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Pricing Urban Congestion

lan W.H. Parry

Abstract

This paper reviews literature on the optimal design of pricing policies to reduce urban automobile
congestion. The implications of a range of complicating factors are considered, such as traffic
bottlenecks, constraints on which roads and freeway lanes in the road network can be priced, driver
heterogeneity, private toll operators, other externalities besides congestion, and interactions between
congestion taxes and the broader fiscal system. We also briefly discuss the incidence of congestion taxes
and experience with this policy in the United States and elsewhere.

Although the economics literature on congestion pricing has advanced considerably over the last
20 years, research is still needed on the empirical measurement of second-best efficient tolls for urban
centers and whether alternative design features have substantial implications for efficiency. More research
is also needed on the design of schemes to promote feasibility by compensating adversely affected groups
with minimal loss in economic efficiency.
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Pricing Urban Congestion

lan W.H. Parry*

1. Introduction

Given relentless growth in population and real income, expanding demand for automobile
travel in the United States continues to outpace road construction, causing worsening urban
congestion. Between 1980 and 2003, for example, urban vehicle miles traveled increased by 111
percent, against an increase in lane-mile capacity of only 51 percent (BTS 2006, tables 1.6 and
1.33). According to Schrank and Lomax (2007) the average traveler across the 437 largest urban
areas in the United States lost 38 hours to traffic delays in 2005, up from 14 hours in 1982.
Delays are most severe in Los Angeles, where the average traveler lost 72 hours to congestion in
2005. The next most congested cities, with average delays of about 60 hours per year, were San
Francisco, Washington DC, Atlanta, Dallas, and Houston (Schrank and Lomax 2007, table 1).
Nationwide, Schrank and Lomax (2007) put the annual costs of congestion, including wasted
fuel, at $78.2 billion in 2005, up from $16.2 billion in 1982 (in $ 2007).1

Despite higher fuel prices, the trend of rising urban congestion is set to continue. DOT
(2008) projects an increase in automobile vehicle miles of 50 percent between 2010 and 2030.
Meanwhile, because of environmental constraints, neighborhood opposition, and high land
acquisition costs, new road construction is increasingly difficult. In any case, expanding capacity
is partly self-defeating as it encourages new driving trips.2

The limitations of other traditional approaches have also become apparent. Expanding
transit and subsidizing fares has limited impacts on automobile congestion, given relatively

* Senior Fellow, Resources for the Future; parry@rff.org. | am very grateful to Todd Litman, Georgina Santos and
Kenneth Small for extremely helpful comments on an earlier draft.

1 As discussed later, the figure omits some broader costs of congestion, such as the costs of people deviating from
their preferred travel times to avoid the peak of the rush hour. On the other hand, there are limits to the costs of
congestion as people cutback on peak period trips, change housing and job location, etc. as congestion becomes
more severe.

2 See, for example, Downs (1992), SACTRA (1994), Goodwin (1996), Litman (2006), Mackie (1996), and Noland
(2001).
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modest own-price elasticities for transit.3 In fact, the convenience of auto travel, particularly
relative to traditional hub-and-spoke rail networks, may be increasing as places of work become
more dispersed, rather than concentrated in the downtown area. Fuel taxes are also a blunt
instrument as they do not differentiate between urban and rural driving, or between peak and off-
peak travel, and much of the long-run behavioral response comes from improved fuel economy
rather than reduced vehicle mileage. Furthermore, political opposition to fuel taxes is intense in
the United States, where auto and oil companies have substantial political influence, and where
per capita gasoline consumption is several times higher than in Western Europe.

It is therefore not surprising that U.S. policymakers are looking for more effective
congestion policies (e.g., De Corla-Souza 2004; NSTP 2007; DOT 2006). In theory, peak-period
road pricing (sometimes called value pricing) is the ideal policy in this regard because it exploits
all behavioral responses for reducing congestion, such as reduced overall travel, increased
carpooling, shifting trips to off-peak periods, to transit, and to less congested routes. Moreover,
the feasibility of peak-period pricing has greatly improved with recent developments in
electronic metering technology. Fees can now be deducted electronically by in-vehicle
transponders, thus reducing bottlenecks at manual tollbooths, or by direct billing with onboard
global positioning systems. Congestion fees may also help with the growing funding gap for
financing upgrades of the aging transportation infrastructure, given that real fuel tax revenue per
automobile mile has declined with greater fuel economy and the failure of nominal tax rates to
keep pace with inflation (TRB 2006).

Although there are few successful congestion pricing schemes in the United States so far,
most likely congestion pricing will become more appealing as urban travel speeds continue to
deteriorate.# Furthermore, the relative success of area license fees in London suggests that public
opposition is not insurmountable. Thus, guidance from transportation economists on how

3 A typical estimate for the own-price elasticity for transit is around -0.4 (Pratt et al. 2000). Nonetheless, urban
transit fares are heavily subsidized. Fare subsidies for the 20 largest transit authorizes in the United States, expressed
as the difference between agency operating costs and revenues from passenger fares, vary from 30-90 percent of
operating costs for rail systems, and 60-90 percent for bus systems (Parry and Small 2008, table 1). Despite these
subsidies, transit accounted for only 4.4 percent of nationwide commuting trips in 2005, and automobiles for 88.4
percent (BTS 2006, table 1-38). Improving service quality (e.g., increasing transit speed, reducing wait times at
stops, and improving transit access) maybe more effective in deterring automobile use (Litman 2007a).

4 Many roads have tolls for revenue collection, but these vary very little by time of day, which limits their impact on
deterring congestion.
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congestion pricing policies should be designed, and in ways to reduce public opposition, could
not be more timely.

Unfortunately, even at a conceptual level, designing taxes to reduce congestion can be far
more complicated than to address other externalities like household garbage, drunk driving, and
smokestack pollution. Real-time variation in the toll rate within the peak period is needed to
optimize road capacity by partially flattening the distribution of trip departure times. And
because of political or other constraints, congestion pricing is emerging piecemeal, typically on
one lane of one highway at a time. In assessing the appropriate toll, account must be taken of
changes in congestion on parallel (unpriced) freeway lanes and on other links in the urban
network, as the toll induces drivers to alter their travel routes.

