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a b s t r a c t

We consider a monocentric city where a traffic bottleneck is located at the entrance of the central busi-
ness district. The commuters’ departure times from home, residential locations, and lot sizes, are all
endogenous. We show that elimination of queuing time under optimal road pricing induces individuals
to spend more time at home and to have larger houses, causing urban sprawl. This is opposite to the typ-
ical results of urban models with static congestion, which predict cities to become denser with road
pricing.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Peak-hour traffic congestion is a hardly avoidable burden in the
morning routines for many residents in modern cities. Many com-
muters usually depart from home earlier than they would other-
wise prefer to, in anticipation of the time they will spend in
congestion. Time at home could have been spent on more sleeping,
working, exercising, or other activities. Some of these would either
require additional floor space or are better enjoyed in a more spa-
cious environment. Long looked-for alleviation of congestion might
thus, when leading to more time spent at home, affect not only the
time allocation decisions of an inhabitant, but her spatial behavior
as well. In this paper, we show that first-best time-dependent road
pricing not only relieves congestion but may also cause urban
sprawl.

Congestion in an urban setting, where both spatial and travel
behavior are endogenous, has proven to be a challenging topic

for economic analysis (Ross and Yinger, 2000). By far the most
common way of modeling congestion in such a setting is in terms
of static flow congestion, where the timing of travel is not a choice
variable, and where traffic flows and speeds are constant over time.
For example, Solow and Vickrey (1971) relate the per-unit-of-dis-
tance cost of traveling at a certain location to the total number of
drivers passing that point. That specification of travel cost does
not allow the consideration of potential benefits of avoiding the
peak by traveling earlier or later. But congestion in reality is a dy-
namic phenomenon, with time-varying speed and traffic flows.
This has inspired transportation economists to develop dynamic
models of traffic congestion, in which the choice of departure times
is endogenous, and where dynamic patterns of travel delays are
key features. As Vickrey showed in 1969, such models may
produce insights that diverge substantially from those traditional
static models.

To develop a model that accounts for the dynamic nature of tra-
vel in a city, we integrate two workhorse models in the urban and
transportation economics literature. A classic Alonso–Muth–Mills
monocentric city model, in some important respects probably
‘‘the most successful model in urban economics’’ (Glaeser, 2008,
p. 18), defines the spatial equilibrium, in which no individual can
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unilaterally relocate within a city to gain a higher utility. Vickrey’s
dynamic bottleneck model of peak period congestion, very likely
the most widely used dynamic model of traffic congestion in trans-
portation economics, allows for the analysis of a dynamic traffic
equilibrium, in which no driver can gain a higher utility by unilat-
erally changing the departure time (see, for example, the exposi-
tion in Small and Verhoef, 2007). We aim to integrate those two
models in order to study the relationship between spatial alloca-
tion and travel time decisions.

In our model, homogeneous inhabitants1 with a common pre-
ferred time of arrival at work, commute from their homes to a work-
place located in the central business district of a city (hereafter, the
CBD). The city is congestion-free, apart from a road bottleneck right
at the entrance to the CBD. One might think of a bridge or a junction
that a driver has to pass to get to the workplace. Starting in a queue-
free situation, when the inflow of cars first exceeds the bottleneck’s
capacity, a queue starts growing in front of the bottleneck and
evolves at a rate determined by the difference between queue-en-
tries (at the back of the queue) and queue exits (the bottleneck’s
capacity). By adjusting the timing of departure from home, a driver
can incur different queuing times, and arrive at work at times with
different levels of scheduling inconvenience. For instance, a driver
can depart very early in the morning and avoid the queue altogether,
or arrive at the most desirable moment but not after having spent
quite some time in the queue. Following the framework of Vickrey
(1973), and later Tseng and Verhoef (2008) and Fosgerau and
Engelson (2011), we explicitly define the utility that an individual
derives from spending time at home, at work, and in a car. That will
later allow us to incorporate the spatial aspect of the model in a
structured manner.

An important assumption that we introduce is that the mar-
ginal utility of spending time at home depends on the size of the
house,2 which is endogenously determined in the model. Ceteris
paribus, the larger the house one lives in, the more utility one de-
rives from spending additional time in it. This assumption seems
consistent with the observed preferences for larger housing, as
shown by countless hedonic price studies (see, e.g., Bajari and Kahn,
2008). We impose a time aspect by stating that an individual derives
utility from a house by spending time in it. While a house might
yield utility via various channels, e.g., as a storage place, a status
symbol, or an investment asset, we believe it is safe to assume that
at least some part of the utility from having a house depends on the
amount of time an individual spends in it.3 The usual pattern in the
monocentric city model, with land consumption increasing the fur-
ther away one lives from the CBD, thus produces variation in sched-
uling preferences across drivers, as a driver who lives closer to the
CBD values time spent at home at a lower rate than one who lives
at the city fringe. As we show later, depending on the size of the
house, a driver chooses a certain time of departure from home,
and vice versa. In this manner, we connect the transport model of
bottleneck congestion, that has a dynamic equilibrium condition,
with the urban model of a monocentric city, which gives a spatial
equilibrium condition.

