right in (15) shows that the marginal
welfare effect of higher peak rail prices depends on the (negative of these) net marginal external costs,
each multiplied by the change in corresponding passenger miles and aggregated over al time periods and
modes.

The second term in (15) is the marginal welfare effect from the change in wait times, summed
across bus and rail travel in both periods. For a given time period and mode this equals passenger miles
times the change in wait costs per mile from any adjustment to vehicle miles (or service frequency) in
response to changes in the demand for passenger miles. If supply responses V! are positive, then these
wait costs will go up for peak rail, but down for other time periods and modes, as the price of peak rail
rises. Smilarly, the third term in (15) reflects the change in crowding costs aggregated across bus and rail
modes, from induced changes in occupancy rates. As people shift from peek rail, crowding costs fall for
peak rail but rise for other times and transit modes.

Suppose that the agency adjusts vehicle-miles in proportion to changes in the demand for
passenger miles, keeping load factors constant. Then there is no change in crowding costs, da /dM ' =
0, and the third term in (15) drops out. At the other extreme, if vehicle miles or service frequency are not
adjusted, then V,'® =VR =0 so that the second term drops out; in this case welfare effects arise only from

changes in crowding costs and from indirect changes in auto use.

(ii) Optimal transit price: proportional service adjustment. First, we assumethat vehicle mileschangein

proportion to passenger miles for each time period and transit mode; thet is, V,) =1/a" and
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da' /dM" =0. Using this, subgtituting H® from (16) into (15), setting (15) to zero, and dividing
though by dM "* / dp® we can obtain the following formula for the optimal pesk rail fare:
an pR=(k™/a™+E™) - ijlsPngR HY-rT %ngV\fjh\iAj,
, _ dM"/dp™
O dM PR dp™
Here m>Y = -1, whileforij t PR, mJ, 3 O isthe fraction of the incremental reduction in peek rail

passenger miles that is due to agents substituting into mode j in period i. Not al of the reduction in peak
rail mileage is due to subgtitution into other modes¥s a portion is due to reduced overall travel demand.

Thus S,. s’ <1. To simplify computation, we assume that the My, s are constant.

The optimal transit price as expressed in (17) consists of three components. First, the marginal
socia cost of providing peek rail passenger miles, equa to the margind externd cost plus the margina
supply cost. Second, a negative adjustment due to the exacerbation of net external costs from substitution
onto other modes. Third, the change in waiting costs summed across al transit modes: wait costs increase
for peak rail travel from lower service frequency, and decrease on bus and off-peak rail as agents shift to

them and suppliers respond by increasing service.

(iii) Optimal transit price: no service adjustment. In this scenario, vehicle-miles of service does not
change, that is, V,) =0 and da" /dM"” =1/V" . Following the same derivation as above gives:
(18) ‘p‘PR:_ SijlpRHijng_ rYSyIJWJmII’ HI] :_pij’jl A

ij

When vehicle miles are held fixed for all transit modes, changes in the fare charged to passengers
have no effect on the external costs or supply costs of transit; that is, the socia cost of supplying
additional passenger miles is zero. Thus the first component of the optimal fare in (17) is absent from
(18). In addition, the substitution into other transit does not affect externalities: welfare effects depend on
the trangit price, since this is the wedge between the marginal benefit and the (zero) margina social costs
of additional passenger miles. Since vehicle miles are fixed there is no change in wait costsin (18)
analogous to the last term in (17). However, changes in occupancy rates give rise to changes in crowding
costs on transit. Crowding costs fall on peak rail, and increase on other transit modes.

(iv) Transit service optimization. [To be completed]
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(v) Computational considerations. Equations (17) and (18) are not explicit formulas for the optimal transit
price, for two reasons. First, the magnitude of H' on the right hand side depends on the prices of other
transit, which are optimized smultaneoudly; and second, the wait and crowding costs per mile vary with
service frequency and occupancy, which in turn depend on transit demands. To solve the model we need
to specify functional forms for the transit demands. For now we adopt the following CES function of
prices only:

a9 Mmi=g- Q)" it A

k=P,0O;
I=R,B

Here ¢’ is aparameter and the h's are own and cross price elasticities, assumed constant here despite this
being inconsistent with constant msin (17). (Since p' is fixed, it is not explicitly included in these
functions.) Initia attempts to incorporate waiting-time and crowding costs into the demand functions
created difficulty in obtaining convergence, but we hope to do this in future work. We obtain the
eladticities from our assumed values of mij using the following formula computed at initial moda shares.
200 hl,=-mlhXAMP™R/MYijt PR

and so on.

