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1 Introduction

Transportation infrastructure investment, such as the construction of railway networks, involve
some of the largest public investments undertaken. Recent years have seen the development of
new theoretical models of the spatial distribution of economic activity within cities and the emer-
gence of new sources of geographic information systems (GIS) data that record economic activity
at fine spatial scales. At a time of renewed public policy interest in transportation infrastructure
and rapid technological change, there remains a need for further research on the economic impact
of transport infrastructure investments relative to their cost.

A major breakthrough in recent research is the development of quantitative urban models.
These models are sufficiently rich to capture observed features of the data, such as many asym-
metric locations and a rich geography of the transport network. Yet they remain sufficiently
tractable as to permit an analytical characterization of their theoretical properties, such as the
existence and uniqueness of the equilibrium. With only a small number of parameters to be es-
timated, these models lend themselves to transparent identification. Since they rationalize the
observed distribution of economic activity in the data, they can be used to undertake counterfac-
tuals for the impact of empirically-realistic public-policy interventions, such as the construction
of railway line along a particular route.

We consider a baseline quantitative urban model following Ahlfeldt et al. (2015). The model
allows for a large number of heterogeneous locations, while remaining tractable and amenable
to empirical analysis. Locations can differ in productivity, amenities, the density of development
(which determines the ratio of floor space to ground area), and access to the transport network.
Both productivity and amenities have exogenous components that are determined by locational
fundamentals (e.g., access to natural water) and endogenous components that depend on agglom-
eration forces. Congestion forces take the form of an inelastic supply of land and commuting costs
that are increasing in travel time, as determined by the transport network.

We consider an improvement in the transport network that reduces bilateral travel times for
some pairs of locations by more than for others. This reduction in commuting costs allows work-
ers to separate their residence and workplace to take advantage of differences in productivities
and amenities. Locations with high productivity relative to amenities, and good transport access
to surrounding areas with high amenities, specialize as workplaces. In contrast, locations with
high amenities relative to productivity, and good transport access to surrounding areas with high
productivity, specialize as residences. In the presence of agglomeration forces, these exogenous
differences in productivity and amenities across locations are magnified by agglomeration forces
from the concentration of employment and residents across locations.

We compare evaluations of a transport improvement using conventional cost-benefit analy-



sis, sufficient statistics approaches based on changes in market access, and model-based coun-
terfactuals. Conventional cost-benefit analysis is typically undertaken in partial equilibrium and
considers the demand for travel between locations as a function of the cost of travelling between
those locations. In the special case in which the demand for travel is perfectly inelastic and the
change in travel cost equals the saving in travel time multiplied by the value of time, the welfare
gains from a transport improvement can be measured using conventional cost-benefit analysis
as the total value of the travel time saved. More generally, this measure provides a first-order
approximation to the welfare gains from a transport improvement, which can differ from its full
general equilibrium impact for large changes in the transport network.

Within a class of quantitative urban models characterized by a gravity equation for commut-
ing flows, the reorganization of economic activity in response to a transport improvement can be
approximated by measures of residence and workplace market access. Residence market access
captures proximity to surrounding sources of employment, while workplace market access cap-
tures proximity to surrounding sources of residents. This approximation is undertaken around
an initial equilibrium with prohibitive commuting costs, and abstracts from changes in the sup-
plies of residential and commercial floor space, and spillovers of agglomeration and dispersion
forces across locations. More generally, the impact of a transport improvement depends on both
market access and residuals that capture changes in the supplies of residential and commercial
floor space, productivity and amenities.

We illustrate the use of quantitative urban models to evaluate a transport improvement us-
ing a numerical example of a city. By focusing on a numerical example, we consider a setting
in which we know the true data generating process (DGP) and model parameters. Therefore,
the data are generated according to the model, and we can examine the success of alternative
approaches to approximating the true impact of the transport improvement. We show that the
direct impact of a large change in the transport network on travel time can be quite misleading
for the general equilibrium impact, once the reorganization of economic activity is taken into
account. We show that this reorganization of economic activity can differ substantially between
model-based counterfactuals and market access predictions.