The congestion pricing literature has advanced considerably over the last 20 years,
providing valuable insights on various design issues. More research is needed, however, on the
empirical measurement of efficient tolls for major urban centers and on the efficiency
implications of design features—such as toll variation within the peak period, supplementary
pricing on other links in the network, and toll exemption provisions (e.g., for taxis or clean-fuel
vehicles). Moreover, literature on the design of compensation schemes to advance political
feasibility, without substantial loss of economic efficiency, is limited.

Drawing on several other reviews, this paper distills some key findings from the
congestion pricing literature and issues in need of further study, discusses experience with
congestion tolls to date, and prospects for more widespread policy implementation in the United
States.> The next section briefly discusses alternative models of congestion. Section 3 discusses
complicating factors in the design of congestion tolls. Section 4 considers practical obstacles to,
and prospects for improving the feasibility of, congestion pricing. Section 5 summarizes
experience with congestion pricing to date. Section 6 offers concluding thoughts.

5 Other recent reviews include Arnott et al. (2005), chap. 1, Lindsay (2006, 2007), Litman (2008), Santos (2004a)
and Small and Verhoef (2007). As Arnott et al. (2005) emphasize, economists need to examine policies that might
complement congestion pricing, such as appropriately pricing freight and mass transit; staggering work hours for
government employees; encouraging biking and walking; and improving the design of roads and intersections to
improve traffic flow. Reforming the pricing of parking space is especially important, given that publicly owner and
employer provided parking is heavily subsidized at present (Shoup 2005). Such broader policies, however, are
beyond our scope.
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2. Alternative Approaches to Modeling Congestion

Here we outline the two main theoretical approaches, namely the static, speed/flow model
of highway congestion, and the dynamic model of traffic bottlenecks. We also comment on
empirical implementation.

A. Basic Model of Highway Congestion

We begin with the basic model of congestion along a uniform segment of an urban
freeway.® The model makes a number of simplifying assumptions (the implications of relaxing
them are discussed later):

No traffic bottlenecks at highway entry and exit points or intersections

A uniform flow of incoming traffic across the period

Uniform traffic flows, and congestion tolls, across all lanes of the freeway

All motorists have the same value of time

No linkages with congestion on other network links

No interactions between congestion tolls and distortions in the broader economy
No consideration of recycling congestion toll revenues

Basic Traffic Engineering Relationships

Underlying the model is the fundamental diagram of traffic congestion, shown in figure
1. The upper left quadrant indicates the relation between vehicle density (D)—that is, the average
number of vehicles along the highway at a given time—and average speed (S). Speed declines
with higher density because drivers slow down to maintain a comfortable separation from the
vehicle ahead given shorter distances between vehicles. Traffic volume, or flow (V), is the
number of vehicles passing through the highway segment per unit of time. Volume
(vehicles/hour) is the product of density (vehicles/mile) and speed (miles/hour). Higher density is
initially associated with higher vehicle flows, or completed highway trips per hour (lower right
quadrant of figure 1). However at some point, the contribution of an extra vehicle to traffic flow
is offset by the reduction in flow attributable to existing vehicles travelling at slightly slower
speeds to accommodate more traffic. This point represents the maximum carrying capacity.
Beyond this point, the highway is said to experience hypercongestion, because additional vehicle

6 The basic model was developed by Beckmann et al. (1956), Walters (1961) and Vickrey (1963). For a recent
exposition and various extensions to the basic model, see Hau (2005a, 2005b).
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density reduces the overall vehicle flow. This implies an inverted-U relation between speed and
volume (the upper right quadrant of figure 1).

Table 1 shows the approximate relationship between density, speed, and volume under
ideal highway conditions (e.g., with no intersections and bends). The flow peaks at roughly
1,850-2,000 vehicles/hour/highway-lane at speeds of around 30-46 mph (i.e., at a particular point
on the highway a vehicle passes about every two seconds).

Basic Economic Analysis

The traditional economic analysis of congestion tolls uses these relationships to plot
average and marginal travel cost, as a function of vehicle flow, against travel demand, as
depicted in figure 2. Here, the average cost (AC) of highway trips/hour is

(1) AC=c, +VOT-T(V)

¢, denotes the money cost per trip before any toll, which reflects fuel costs, vehicle wear and
tear, possible parking fees, etc.” VOT is the value of (travel) time, or the amount drivers would be
willing to pay to save an hour of travel time (see below). And 7'(V) is the time per trip (the
inverse of speed), which rises with more traffic/hour on the highway. The average cost curve in
figure 2 bends backward after the maximum traffic flow is exceeded. This reflects the
hypercongested portion of the speed-flow curve in figure 1, where additional vehicles increase
delays to other drivers by enough to reduce the overall traffic flow. However, as discussed
below, a dynamic analysis is really needed to study hypercongestion, which is a transitory
phenomenon. For the demand curve in figure 2, the equilibrium traffic flow with no toll is 7°,
because motorists use the highway until the average cost per trip equals the benefit (or height of
the demand curve).

Multiplying AC by ¥ and differentiating gives the marginal social cost (MC):

(2) MC = AC + MEC ,MEC =VOT -VT'(V)

7 We leave aside the possibility that congestion could lower fuel economy and thus raise fuel costs per trip. A
typical assumption is that vehicle fuel consumption increases by 30 percent under heavily congested conditions,
though there is considerable uncertainty over this figure (see e.g., Greenwood and Bennett 1996; Small and Gémez-
Ibafiez 1999, sec. 3.2).
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The marginal cost exceeds the average cost by the marginal external cost of congestion
(MEC), which equals the increase in travel time attributable to extra congestion from one more
trip, times the number of trips/hour, times the VOT.

The socially efficient traffic flow for the demand curve in figure 2 is ¥, where the
marginal social cost of an extra trip equals the marginal benefit. This flow could be induced by
levying the Pigouvian congestion toll, 7~ in figure 2, equal to the gap between MC and AC at this
point, or wV T'(V") . Note that this toll is less than MEC at the pre-toll traffic flow because
MEC declines with the fall in traffic flow.8 The welfare gain from the Pigouvian toll is the gap
between the marginal social cost curve and the demand curve, integrated over the reduction in
traffic flow.

Revenue raised by the Pigouvian toll is 'V . Before any revenue recycling, all drivers
are worse off under the toll (assuming they have the same VOT) which, as discussed later, is a
challenge for political feasibility. For motorists who continue to use the highway, average costs
increase because the toll exceeds the value of travel time savings, while drivers who are diverted
from the road to their next best alternative are also worse off.