We solve the model smultaneoudly for all travel demands, transit prices, and waiting and/or
crowding costs, using (6), (8), (17)- (19), and the parameter values described in the next section. We do
this using a spreadsheet and iterating manually.

(vi) Welfare gains. [To be completed — based on rewriting (15) in aform that can easily be integrated.]
3. Parameter Values

Key parameter values used are shown in Table 1. We outline below our methods for obtaining these
values. These should be regarded as preliminary.

Automobile trips: We take automobile vehicle-miles from data used in the series of “urban mobility”
reports by the Texas Transportation Institute (Shrank and Lomax 2002). We estimate vehicle occupancy
by starting with average occupancy by metropolitan area, from the journey-to-work data from the 1990
census. We then estimate ratios for peak to off-peak occupancies from the National Personal
Transportation Survey (NPTS).? Although we know from the NPT that automobile occupancy

® Average vehide occupancies for work trips are from US FHWA (1994a). Average vehicle occupandies for all trip
purposes are estimated from the percentages of single- and mulltiple-occupant tripsin very large metropolitan arees,

10
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nationwide has declined since 1990, ride-sharing policies and construction of carpool lanes have kept this
decline to aminimum in the Washington and Los Angeles areas so we think the occupancies are still
accurate for 2000.

Transit system characteristics, and system costs: Transit system characterigtics, including vehicle-miles,
passenger-miles, unlinked passenger trips (from which we derive average trip length for each modd trip
segment), and cost data are taken from the web sites of the local transit authorities. We do not include
infrastructure cogt, i.e. roads, track, stations, and so forth. We do include vehicle capital costs, annudized
using a capital recovery factor based on lifetimes of 25 and 12 years for rail and bus, and red interest rate
of 7 percent. Vehicle capital costs are allocated entirely to the peak period, on the assumption that any
increase in vehicle-milesin that period requires purchasing more vehicles, whereas an increase in the off-
peak period does not. Vehicle purchase costs are taken from nationwide figures (American Public
Transportation Association 2002, Table 60) except for rail costs for Los Angeles, which were available
from the local agency web site.

We assume that operating costs during the peak period (excluding vehicle capital) are 50 percent
more than off-peak, due to the difficulties in scheduling labor for split shifts with down time between
morning and afternoon peaks.

Los Angeles operates alight-rail system that carries three times as many vehicle-miles asits one
heavy-rail line, known as the red line. In other cities (particularly Brussals) light rail operates much like
bus in mixed automobile traffic, so we plan to aggregate light rail and bus. In Los Angeles, however, most
light rall is grade-separated, yet has very different characteristics from heavy rail. For this reason we did
not want to aggregate light rail with either transit mode in Los Angeles, so have omitted it. Thisis one

reason the modal share for rail trangit is so tiny (only 0.06 percent).

Own-price elasticities of transit demands, hiijj : Lago et al. (1981) provide three “ stylized facts’ that

appear to still hold, based on evidence from more recent reviews such as Pratt et a. (2000). Firgt, the
overal own-price eagticity for bus transit (over the entire day) based on roughly one-year changes from
actua experiments is about —0.3. Second, the own-price elasticity for rail transit is about half that for bus
trangit. Third, off-peak elasticities are two to three times as large as those for peak periods.

However, Lago et d. aso find that elagticities from cross-sectiona studies tend to be somewhat
higher, perhaps —0.5. These presumably measure alonger-run easticity, which is what we want, but aso

from the 1990 Nationa Persond Transportation Survey (NPTS) (US FHWA 1994b). From the 1995 NPTS wefind
that work trips are 38 percent of al vehicletrips.

11
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provide less consistent results across studies. This accords with the summary by Goodwin (1992), who
finds short- and long-run elasticities for urban bus travel of —0.4 and —0.65. From this evidence, we take
the bus elagticity to be e=—0.5, and rail half aslarge."® Given that about three-fourths of transit travel in
both US cities is during the peak, this leads to the following vaues.

-Peak bus: 0.7e
- Off-peak bus: 1.4e
-Peak rail: 0.35e
- Off-pesk rail: 0.7e

Modal diversion ratios, m’ . Pratt et al. (2000, pp. 12-41 ff.) provide a number of estimates of the
proportion of incremental transit trips that come from (or are diverted to) other modes and/or time
periods, based mainly on surveys of riders who switch to atransit mode when it is made more attractive.