This paper is related to a number of strands of existing research. First, we connect with the
theoretical literature on urban economies, as synthesized in Fujita et al. (1999) and Fujita and
Thisse (2002). In the canonical model of internal city structure following Alonso (1964), Muth
(1969), and Mills (1967), cities are monocentric by assumption. All employment is assumed to
be concentrated in a central business district (CBD). Workers face commuting costs that are in-
creasing in the distance travelled, which gives rise to a land price gradient that is monotonically
decreasing in distance from the CBD. Subsequent theoretical research relaxed the assumption that

all employment is concentrated in the CBD. In important contributions, Fujita and Ogawa (1982)



consider the case of a one-dimensional city along the real line, while Lucas and Rossi-Hansberg
(2002) analyze a perfectly symmetric circular city. Within these frameworks, the location of both
employment and residents are endogenously determined, and non-monocentric patterns of eco-
nomic activity can emerge in equilibrium.

Second, we contribute to recent research on quantitative spatial economics. Within this line
of research, a useful distinction can be drawn between quantitative urban and regional models.
Quantitative urban models are concerned with internal city structure (the network of economic
interactions within a single city). In contrast, quantitative regional models are instead concerned
with systems of cities or regions (the network of economic interactions between cities or regions).
The main distinction between these two classes of models is that their different spatial scales
change the relative importance of different economic mechanisms. Between cities, goods trade
and migration are typically the dominant mechanisms of interaction. Within cities, commuting
(the separation of residence and workplace) becomes relatively more important.

Research on quantitative urban models includes Ahlfeldt et al. (2015), Dingel and Tintelnot
(2020), Heblich et al. (2020), Owens III et al. (2020), Gechter and Tsivanidis (2022), Miyauchi et al.
(2022), Kreindler and Miyauchi (2023), Monte et al. (2023), Nagy (2023), Severen (2023), Alma-
gro and Dominguez-lino (2024), Redding and Sturm (2024), and Tsivanidis (2024), as surveyed
in Redding and Rossi-Hansberg (2017), Redding (2023) and Redding (2025). Research on quanti-
tative regional models includes Redding and Sturm (2008), Allen and Arkolakis (2014), Ahlfeldt
et al. (2015), Redding (2016), Allen et al. (2024), Caliendo et al. (2018), Desmet et al. (2018), Monte
et al. (2018), Fajgelbaum and Gaubert (2020), and Tsivanidis (2024), as reviewed in Redding and
Rossi-Hansberg (2017), Allen and Arkolakis (2022a) and Allen and Arkolakis (2025).

Second, this article also contributes to the empirical literature on the impact of transport im-
provements on the location of economic activity, as reviewed in Redding and Turner (2015) and
Donaldson (2025). One strand of this literature has used variation across cities and regions, in-
cluding Chandra and Thompson (2000), Michaels (2008), Duranton and Turner (2011), Duranton
and Turner (2012), Faber (2014), Duranton et al. (2014), Donaldson and Hornbeck (2016), Don-
aldson (2018), Baum-Snow et al. (2020), Hornbeck and Rotemberg (2024) and Weiwu (2024). A
second group of studies have looked within cities, including Warner (1978), Jackson (1987), Mc-
Donald and Osuji (1995), Gibbons and Machin (2005), Baum-Snow and Kahn (2005), Baum-Snow
(2007), Billings (2011), Baum-Snow et al. (2017), Brooks and Lutz (2018), Gonzalez-Navarro and
Turner (2018), Baum-Snow (2020), and Heblich et al. (2020).