B. Bottleneck Model

Although the basic speed-flow model is a useful starting point for analyzing situations
when traffic conditions do not change quickly, or when the focus is on average traffic levels over
extended periods, it has two main shortcomings (Small and Chu 2003).

First, it cannot accommodate the possibility of hypercongestion. Yet hypercongestion is a
real phenomenon at various choke points in the road network (e.g., at stoplights or highway entry
or exit points) where large queues form and then clear during the course of the rush hour.®
Second the traditional model captures only one behavioral response, that is, whether to drive on
the congested highway. In reality, within the peak period drivers can also change their departure
time to avoid the point at which congestion is most severe. Thus traffic inflow to the highway per

8 According to Litman (2007b, 5.5-5.10), optimal tolls would reduce traffic volume to roughly 1,500
vehicles/lane/hour on highways and 800 on urban arterials.

9 In fact, for some of world’s most congested cities, such as Bangkok, Athens, Rome, and Jakarta, most of the road
network appears to be hypercongested most of time.
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unit of time is endogenous not fixed. The bottleneck model of congestion was developed to
address these two shortcomings (e.g., Vickrey 1969; Arnott et al. 1991, 1993, 1994).

In bottleneck models, motorists have a preferred arrival time and incur a rising cost for
early or late arrival (e.g., workers with fixed work schedules). Drivers choose their trip departure
time to trade off these “schedule delay” costs against travel time savings from leaving before, or
after, the rush hour peak. In the simplest setting, there is one bottleneck permitting a maximum
throughput of vehicles/hour. As the inflow rises above the maximum outflow, a queue forms
which peaks and then progressively declines as the end of the peak period is approached.

The optimal toll in the basic model rises over the first part of the peak period and then
falls, keeping traffic inflow equal to capacity outflow. This dynamic toll thus “flattens” the peak
by inducing some people to depart earlier, if they leave before the peak, others to leave later, if
they depart after the peak, and still others to use alternate routes or avoid driving all together. In
contrast to the speed-flow model, the optimal toll eliminates congestion entirely because there is
no queuing when traffic inflow is at or below chokepoint capacity.

The inverted-U schedule for the optimal congestion toll during the peak period is an
important policy insight from the bottleneck model. Numerical simulations in Arnott et al.
(1993) suggest that more than half of the welfare gains from congestion pricing may come from
trip rescheduling within the peak, rather than avoidance of peak travel altogether.

Another insight is that the costs of congestion are greater than the extra travel time alone.
They also include schedule delay costs, because people deviate from their preferred arrival times
to save time during their trip (Arnott et al. 1994, Small and Chu 2003). However, the extent to
which schedule delay costs are picked up in empirical estimates of the value of travel time, and
therefore are incorporated in estimates of congestion costs, is unclear.

A third insight is that the welfare gains from bottleneck pricing can be roughly the same
as the toll revenue collected, unlike in the traditional model, where welfare gains are typically
much smaller than revenue transfers. Because it is optimal to eliminate bottleneck queues
completely rather than partly, welfare gains are first-order, unlike in the static model where they
are second-order. In principle, this should reduce public opposition to tolls designed to alleviate
specific bottlenecks in the road network.

Hybrid models combining elements of both traditional and bottleneck models have also
been developed. For example, Mun (1994) developed a dynamic model of travel between two
distant points with a queue in the middle that forms and eventually clears during the peak period.
Travel time is determined by the standard speed-flow relation on either side of the bottleneck,
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but also includes waiting from queuing. The model thus captures hypercongestion at a choke
point but, over the entire peak period, the average travel cost curve always increases in traffic
flow. In hybrid models, the optimal toll has both a static component analogous to the Pigouvian
tax and a dynamic component to address the bottleneck (Arnott and Kraus 1998, eq. 20).

C. Empirical Implementation of the Basic Model

Most empirical assessments of optimal congestion tolls use the speed-flow approach, and
that is the model we focus on here.10 Implementing the basic speed-flow model of congestion
charges requires three pieces of information: the VOT, the speed-flow functional relationship,
and the demand response to tolling.

Value of Time (VOT)

If people value the pure disutility from an extra hour of work and an extra hour of travel
time equally, then the value of travel time would reflect the net-of-tax wage. More generally,
travel might be valued at less than the net wage if, for example, people prefer to be in a car rather
than at work, or vice versa if they prefer the work environment to being in a car.

There is a large empirical literature on the VOT. Some studies use revealed preference
methods (e.g., estimating willingness to pay auto fuel and parking costs to save time over an
alternative, slower travel mode) while others use stated preference methods (e.g., directly asking
people what toll they would be willing to pay for a faster commute). Given the difficulty of
controlling for schedule delay costs, the extent to which people’s estimated willingness to pay
for shorter travel times also reflects the advantages of their being able to schedule trips closer to
their preferred times is unclear.11

10 Sometimes delays at bottlenecks, averaged over the peak period, are taken into account in calibrating speed-flow
curves. Quantitative assessments of optimal tolls based on bottleneck models typically must postulate a distribution
for schedule delay costs, because there is no direct data to measure them. Numerically solving these models is
challenging, given that bottleneck congestion is inherently a disequilibrium phenomenon (for more discussion see de
Palma and Marchal 2001).

11 A further cost of travel delay is the added uncertainty over arrival times when trip times are stochastic, which
matters when the cost of being late by a given margin exceeds the cost of being early by the same margin. In
response to this uncertainty, people may leave earlier than they would otherwise prefer. However, again it is not
clear to what extent the cost of this “buffer time” is reflected in existing estimates of the VOT (Small and Verhoef
2007, 54).
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Most literature reviews recommend a VOT for personal auto travel equal to about half the
gross market wage, or somewhat less than net of tax wage (e.g., Waters 1996, DOT 1997,
Mackie et al. 2003).12 Commuting trips are valued somewhat more highly than leisure, shopping,
and other trips, partly because of penalties for late arrival at work, while trips made in the course
of work are typically valued at the gross wage, as they reflect the VOT to the employer (DfT
2007). Moreover, due perhaps to stress and frustration, the VOT may be substantially higher
under heavily congested, compared with free-flowing, conditions (e.g., MVA et al. 1987,
Wardman 2001, Steer Davies Gleave 2004). And as regards the VOT/income elasticity, Mackie
et al. (2003) recommend a value of 0.8.