Some typical numbers are 64% and 80% from car in Atlanta and Los Angeles, respectively. We assume
the latter figure represents the average of m-; and m>, for Los Angeles (where T stands for either
transit mode), with progressively lower values for Washington, Brussels, and London. In each city we
assume the peak value (S, ) is 0.05 higher than this average and the off-pesk value (S J, ) is 0.05 lower

than this average.

In cities with good coverage by both bus and rail transit systems, such as London and Chicago,
the few studies of cross-elasticities between bus and rail transit often find them to be about half the direct
eladticities (Gilbert and Jdlilian 1991, Table 3b; Tavitie 1973). Assuming equd travel volume by mode,
thiswould imply m'8 =m~ » 0.5 for i=P,0. We expect the substitutability between modes to decrease
as one expands beyond the city to the metropolitan area, and to decrease more as one considers cities with
less and less well-developed rail networks. We also expect them to have declined considerably from the
1970s or 1980s to the year 2000 due to increasing competition from the automobile. Finally, in the newer
USrail systems the bus lines are typically reconfigured to serve as feeders to the rail system, with

10 There s contradictory evidence from Petitte (2001) for the Washington metropolitan area. He finds that when
non-core-oriented trips are included, therail fare-elagticity is considerably higher than suggested by the other

studies, with abest estimate of -0.54 (Table 4). Thisisfrom afairly complex specification and we takeit to be as yet
unverified. Thereis aso some evidence that price-dadticities from “large multinucleated cities” such asLos Angeles
are dightly smaller than those from “large core-concentrated cities’ such as Washington (Chan and Ou 1978, Tables
2, 4); but weignore this distinction partly because Washington has become much less core-concentrated sincethe
times of the studies reviewed by Chan and Ou.

12
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competititve routes discontinued. Therefore we assume the cross-mode diversion ratios to be 0.15 for
London, 0.10 for Brussdls, and just 0.05 for the two US cities.

Little information is available about shifts across time periods. We assume than in each case, 10
percent of the change in trangit ridership represents such shifts, and that the shifts occur entirely to the
same mode.

These assumptions lead to the values shown in Table 2. The fraction of trips diverted into non-
trip-making or non-vehicle modesis aresidual, equal to 10 percent in dl cases. Thisis reasonably
consistent with the review by Pratt et a. which suggests that 26% and 10% of new transit tripsin Atlanta
and Los Angeles, respectively, represent some combination of changes in walking, trip frequency, and

destination; while noting that destination changes do not necessarily reduce passenger-miles.

Values of time: Our starting point is the vaue of in-vehicle time, which following Small (1992, p. 44) we
take to be one-half the wage rate. We also adopt standard convention by assuming that waiting time at a
transit stop is valued at twice that of in-vehicle time, i.e. equal to the wage rate. This hourly wage rate,
averaged over dl occupationsin private industry and state and local government, is $19.57 and $17.14 for
the Washington and Los Angeles Primary Metropolitan Statistical Areas (PMSAS) in April 2001 (US
Bureau of Labor Statistics 2002). We round the figures to 32 and 28 cents per minute, and assume they
apply during peak periods when many travelers are on work trips. We assume off-pesk travel timeis
vaued at 75 percent of these amounts.

Wiaiting Costs, w', and waiting-cost elasticity, h!. We distinguish between cases of random and planned

times of arrival. These depend on headway H , defined as the times between transit vehicles on aroute
and inversdly proportiond to tota vehicle-miles'V.
When headways are small, it is reasonable and common to assume that travelers come randomly

to atransit stop and wait half the headway, for an expected waiting cost of W’ =r "H /2 and dasticity

h!)=-1. When headways are large, travelers can be expected instead to use a transit schedule. A full

analysis of this decision and its consequences for costsis very complicated (Pisato 1998), but a
reasonable simplification is that using a schedule entails three costs. We scale all costs by the value of
waitingtime, r T . First is afixed planning cost, which we take to be the value of one minute. Second is a
precautionary waiting time required because the exact arrival time of the bus is uncertain; we take thisto
be 5 minutes. Third is the expected value of early arrival at the destination arising assuming that the
traveler chooses to ensure there will not be a late arrival and therefore chooses a transit vehicle arriving

prior to the desired time; the expected value of this third component is bH / 2 where b is the per-minute
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cost of early arrival at the destination. Following Arnott, de PAdma and Lindsey (1993), we use choose b

to be 0.4 times the value of in-vehicle travel time, which in turn we taketo be 0.5r T (based on evidence
thet in-vehicle timeis valued at about half as much as out-of -vehicle time).