Most existing research evaluating transport improvements has focused on the positive eco-
nomics question of the impact of a given transport improvement on the location of economic
activity and welfare. More recent research has begun to compare alternative possible transport

improvements and to evaluate the optimal transport network, including Fajgelbaum and Schaal



(2020), Allen and Arkolakis (2022b), Bordeu (2023), Kreindler et al. (2023), Almagro et al. (2024)
and Jiang (2025). Other research on optimal spatial policy more broadly includes Fajgelbaum and
Gaubert (2020), Fukui et al. (2024) and Mongey and Waugh (2024).

The remainder of the paper is structured as follows. Section 2 introduces our baseline quanti-
tative urban model. Section 3 discusses the relationship with conventional cost-benefit analysis.
Section 4 considers the relationship with market-access-based approaches. Section 5 illustrates
the use of our baseline quantitative urban model to evaluate the impact of transport improve-

ments using a numerical example. Section 6 summarizes our conclusions.

2 Quantitative Urban Model

We next outline a baseline quantitative urban model following Ahlfeldt et al. (2015). We consider
a city that is embedded in a wider economy. The city consists of a discrete set of locations (city
blocks) that are indexed by n,i € N. Time is discrete and is indexed by ¢. There are two types of
agents: workers and landlords. Each worker is endowed with one unit of labor that is supplied
inelastically. Workers have idiosyncratic preferences for each pair of residence and workplace
and are geographically mobile within the city. Landlords are geographically immobile and own
local floor space.

We consider two different assumptions about worker mobility with the wider economy: (i) A
“closed-city” specification, with an exogenous measure of workers (Ly; = Ly), in which worker
utility is endogenous; (ii) An “open-city” specification, in which the measure of workers (L) is
endogenously determined by population mobility with a wider economy that provides a reser-
vation level of utility U,. In this open-city specification, workers choose whether to move to
the city before observing their idiosyncratic preferences. In both specifications, workers choose
their preferred pair of residence and workplace within the city after observing their realizations
for idiosyncratic preferences for each pair of residence and workplace. We assume a continuous
measure of workers Ly;, which ensures that the realized values of variables equals their expected
values, and abstracts from any issues of granularity or small-sample variation.

Firms produce a single final good under conditions of perfect competition and constant re-
turns to scale. This final good is costlessly traded and chosen as the numeraire. The model is
static, but productivity, amenities, the supply of floor space and the transport network are al-
lowed to evolve over time. To reduce notational clutter, we suppress the time subscript from now

onwards, except where important.



2.1 Workplace-Residence Choices

Worker preferences are defined over the final consumption good and residential floor space. We
assume that these preferences take the Cobb-Douglas form, such that the indirect utility for a

worker w residing in n and working in 7 is:

Ui (W) = i PO 0<a<l, (1)
where P, = 1 is the price of the final consumption good; (), is the price of residential floor

space; w; is the wage; k,; is an iceberg commuting cost; we model this iceberg commuting cost
as depending on bilateral travel time (7,,;) using the transport network: x,; = "™ € [1,00),
where £ > 0 parameterizes commuting costs;' B,, captures residential amenities, which can
be endogenous to the surrounding concentration of economic activity through agglomeration
forces; and b,,;(w) is an idiosyncratic preference draw that captures all the idiosyncratic factors
that can cause an individual to live and work in particular locations within the city.?

Residential amenities (13,,) are assumed to depend on residential fundamentals (B,,) and res-
idential externalities (IB,,). Residential fundamentals capture features of physical geography that
make a location a more of less attractive place to live independently of the surrounding concen-
tration of economic activity (e.g., green areas). Residential externalities capture the interactions
between residents within the city (e.g., positive externalities through local public goods and neg-

ative externalities through crime):
Bn - En]BzB; ]Bn = Z 6_6BTMR7;, (2)
ieN

where R; is the measure of residents in location i; ” governs the magnitude of these residential
externalities; and 07 controls their spatial decay with travel time.
Idiosyncratic preferences (b,;(w)) are drawn from an independent extreme value (Fréchet)

distribution for each residence-workplace pair and for each worker:
Gb)=e"", e>1, 3)

where we normalize the Fréchet scale parameter in equation (3) to one, because it enters the

worker choice probabilities isomorphically to residential amenities (B,,) in equation (1); the

! Although commuting costs (x,;) are modelled in terms of utility, they enter the indirect utility function (1)
multiplicatively with the wage, which implies that they are proportional to the opportunity cost of time. Therefore,
similar results hold if commuting costs are instead modeled as a reduction in effective units of labor.