Speed-flow Curves

The most commonly used functional form relating travel time per mile (the inverse of
speed) to traffic flow (where these are observed using from time lapse satellite data or ground-
based traffic counts) is:

@) T=T{+aV’"}

a and g are parameters and 7 is time per mile when traffic is free flowing. A typical value for
the exponent £ is 2.5-5.0. With o = 0.15 and £ = 4.0, equation (3) is the Bureau of Public Roads
formula, which is widely used in traffic engineering models (see Lindsey and Verhoef 2000 for a
review of the literature on speed-flow curves).

Differentiating (3) and substituting in (2) gives
(4) MEC=VOT-fS-AD,AD=T-T,

where AD denotes the average delay, or excess of time per mile over that under free-flow traffic
conditions. Using this formula, Parry and Small (2008) put the marginal external cost of

12 The recommendation suggests, for example, that if the gross hourly wage for urban areas is $20 (BLS 2006, table
1), then the time cost for driving a mile when the road speed is 30 miles per hour will be 33 cents. For comparison, if
the vehicle fuel economy is 20 miles per gallon, and the retail gasoline price is $3.50 per gallon, then fuel costs per
mile are 15 cents.

Stated preference studies (e.g., Calfee and Winston 1998) often yield a much lower VOT than revealed preference
approaches. Brownstone and Small (2005) suggest that this might be due to survey respondents’ overestimating the
actual time savings from travel options with higher monetary costs.
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congestion at 28.0 cents/vehicle-mile for peak automobile travel in metropolitan Washington,
DC in 2002. Table 2 extrapolates this estimate to various other large cities, based on travel delay
per mile of travel in that city relative to that for Washington, DC (see Schrank and Lomax 2007).
These rough estimates vary from 33.7 cents/mile in Chicago to 23.5 cents/mile in Detroit.

Obviously, these figures may mask considerable variation in marginal external costs
across individual links in the network, as well as across points in time within the peak period.
For example, for peak travel in the Twin Cities, Mohring (1999) estimates marginal congestion
costs that vary from less than 2.5 cents to over 50 cents/vehicle-mile, across road classes.

Accurately estimating the parameters of speed-flow relations for specific roads can be
tricky, however. For example, the relation will vary with highway gradient, bends, presence of
hard shoulders, frequency of stop lights and intersections, etc., so estimates may not transfer
across different roads. Furthermore, estimating the point of maximum flow can be challenging
because of considerable scatter in observed speed and flow data (Small and Verhoef 2007, chap.
3), and estimates of the speed-flow curve for specific highway segments are sensitive to
bottlenecks near that segment.

Demand Responses

Calculating Pigouvian congestion tolls, as opposed to the marginal external cost at
prevailing travel flows, requires simultaneously solving for the marginal external cost and the
demand for travel as the highway is priced. Demand responses are also needed to assess the net
benefits from congestion tolling, which determine the strength of the case for implementing such
policies.

There is a large empirical literature on the overall responsiveness of driving to price,
usually measured by fuel prices or fuel costs per mile. Aggregate cross-sectional studies compare
travel behavior across metropolitan areas, or sometimes different zones within an urban area.
Other studies use time series data, though the results can be sensitive to the specification for
autocorrelation. A rough rule of thumb is that the elasticity of vehicle miles with respect to fuel
prices is between -0.1 and -0.3 (e.g., Goodwin 1992, Goodwin et al. 2004).

However, estimating the potential demand response to peak-period pricing of a link in a
road network, as opposed to a uniform increase in the price of all driving, is problematic.
Typically this can only be done after the fact, once the response to pricing that link has been
observed. Ex ante, studies might extrapolate estimates of the degree of substitution in demand
between priced and unpriced routes from studies of other, previously implemented, congestion

10
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pricing policies in other cities, making some adjustment for differences in the proximity of other
roads to the priced road across cities.

3. Complicating Factors in the Design of Congestion Tolls

Although the speed-flow model is the basis for most empirical assessments of optimal
congestion tolls, other assumptions—Dbesides the absence of bottlenecks—are often unrealistic.
We now discuss literature that relaxes these other assumptions.

A. Limited Pricing Across Freeway Lanes

To date in the United States, part of the political deal-making needed to implement
congestion pricing on freeways has involved leaving motorists with the option of an unpriced,
though more congested, alternative lane on the freeway.

Suppose, first, that all drivers are homogeneous and a toll is applied to one of two parallel
freeway lanes. Because the lanes are perfect substitutes, traffic from one lane will move to the
other until the average cost of the unpriced (but more congested) lane equals the average cost of
its priced (but less congested) counterpart. In an extreme case, where the demand for travel on
the freeway is perfectly inelastic, all the reduction in traffic on the priced lane is shifted onto the
other lane and the toll reduces welfare.13 More generally, with some elasticity in demand for
freeway travel, some drivers diverted from the priced lane will give up using the freeway
altogether. Nonetheless, accounting for the partial shifting of drivers onto the congested
alternative greatly reduces the optimal level, and welfare gains, from the single-lane toll. Welfare
gains from tolling one lane (initially carrying half of the freeway traffic) are well below half of
the potential welfare gains from pricing both lanes. For example, Verhoef et al. (1996) put the
potential welfare gains from a single-lane toll at only 10 percent of those from first-best tolls
applied to both routes (see also Braid 1996 and Liu and MacDonald 1998).

13 That is, the reduction in congestion from the first vehicle diverted off the priced lane will be exactly offset by
added congestion on the unpriced lane. Since marginal congestion costs are now (slightly) higher on the unpriced
lane, any further diversion of traffic between lanes will increase total congestion costs and lower welfare.

11
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B. Driver Heterogeneity

In reality the VOT differs greatly among drivers, which affects the optimal set of freeway
tolls and welfare gains from single-lane tolls.

With driver heterogeneity, most likely the best pricing scheme is not a uniform toll across
all lanes, but rather differentiated tolls that allow drivers to sort themselves into more and less
congested lanes, depending on their VOT. Surprisingly however, studies allowing for differences
in the VOT find the efficiency gains from differentiated tolling may not be that large. For
example, Verhoef and Small (2004) and Parry (2002) estimate that uniform tolls may generate
more than 90 percent of the potential welfare gains from the first-best, differentiated, set of lane
tolls. This is because in the first-best outcome the difference between the tolls, or between
marginal external congestion costs across different lanes, is modest. Although people in the high-
toll lane have a higher VOT, which raises the marginal external cost of congestion for that lane,
this is partly counteracted because there are fewer drivers on that lane, and less congestion.