These assumptions imply that the user will choose to arrive randomly when H< 15 and to follow a
schedule when H>15, with resulting cost per trip:
(1) Lw' =H/2; H<15

r'[6+(H/10)] ; H>15

where L istrip length (in miles). The dasticity h!} is—1 for H<15, and varies between —0.20 and —0.5 as
H varies from 15 to 60 minutes. Aggregate waiting cost across many routes will involve a weighted
average between these values. To simplify, we take h!! =-0.5 throughout, but calculate the initial waiting
cost from the initial average headway using (21).

Crowding cost, y”, and its elasticity, hy’ . Kraus (1991) models crowding on agiven buslineasafunction

of boarding times, probability of standing, and where aong the line the passenger enters. Crowding costs
should be non-linear in occupancy because they are very low until most seats are filled, then rise rapidly

as the chance of getting a seat declines and the chance of missing a connection increases. For lack of
information we assume the dlasticity is ' =3.

For theinitia crowding costs in Washington during peak operations, we use Kraus' s smulated
results representing Boston peak rail and bus operations, using his figures for someone boarding haf-way
dong aline and averaging the inbound and outbound results.** We assume that Kraus's figures are
representative of peak operations in Washington (which is an older city like Boston); for &l other cases
we adjust for the fraction of seats occupied using the assumed elagticity. In each case we multiply this
crowding cost by the ratio of our assumed value of in-vehicle time (r ') to his assumed value (8.33

cent/min.). We then divide by trip length to put cost in cents per passenger-mile.

External congestion costs, P'. We take average congestion cost (in time units) from the estimates by the
Texas Transportation Institute (Schrank and Lomax 2002) of total person-hours of delay in 2000 for the
Washington and Los Angeles urban areas. We assume that 90 percent of this occurs during the peak
periods, which extend for atotal of 8 hours per day. These assumptions imply that average peak delay (in

1 See Kraus 1991, Tables 2-3. We use stop #15 for bus, and the average of stops#5 and 6 for rail.
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minutes per passenger-mile) is 0.45 in Washington, and 0.85 in Los Angeles. (For example, the figurein
Washington could result from congestion reducing average peak speed from 45 to 33.6 miles per hour).

In order to determine marginal delay, we apply the relationships fit by Small (1992, pp. 70-71) to
travel-time data from smulated arterial travel times in Toronto and from express roads in Boston. These
results suggest that delay iswell approximated by a power function of traffic volume, with power 4.1 in
Toronto and 3.3 in Boston. Taking the average of 3.7, thisimplies that the margina external delay is 3.7
times the average delay. Applying the value of in-vehicle time already described yields the externa
congestion cogsts per vehicle-mile shown in Table 1, which for pesk periods are 26.5 cents for Washington
and 50.4 cents for Los Angeles. These figures are not out of line with the US average value of 5.0
cents/mile used in Parry and Small (2002), derived from US FHWA (1997).

Congestion from buses is assumed to cause five times the external cost as from autos, per vehicle-

mile.

External accident and pollution costs, g': We start with the values used by Parry and Small (2002) for
external costs from automobiles: namely (cents per vehicle-mile) 2.0 for tropospheric pollution, 0.3 for
global warming, and 3.0 for accidents. We then double the US average figure for troposhperic pollution in
Washington and triple it in Los Angeles to reflect the fact that these are large metropolitan areas instead
of averages over dl travel in the nation, and that the topography of Los Angeles causes pollutants to
disperse especialy dowly. We do not increase accident costs because studies suggest that, if anything, the
external portion of accident costs is lower in crowded cities because higher traffic moves more slowly and
therefore reduces the severity of accidents.

External accidents and pollution are assumed negligible for rail transit. For bus transit, accidents
costs per vehicle-mile are taken to be the same as for auto because buses move more slowly and are
driven by professionals; while pollution is taken to be triple that for automobiles.

4. Results

Our preliminary results are shown in Table 3.