2A closely-related formulation assumes instead that workers have heterogeneous productivity for each pair of
residence and workplace. Both specifications yield similar predictions for commuting probabilities, but imply differ-
ent interpretations for observed wages. In the heterogeneous productivity specification, observed wages equal the
wage per effective unit of labor multiplied by the average number of effective units of labor.



smaller the Fréchet shape parameter ¢, the greater the heterogeneity in idiosyncratic preferences,
and the less sensitive are worker location decisions to economic variables.?

These idiosyncratic preference shocks make solving the model’s commuter market clearing
condition tractable by ensuring that each residence-workplace pair faces an upward-sloping sup-
ply function for commuters in terms of wages adjusted for amenities, commuting costs and the
cost of living (B,w;/ (ki P*QL~?)). Using the properties of the extreme value distribution (3),

the probability that a worker chooses to reside in n and work in ¢ is:
Lni o (anz)e (HninQi_a)ie
L Yoen X (Brwe) (ke PPQy™)

where L, is the measure of commuters from n to 7; recall that Ly is the measure of workers in

(4)

ng

the city; and we report the derivations in Online Appendix B.1.

A key implication of equation (4) is that bilateral commuting flows satisfy a gravity equation,
which is consistent with a large reduced-form empirical literature.* As in structural gravity mod-
els in international trade, bilateral commuting flows depend not only on “bilateral resistance”
(Kni) between a pair of locations 7 and ¢ in the numerator, but also on “multilateral resistance”
(kge for all k, ¢ € N) in the denominator. Although individual workers have idiosyncratic prefer-
ences for each residence-workplace pair, because there is a continuous measure of workers, there
is no uncertainty in the supply of commuters for any residence-workplace pair.’

Summing across workplaces in equation (4), we obtain the probability of residing in each
location (A = 3", Ano):

R, (B ®R(PeQLo) - e
AR = : — =) (we/kn), (5)
I Y, (B of (PPQL™) Z A

where recall that R,, is the measure of residents in location n; and we have defined @Tlf as a

measure of residential commuting market access; which depends on commuting costs and the
wages offered in each workplace.

Summing across residences in equation (4), we obtain the probability of being employed in
each location (Al = Y, ¢ Ai):

! = , OF =N Bf (ke PEQLIT) ", (6)
Ly Y gen (we)" f ,CGZN (b Q)

*Modeling idiosyncratic preferences using the extreme value distribution has a long tradition in transportation
economics, dating back to McFadden (1974). Here idiosyncratic preferences are specific to a residence-workplace pair,
which allows for sorting by residence and workplace. But it is straightforward to consider a generalized extreme
value specification with a nesting structure, in which for example workers choose a residence and then a workplace,
with potentially different dispersion parameters for each decision (e.g., Baum Snow and Lu 2024).

“See for example McDonald and McMillen (2010) and Fortheringham and O’Kelly (1989).

5In the case of a discrete number of workers, “granularity” or small sample variation can become relevant for
small spatial units, as analyzed in Dingel and Tintelnot (2020).




where L; is the measure of workers employed in location 7; and we have defined ® as a mea-
sure of workplace commuting market access, which depends on the cost of living adjusted for
amenities and commuting costs in each residence.