As regards single-lane tolls, their welfare effects are substantially enhanced when account
is taken of the possibilities for drivers with a high and low VOT to sort into priced and unpriced
lanes. Small and Yan (2001) estimate the efficiency gains from single-lane tolls could be three
times as large, when driver heterogeneity is taken into account (though the welfare gains are still
below half of those from first-best pricing of both freeway lanes). This reflects greater gains
from reducing congestion in the priced lane (where drivers have a high VOT) and smaller losses
from extra congestion in the unpriced lane (where drivers have a low VOT).14

C. Network Effects

Generally, a congested freeway segment is just one link in a road network covering an
urban center. By diverting drivers from the freeway, congestion tolls may exacerbate congestion
on substitute roads elsewhere in the system, or reduce it on complementary roads feeding into the
priced segment. Ideally, congestion on other roads would also be internalized through tolling, in

14 Heterogeneity in the size of passenger vehicles is less important than driver heterogeneity. This is because
differences in the amount of road space taken up by cars versus light-duty trucks (pickups, sport utility vehicles,
minivans) are modest relative to average headways between vehicles on the road. Estimated differences in the
marginal external costs of congestion for different types of passenger vehicles are therefore not that large (FWHA
1997, table V-23). Heavy-duty trucks however, take up more than twice the road space of passenger cars implying
they should have a separate, and higher, toll.

12
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which case (small) changes in traffic on those roads have no efficiency effects. More
realistically, there will not be comprehensive pricing of all other congested roads because of
political constraints, and perhaps high monitoring costs associated with pricing crisscrossing city
streets. Under these conditions, the second-best toll differs from the Pigouvian toll, the greater
the marginal congestion costs on other roads (net of any toll on those roads) and the greater the
portion of drivers diverted off the priced freeway that move to other roads, as opposed to those
who cancel their trip or substitute to the off-peak period (MacDonald 1995, Verhoef 2002).

General statements about the sign of an adjustment to the second-best toll—Ilet alone the
magnitude—to account for network effects are difficult, however. This is because the availability
of substitute routes and extent of complementary feeder roads are both highly case-specific.
What is really needed is a carefully calibrated computational model of the particular road
network under study that realistically captures the main substitution possibilities.

Typically, economically based network models disaggregate an urban system into travel
zones where each zone consists of stylized links (such as inbound, outbound, and
circumferential) representing an aggregation of arterials and side streets within the zone. Other
links, such as freeway segments and bridges, may be represented separately. On the demand side,
households are aggregated into groups, perhaps by income class. And travel demand may be
generated from a decision tree involving the choice of whether to take a trip and, if so, which
destination, mode, time of day, and route.

However, very few economic-network models exist, given the rather daunting amount of
researcher time and data collection required to develop, calibrate, run, and update them.5

15 One such model, developed by Elena Safirova and various coauthors, is for metropolitan Washington, DC (e.g.,
Houde et al. 2007). Other models have been developed for various European cities by Stef Proost and his colleagues
(e.g., de Borger and Proost 2001). The SATURN model has been used to examine alternative cordon tolls in certain
UK cities (e.g., May and Milne 2000, May et al. 2002, Santos and Newbery 2002). Another model, METROPOLIS,
developed by Andre de Palma and co-authors is a disequilibrium, dynamic model of bottleneck congestion applied
to European cities (e.g., de Palma & Marchal 2001)

Traffic engineering models of road networks are far more common than economic models and are widely used in
forecasting future traffic flows and the traffic impacts of policies such as infrastructure upgrades. Engineering
models do not provide welfare-based measures of congestion costs, however, and often do not integrate demand-side
behavioral responses to tolls and changes in congestion. Thus they cannot be used to estimate the welfare effects,
and economically efficient levels, of congestion tolls.
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Nonetheless, the limited results available do suggest the empirical significance of network
effects and hence the potential usefulness of such models (e.g., Safirova and Gillingham 2003).

But even within sophisticated network models, neither the link (or zone) specific speed-
flow curves, nor the own- and cross-price elasticities of travel demand by road and time of day,
can be known precisely. Policymakers may therefore need to rely on trial-and-error approaches
where tolls are initially set based on existing models, and then revised as models are updated in
response to observed, policy-induced changes in travel patterns (e.g., Yang et al. 2004).

D. Tolling to Open up Underutilized Road Capacity

So far, we have compared congestion tolls against a baseline with no policies. However,
in some metropolitan areas, certain freeway lanes are restricted to high-occupancy vehicles
(HOVs). Converting these lanes to high occupancy-toll (HOT) lanes, where drivers of single-
occupant vehicles can pay to use the lane, has several beneficial effects. Unlike in the basic
speed-flow model, those paying the toll are better off (they would not pay the toll unless they
value the travel time savings more than the toll). Drivers remaining on the unpriced alternative
lane benefit from reduced congestion because single-occupant vehicles switch to the HOT lane.
The government also gains tax revenues. The only losers are passengers of HOVs, who suffer
from a decline in speed on the HOT lane, though this slowdown may be limited if the toll is high
enough to retain reasonable traffic flow. For Washington, DC, Safirova et al. (2004) estimate the
welfare gains from HOV to HOT lane conversion are almost as large as those from more
comprehensive pricing covering all lanes of all freeways that currently have HOV lanes.

E. Tolling by Private Operators

Private toll roads have been around for some time in Europe and the Pacific Rim and are
emerging in the United States (Gomez-1bafiez and Meyer 1993). If monopoly operators are free to
maximize profits, however, the toll will be set above the socially efficient level (Small and
Verhoef 2007, chap. 6). Although the operator internalizes congestion by accounting for the
increased willingness of drivers to pay for highway use as congestion falls, an additional markup
is imposed to exploit monopoly power. The more inelastic the demand for highway travel, that
is, the more limited the availability of alternative roads, the greater the markup. And the
divergence between the monopoly toll and the second-best optimal toll is greater still if drivers
diverted by the toll add to congestion on parallel unpriced lanes of the freeway or on other roads.
Under some conditions, the monopoly toll may actually reduce welfare relative to the case of no
tolls (Verhoef and Small 2004). Therefore, without a competitive bidding process for toll rates,
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which would undermine the monopoly markup, there is a case for imposing maximum toll
regulations, though the ex ante measurement of the efficient toll ceiling may be challenging
before observing behavioral responses to the toll.