Arguably, the most striking result of this paper is that first-best
time-dependent road pricing in this context leads to a lower den-
sity, and hence a larger city, even without redistributing the col-
lected road toll revenues back to the city inhabitants. The
intuition is that first-best time-dependent road pricing induces

drivers to spend more time at home, as road tolling eliminates
queuing time by shifting departure times from home to later mo-
ments. More time spent at home provides stronger incentives for
having a larger house, and thus the city expands. In a similar fash-
ion, an expansion of bottleneck capacity leads to the same effect.
Our outcome is the opposite of the typical result of spatial urban
models with static flow congestion. There, the Pigouvian toll, the
typical first-best remedy for the negative congestion externality,
increases the generalized transportation costs, and therefore re-
duces the city’s geographical extent (e.g., Wheaton, 1998; Anas
et al., 1998). Nevertheless, our result is consistent with other re-
sults in the sense that improved transportation causes urban
sprawl (see, for example, the paper by Glaeser and Kahn (2004)
on the invention of cars, and the study by Baum-Snow (2007) on
highways construction).

There are few economics papers that model dynamic congestion
in urban space. Arnott and DePalma (2011) report on their progress
to solve the so-called ‘‘corridor problem’’, in which inhabitants of a
monocentric city might experience congestion at each point on the
road, as opposed to the single point congestion considered in our
paper. Finding a complete solution to the dynamic equilibrium of
flow congestion without a toll appears prohibitively difficult, even
in a setting with an exogenously distributed population. A paper
by Arnott (1998) is the only one that considers both dynamic con-
gestion in the form of Vickrey’s bottleneck and a (discrete) loca-
tional choice endogenously. The specified preference for the lot
size though does not relate to the scheduling behavior and, as noted
by Fosgerau and de Palma (2012), space in the model by Arnott
(1998) has been ‘‘essentially [. . .] assumed away’’ (p. 274). Fosgerau
and de Palma (2012) consider a continuous space city with a central
Vickrey bottleneck, with time-varying marginal utilities of spend-
ing time at home and at work and without considering spatial equi-
librium. Contrary to what we will find, they show that inhabitants
located near the bottleneck tend to lose from optimal pricing. To the
best of our knowledge, our study is the first to consider both loca-
tional choice (that leads to commuting) and scheduling choice (that
affects residential location) of city inhabitants endogenously.

The paper is organized as follows. Section 2 presents the model
setup, and Section 3 discusses how to find the market equilibrium.
Section 4 then shows the resulting equilibrium patterns of land
consumption, population density and rents over space; as well as
the dynamic travel patterns by location. Section 5 considers first-
best time-varying road pricing. Section 6 studies the robustness
of the numerical outcomes by performing sensitivity analyses. Sec-
tion 7 concludes.

2. Model setup

Consider a closed linear rectangular city of n homogeneous,
atomistic, car owning, utility-maximizing inhabitants. All inhabit-
ants earn an identical wage m in a spaceless CBD which is located
in the city center. Assuming symmetry, we may consider half a city
with the CBD being at the spatial edge of our single dimension. The
inhabitants, with a common preferred time of arrival at work t�,
commute in the morning by car from their homes to the CBD, on
a single road at a constant free-flow speed. At the entrance of the
CBD, the road has a traffic bottleneck with a fixed capacity s. When
the inflow of cars at any moment exceeds s, a ‘‘first-in first-out’’
traffic jam builds up at the bottleneck. Without queuing, the total
commuting (free-flow) travel time of a driver is proportional to the
distance from her home to the CBD, as in the conventional uncon-
gested monocentric model. With queuing, the total travel time of a
driver is the sum of her free-flow travel time to the CBD, plus the
waiting time that she incurs in the queue.

To model scheduling behavior, we apply the model proposed by
Vickrey (1973), and later by Tseng and Verhoef (2008) and Fosgerau

1 All city inhabitants are drivers, and we use both these terms to indicate the same
individuals.

2 Throughout the paper we use the consumption of ‘‘land’’ as equivalent to that of
‘‘housing’’ and therefore use both the words ‘‘land’’ and ‘‘house’’ consumption to
indicate the same good.

3 We check sensitivity of our results with respect to this assumption later in the
paper.
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