Under proportional adjustment, optimal fares are well above current fares in the off-peak period
but are substantially below current fares in the peak periods except for peak bus service in Washington.
Thisis broadly consistent with the findings of Van Dender and Proost (2001). Nevertheless, in every case
the optimal fare is less than the marginal agency supply cost and less than half the average operating cost.
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The dominant fare component is margina supply cogt, but it is greatly reduced in all cases by one
or both of the two primary effects mentioned in the introduction. The first isthe “traffic diverson” effect:
the reduction in externa costs of automobiles caused by diversion to transit. Thisislarge for peak service,
especidly in Los Angeles where the congestion cost of automobiles is especidly high, but not for off-
peak service. The second is the “Mohring effect:” the favorable effect of increased transit service on
waiting times. It islarge for dl but Washington peak rail where wait times are dready quite smdl, and is
generdly larger in off-peak periods. Thus as a broad generaization, the externdlities of automobiles are
more important in peak periods (where cars impose greater congestion costs) while waiting-cost scale
economies are more important in off-peak periods (where longer headways make them more significant).

In the case of no service adjustment, most of the optimal fares are negative. Because (19) is
undefined with negative or zero fares, we imposed a minimum fare of 10 cents/mile in computing (19) for
this scenario. We are not very confident in this scenario at this point. For one thing, if optimal fares are
really negative it implies that there is excessive service frequency in theinitial situation. It may be that we
have underestimated crowding costs, our least well-documented parameter. Also, in this scenario thereis
substantial influence of cross-elasticities, which may not be accurately captured by our constant-share

assumption.

5. Conclusion
To the extent that transit subsidies are financed by higher taxes on labor and capital income they
exacerbate efficiency costs of tax distortions in these markets. However, there is an offsetting effect to the
extent they lower the costs of transportation, and increase real factor returns. According to recent
literature, if travel were an average substitute for leisure the net impact of these two effects would reduce
the optimal subsidy by around 10-25%."

[To be completed — will discuss distributiona issues, fixed infrastructure costs, interactions
between transit subsidies and the broader fiscal system. ]

12 See for example Bovenberg and Goulder (2002) and Parry (1998) on how to adjust optimal externality taxes and
subsidies to account for interactions with taxes on labor income. The assumption thet travd isan average leisure
subsgtitute may be a reasonable approximation for pesk-period commuting, astravel costs are effectively atax on
Iabor force participation. On the other hand, off-peak travel may be rdatively complementary to leisure, implying a
larger downward adjustment in the optimd transit subsidy.
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Appendix A
Deriving Eqg. (15)
Using (1), (7), (8) and (12), the agent’sindirect utility function is defined by:
(Al) W=Wp,p,W,y,G)- Z= Max u(C,M,Sp" +w)M" Sy "M")- Sq'Vv"
+1[I1 +G- C- Sp'M "]
Differentiating gives.
A2 Wi°o-IM" W, =uM"; W, =uM’; W, =u M W, =I
When the agency increases p™", the welfare effect is given by differentiating the agent’ s indirect utility

function taking into account changesin p, p,w, y , G and Z. This gives.

dp’ aw! dy i aG _ , dv?
Wi ™ W apF | +WGW_ Sq I

dw ]
(A3) F —WpPR + S,:\Wpij d—pR +

From (A2) and (A3), and using the definitions of r " and r ¥ we can obtain:
1 dw 1 . dp’ dw’ dy'"d dG 1_ ;. ,;dm’
(A4) I_dppR:'MPR'SMllierF)ppR+rT W + Y y 7 S Ijvlj
i

From (4):

dpPR r dpPRg-'-dpPR |_ q MdpPR

dpiA Ay /IA dMiA_I_ iA\/ 18 dm ®

W_ AYM dpPR B VM dpPR

(A5)

and the same for dp'® /dp"® . From (A5) and (4) we can obtain:

. dp” o i
(A6) riSm? ijR =r 'SPV, EIE)/IPR
From (6):
aw’ o dMm
(A7) o~ =wiv,) s
From (8):
dy" _ ,da’ dv’
A8 =v _
(A9) dp™® Ya dMi dp™
From (3), (10), and (11):
i iA i
P ' P p 1 D

Substituting (A6)- (A9) in (A4), using (16), and collecting terms, we can obtain (15).
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Table 2. Modal and I nter-temporal Diversion Ratios

City Time Period Fraction Diverted To or From:

Automobile Other transit Other time Walk, bicycle,
mode, same period, same no trip
time period mode

Los Angeles P 0.85 0.05 0.10 0.00
¢} 0.75 0.05 0.10 0.10

Washington P 0.80 0.05 0.10 0.05
O 0.70 0.05 0.10 0.15

Brussals P 0.70 0.10 0.10 0.10
O 0.60 0.10 0.10 0.20

London P 0.60 0.15 0.10 0.15
¢} 0.50 0.15 0.10 0.25