F. Interactions with Other Externalities

Congestion tolls affect other highway externalities and to the extent these externalities are
not internalized through other policies, they should be factored into assessments of the welfare
effects and, arguably, the optimal levels, of congestion tolls. But do these adjustments make
much practical difference?

Averaged over urban and rural areas, and over time of day, these other externalities,
though not as large as congestion, still appear to be significant. Nationwide, marginal congestion
costs have been put at the equivalent of around 5-7 cents per vehicle mile (e.g., FHWA 1997,
2000). Estimated traffic accident externalities for the United States are almost as large, around 2—
7 cents (e.g., FHWA 1997, Miller et al. 1998, Parry 2004). FHWA (2000) estimated nationwide
local pollution damages at 1.7 cents per mile for 2000, though emission rates are declining over
time with more stringent emissions standards for new vehicles.16 These other externalities are
partly counteracted by federal and state fuel taxes which amount to about 40 cents per gallon, or
2 cents per vehicle mile.

The key point here, though, is that, to a far greater extent than other externalities,
congestion is highly specific to region and time of day. The marginal external congestion costs
for peak travel in table 2 are large relative to the above figures for pollution and accidents, net of

16 Mainstream estimates of global warming damages, though very contentious, are modest relative to these other
externalities. Most estimates of these damages are in the order of around $5-20 per ton of CO, (e.g., Tol 2005).
Burning a gallon of gasoline produces 0.0024 tons of carbon, or 0.0088 tons of CO,, and about 1/23 gallons are
consumed per vehicle mile driven (from NRC 2002 and FHWA 2006, table VM-1). Therefore a $10 price on CO,
amounts to about 0.4 cents per mile. These damages are several times larger if, on ethical grounds, disutility to
future generations is not discounted. But this assumption has highly perverse policy implications in other contexts
(see Nordhaus 2007). The most important critique of the mainstream damages is that they ignore the small
possibility of truly catastrophic global warming destroying the planet as we know it. Under certain conditions, this
implies the marginal damages from current emissions become arbitrarily large (Weitzman 2008).

An additional highway externality is road damage. However, it is standard to largely attribute this to heavy-duty
trucks rather than light-duty vehicles. This is because pavement wear and tear is a rapidly rising function of a
vehicle’s axle weight.
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fuel taxes. Thus, accounting for other externalities should only modestly affect the welfare
effects of urban, peak period tolls.

G. Interactions with the Broader Fiscal System

Congestion taxes can interact with distortions the broader fiscal system creates elsewhere
in the economy. Most important, federal and state income taxes and payroll taxes combine to
drive a substantial wedge between the effective gross wage firms pay, which in a flexible market
reflects the value marginal product of labor, and the net wage households receive, which reflects
the marginal value of forgone nonmarket time. Therefore, to the extent that a new policy causes
an increase or decrease in labor supply, it will induce an efficiency gain or loss in the labor
market. In fact, the welfare effects of even tiny changes in labor supply can still be empirically
important relative to those of reducing congestion, given the large labor tax wedge and the huge
size of the labor market in the overall economy.

Congestion tolls can affect the labor market two ways. First, revenues might be used to
lower the burden of labor taxes, producing an efficiency gain. Second, tolls levied on heavily
used commuter roads reduce the returns to work effort—net of commuting costs—and may deter
labor force participation at the margin. This deterrence effect, however, is partly dampened
because the reduction in congestion itself lowers the time cost of commuting. According to Parry
and Bento (2001), the net impact of a Pigouvian congestion tax, with revenues used to reduce
labor taxes, is to increase labor supply, and welfare gains in the labor market are roughly the
same size as those from correcting the externality.

But the key point here is the importance of using congestion tax revenues in a socially
productive way, either to offset reductions in distortionary taxes, or more generally to finance
public spending projects that yield comparable efficiency gains. In fact, if revenue recycling does
not lead to significant efficiency gains, the externality-correcting tax may lower overall social
welfare, as the gains from correcting the externality may be outweighed the by efficiency losses
in the labor market (Parry and Bento 2001). This point needs to be heeded when political
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feasibility may necessitate some use of toll revenues to finance compensation schemes for
motorists, or earmarking of revenues for transportation enhancements.1?

H. Freeway Tolls versus Cordon Tolls and Area Licenses

An alternative to pricing individual freeways is to implement a cordon toll where drivers
pay as they pass points in the road network, where these points connect to form a cordon around
a city or city center. A close relation of this policy is the area license where drivers must pay
even if the trip starts and terminates within the area, without crossing the border. These schemes
have potential appeal for old European cities where the downtown areas are a mass of higgledy-
piggledy streets that would be impractical to price individually, though they have also been
proposed for some U.S. cities, most notably New York.

Clearly, cordon-pricing and area-license schemes are inefficient in that they impose the
same fee regardless of trip distance. They can also exacerbate congestion elsewhere in the road
network, as people change their routes to bypass the pricing region. Despite this, well-designed
cordon tolls and area licenses may still capture a large portion of the efficiency gains from more
comprehensive pricing (e.g., Akiyama et al. 2002, May et al. 2004, Safirova et al. 2004, Santos
2004b, Verhoef 2002). In particular, efficiency can be improved by varying the toll with driving
direction and time of day, by appropriate placement of the pricing boundary, and possibly by
using multiple pricing rings.

[. Summary

The conceptual framework for designing congestion taxes is fairly well developed, in that
we have a reasonable grasp of the potentially important factors to consider when assessing the
optimal levels, and welfare effects, of pricing schemes. The importance of network effects,
bottlenecks, existing HOV lanes, etc. varies considerably across cities, however. Optimal

17 The importance of judicious revenue use is suggested by figure 2. Given that travel demand is inelastic, the
amount of revenue can easily be several times larger, and conceivably an order of magnitude larger, than the
Pigouvian welfare gains from correcting the externality. Based on central values for labor supply elasticities from
the empirical labor economics literature, the efficiency gain from using $1 of revenue to cut labor taxes, as opposed
to financing lump-sum transfers, is $0.25 in Parry and Bento (2001). The potential gain from revenue recycling
(0.25 times the amount of revenue) can therefore easily be as large as, or perhaps much larger than, the welfare gains
from congestion reduction.
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policies therefore need to be assessed on a case-by-case basis, requiring individually calibrated
models on local traffic flows, speed-flow relations, and behavioral responses to tolling.

In fact, more work is needed on empirical models for policy analysis for different urban
centers. This includes developing network models that realistically capture changes in congestion
throughout the entire road system. In addition, more aggregated simulation models can also play
a valuable role in interpreting numerical results from computational models and in roughly
gauging the empirical importance of other factors difficult to capture in a detailed network
model, such as toll variation within the peak period and impacts on distorted labor markets.
Research is also needed on schemes that might help overcome political opposition to congestion
pricing and on the efficiency or feasibility trade-offs involved in creating broad coalitions of net
beneficiaries from the policy. | now turn to these issues.

4. Practical Obstacles to Congestion Pricing

In the past, opposition to congestion tolls in the United States from the public and elected
officials has been strong. However, the development of electric metering technologies has, to
some degree, addressed two of the traditional concerns, namely implementation difficulties and
concerns about abuse of information collected on individuals’ driving habits.

The administrative costs of electronic debiting from smart cards, such as E-Z passes, are
minimal and vehicles may not even need to slow down as they pass by transponder points. Under
a global-positioning system (GPS), motorists’ driving behavior is monitored by satellite and bills
might be periodically mailed to households based on their mileage on congested roads, again at
low administrative cost.1® With electronic debiting from prepaid smart cards, privacy concerns
are largely redundant because there is no need to record the vehicle’s tag number. Under a GPS-
based system, privacy is more of a concern and would need to be addressed through strict legal
requirements on information-collection agencies.

Two especially challenging obstacles to congestion pricing remain, however. First,
motorist opposition may be intense if the new charges outweigh the value of their travel time
savings. Second, congestion pricing may be unfair from the perspective of vertical equity, given

18 Although technologies are improving all the time, some flaws still need to be addressed. For example, under a
GPS system the signal from a vehicle is sometimes lost in the presence of tall buildings or other obstructions.
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that everyone faces the same tax rate regardless of income. These issues are intertwined because
they both depend on the incidence of congestion tolls.

A. Congestion Toll Incidence

Conceptually, leaving aside network effects, the incidence of congestion tolls is
straightforward. Consider a highly simplified setting represented in figure 3, where D, denotes

the demand for mileage (per unit of time) on an isolated, congested freeway by income group i,
where i = L (low-income) or H (high-income). AC; =c, +VOT,-T denotes the average cost per

mile of travel for income group i that, following equation (1), consists of the monetary cost
(before any toll), plus the product of the VOT for income group i , and the time per mile 7' (we
assume VOTy> VOT.). Suppose a toll of  per mile is introduced. The cost per mile to income
group i is now

(5) AC’+7-VOT, -AT

where AT is the reduction in travel time per mile, due to reduced congestion. The burden of the
policy (or consumer surplus loss) to income group 7, denoted B, is the shaded trapezoid in figure

3, and can be expressed

6) B =(c—VOT -AT)M" _%(M,P _MY(c—VOT, - AT)

where M and M denote mileage for income group i before and after the toll, respectively.

The two terms in (6) are the first-order burden of the toll, and the second-order reduction in the
burden as people reduce freeway driving to avoid the toll.1® Suppose, plausibly, that the
proportionate reduction in driving is relatively small, then the burden, relative to income 7, is
approximately:

19 Note that for the low-income group, the more elastic their demand, the smaller the burden of the toll, because the
elasticity reflects more ways to avoid the toll. Thus, the popular argument that tolls are unfair because they may
push low-income drivers off the priced highway is somewhat misleading.

The above analysis takes drivers’ VOT as given. As noted above, however, the VOT might fall as tolls reduce the
severity of congestion. This enhances the possibility that some drivers might be better off prior to recycling of the
toll revenues (e.g., Santos and Bhakar 2006).
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B, _(z-VOT,-AT)M
I I

1 1

(7)

Conceivably, the high-income group could be better off under the toll, even before any
revenue recycling, if they value the travel time savings more than the toll payment. In contrast,
the low-income group must be worse off because the toll must reduce the aggregate demand for

travel on the freeway. The congestion toll is highly likely to be regressive, in that the burden to
income ratio is greater for low-income households, or, B, /1, > B,, /1, (e.g., Cohen 1987,

Glazer 1981, Small 1983). For the policy to be progressive, VOT,, - AT <t and M}, /1, would
have to exceed M /1, by a large enough margin to outweigh the smaller net cost increase for

the high-income group. That is, the income elasticity of mileage would need to be well above
unity. Evidence suggests, however, that the income elasticity is around unity or less (e.g.,
Pickrell and Schimek 1997).20

More generally, a more comprehensive incidence analysis should account for the
distributional burden of changes in congestion elsewhere in the road network in response to
pricing one link, and possible long-term impacts on homeowners and workers from induced
changes in property values and wages. Moreover, burdens would ideally be measured against
some measure of lifetime income, rather than of annual income, because the former is a better
measure of individuals’ long-term consumption possibilities. Measuring against lifetime income
tends to weaken the degree of regressivity (e.g., Poterba 1989).

Despite these complications, congestion tolls are still likely to impose a
disproportionately large burden on lower-income drivers. On the grounds of distributional equity
and political feasibility, particular attention therefore needs to be paid to compensating these
groups.

20 Note that we are defining a “regressive” and “progressive” policy in a somewhat different way from the usual use
of these terms in discussions of tax policy. This is because we are defining the burden net of a time saving benefit
that is valued differently by different groups.
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B. Recycling Possibilities

As noted earlier, recycling congestion tax revenues in income tax reductions can yield
relatively large welfare gains. If congestion tolls were implemented nationwide at the federal
level, or (far more likely) at the local level, this could be achieved through accompanying
legislation requiring automatic reductions in other taxes to keep total revenue constant. The
drawback would be a large disconnect between relatively large numbers of people benefitting
slightly from broad tax cuts and relatively few motorists bearing the brunt of the new toll.
However, as evident from figure 3, some of the toll revenue can be retained for broader tax
reductions, given that compensation needed to prevent motorists being made worse off is less
than the toll revenue collected.

Hence the attraction of proposals targeting some of the toll revenue at local transportation
projects to help to compensate motorists, such as expanding other travel options like transit and
bike paths (e.g., Small 1992). This approach need not entail significant loss of economic
efficiency if these projects generate comparable welfare gains to those from cutting distortionary
taxes. Another possibility for compensation is some toll rebate for low-income drivers, though
this would partly undermine the overall effectiveness of the toll. More research is badly needed
on the distributional and efficiency impacts of alternative packages of revenue uses for
prospective congestion pricing schemes.

C. Policy Experience to Date

The first attempt to use road pricing for congestion reduction was Singapore’s area
license (or day-pass), introduced in 1975. The scheme dramatically reduced congestion and
raised travel speeds within the restricted zone, but congestion initially increased substantially
outside of the zone, suggesting that the license price may have been excessive from a second-
best perspective (Small and Gomez-Ibafiez 1998). In part, this problem was later addressed
through supplementary tolls on major roads leading up to the restricted zone. Additionally, in
1998 Singapore replaced the area licensing with a toll debited electronically from smart cards on
certain links, with the objective of maintaining an average speed of 30-40 mph on expressways
and 12-18 mph on major roads (Santos 2005). Charges rise and fall in 30-minute steps during
peak periods, based on congestion levels observed in the previous quarter.

Norway experimented with cordon tolling, though with little impact on congestion
because the stated objective of the policy was to raise transportation revenue rather than deter
congestion (e.g., Tretvick 2003, Ramjerdi et al. 2004). On the other hand, congestion pricing has
been given a large boost following its relatively successful implementation in London. An area
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licensing scheme was introduced in 2003, initially covering 8 square miles of central London and
was later expanded westward to incorporate Kensington and Chelsea. Initially, the fee for
entering the charging area was £5 ($9), later raised to £8. Collection is by video cameras at
checkpoints into and within the priced area that record each vehicle’s license plate—drivers who
have not prepaid are mailed a penalty amounting to £60 or more. In the first two years the policy
reduced congestion by 30 percent within the priced zone, without causing excessive congestion
elsewhere in network (TfL 2004). Largely, this is because at least half of the diverted auto trips
reflected people switching to mass transit, and only about a quarter were diverted to other roads
in the network (Small and Verhoef 2007, 151). However, by 2008 average speeds had fallen
back to pre-charging levels due to a high number of road works and an increase in traffic from
vehicles exempt from the charge (TfL 2008, Santos 2008).

Congestion pricing is gain some, albeit limited, momentum in the United States, with
federal funding for pilot schemes under the Value Pricing Program and the reduction of
regulatory obstacles to freeway pricing (De Corla-Souza 2004). One type of scheme is HOV to
HOT lanes conversion, for example on 1-15 in San Diego (Brownstone et al. 2003). Another is
using tolls to fund new infrastructure, such as the lanes opened on SR-91 in Orange County
California in 1995.

5. Conclusion

Congestion pricing schemes implemented to date have demonstrated their potential to
improve urban travel speeds, though appropriate design features can be critical (Santos 2004a,
part 11). Such features include sizeable and time-varying fees, and pricing other parts of the road
network if congestion displacement effects are important. Another lesson is the possible need for
price ceilings on fees private operators charge. For example, the SR-91 toll lanes reverted to
public ownership in 2003 because excessive pricing by the private operator caused unexpectedly
severe congestion on parallel, unpriced lanes.

As regards feasibility, a number of factors, besides forceful political leadership,
apparently favored the introduction of congestion pricing in London (Santos and Fraser 2006,
Leape 2006). One was the high level of public and business concern about traffic jams. Before
the charge, for instance, the average driving speed in Central London was less than 10 mph.
Another was that opposition to the scheme was weakened by a range of exemptions. Taxis are
exempt and residents in the charging zone pay only 10 percent of the fee. Public support,
particularly among commuters least able to afford the charge, was garnered by requiring that toll
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revenues be used to improve public transport. London motorists were also more receptive to
video camera surveillance, because this had previously helped reduce street crime.

Other urban centers in the United Kingdom and United States have yet to follow
London’s lead, presumably because favorable factors for the introduction of radical congestion
pricing schemes have not yet come to a head. These circumstances could easily change down the
road, however, as urban travel speeds continue to deteriorate. In fact, at a national level in the
United Kingdom, there is serious debate about replacing fuel taxes with a nationwide charge on
vehicle miles that would vary across regions and time of day (DfT 2004).

In short, it is an exciting time to be a transportation economist, with political and public
opinion at last beginning, albeit perhaps only gradually, to come around to the idea of congestion
pricing. The pricing schemes that emerge, sooner or later, may deviate substantially from an
economist’s ideal—for example, charges may vary little across time of day, many vehicles and
drivers may be exempt, and some toll revenues may be dissipated in wasteful spending. But we
can envision policy refinement over time—for example, variable fees might be introduced in
stages, exemptions might be “bought out” over time through one-off compensation payments,
and requirements for efficient revenue uses might be phased in (e.g., revenue-neutrality
provisions, or requirements that funded projects pass a cost-benefit assessment).

Economists have their work cut out in empirically assessing the optimal design of, and
efficiency gains from, congestion pricing. At the same time, they need to better reconcile
efficiency and feasibility, particularly in the design of compensation schemes that avoid large
burdens on politically influential motorist groups, at minimum cost in terms of forgone economic
efficiency.
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Figure 1. The Fundamental Diagram of Traffic Congestion
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Figure 2. Traditional Model of Optimal Congestion Tolls
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Figure 3. Incidence of Congestion Tolls
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Table 1. Typical Density, Speed, and Flow Relationships under Optimal Highway Conditions

Density
(vehicles/lane-mile)

Speed
(miles/hour)

Volume
(vehicles/hour/lane)

<12
12-20
20-30
30-42
42-67

>67

>60
57-60
54-57
46-54
30-46

<30

<700
700-1,100
1,100-1,550
1,550-1,850
1,850-2,000
unstable

Source. Homburger et al. (1992), pp. 4-4.

Table 2. Marginal External Congestion Costs for Selected Urban Centers

Urban area Annual person hours of delay Marginal external congestion cost
across all times of day for peak auto travel
(thousand hours) (cents/vehicle mile)
Los Angeles 490,552 324
New York 384,046 31.7
Chicago 202,835 33.7
Dallas 152,129 25.9
Miami 150,146 28.7
Atlanta 132,296 24.7
San Francisco 129,919 28.1
Washington, DC 127,394 28.0
Houston 124,131 25.4
Detroit 115,547 23.5
San Diego 90,711 25.9
San Jose 50,038 26.0
Orlando 40,595 24.4

Source. Schrank and Lomax (2007) and Parry and Small (2008).
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