An additional implication of the extreme value distribution for idiosyncratic preferences (3)
is that expected utility conditional on choosing a residence-workplace pair is the same across all

residence and workplace pairs within the city:

€

U=Eful=0|> > (Baw) (reePFQy )| (7)

keN LeN

where the expectation is taken over the distribution for idiosyncratic preferences; ¢ = I'((e —
1)/e€); I'(+) is the Gamma function; and the derivations are reported in Online Appendix B.1.
Therefore, each individual worker has a preferred residence-workplace pair based on their
realizations for idiosyncratic preferences. But expected utility conditional on choosing a given
residence-workplace pair is the same across all residence-workplace pairs. The intuition is as
follows. On the one hand, higher amenity-adjusted real income (B;w;/ (f,; P*QL=*)) for resi-
dence n and workplace 7 raises the utility of a worker with a given realization for idiosyncratic
preferences b,; (w), and hence increases expected utility. On the other hand, higher amenity-
adjusted real income (B;w;/ (kin; P*QL~%)) attracts workers with lower realizations for idiosyn-
cratic preferences b,,; (w), which reduces expected utility. With a Fréchet distribution of idiosyn-
cratic preferences, these two effects exactly offset one another. Residence-workplace pairs with
high amenity-adjusted real income attract more commuters on the extensive margin until ex-
pected utility conditional on choosing a given residence-workplace pair is the same across all

residence-workplace pairs.

2.2 Production

Markets are assumed to be perfectly competitive. The single final good can be costlessly traded
both within the city and the wider economy. This final good is produced using labor and com-
mercial floor space. We assume a constant returns to scale production technology that takes the
Cobb-Douglas form. Cost minimization and zero-profits imply that price equals unit cost in each
location with positive production:

1

1= A_w5Q'I]7:_B7 0< ﬁ <1, (8)

n
where A,, denotes productivity; g, is the price of commercial floor space; and we have used our
choice of numeraire (P, = 1).

Productivity (4,) is assumed to depend on production fundamentals (A4,,) and production

externalities (A,). Production fundamentals capture features of physical geography that make



a location a more or less attractive place to produce independently of the surrounding concen-
tration of economic activity (e.g., access to natural water). Production externalities capture the

interactions between workers within the city (e.g., knowledge spillovers):
— A _S5A+ .
A, = A, AT Ay =D e i, (9)
ieN
where n” governs the magnitude of these production externalities and §* parameterizes their

spatial decay with travel time.

2.3 Commuter Market Clearing

Commuter market clearing requires that the measure of workers employed in each workplace
equals the measure of workers commuting to that workplace. From equations (4)-(6), we can

write this commuter market clearing condition as:

Ani (wz/ fim’)E
L, = \E where ML= = <.

Commuter market clearing also implies that average income per capita in each residence (v,) is

(10)

equal to the sum across workplaces of the wage in each workplace (w;) multiplied by the proba-

bility of commuting to that workplace (A

m|n)

= Afw; (11)

€N

2.4 Floor Space Market Clearing

We consider two alternative specifications of the market for floor space. First, we consider the
case of a segmented market for floor space, in which the supplies of residential floor space (HX)
and commerecial floor space (HZ) are both perfectly inelastic. Second, we examine the case of
an integrated market for floor space, in which the overall supply of floor space (H,,) is perfectly
inelastic, but floor space can be reallocated between residential use (H*) and commercial use
(HEL) to arbitrage away any differences in the return to these alternative uses. The overall sup-
ply of floor space (H,,) depends on both geographical land area and the ratio of floor space to
geographical land area (as reflected in the height of buildings).’

Market clearing for residential floor space implies that income from the ownership of resi-

dential floor space equals payments for its use:

QuHY = (1 —a)v,R,. (12)

®Tt is straightforward to allow the overall supply of floor space to be an increasing function of its price with a
constant elasticity, as in Saiz (2010) and Heblich et al. (2020).



Similarly, market clearing for commercial floor space implies that income from the ownership of

commercial floor space equals payments for its use:

1 —
QnHr[; = —ﬁwnLna (13)

p

where we used the property of the Cobb-Douglas production technology that payments to com-
mercial floor space and labor are constant multiples of one another.

With a segmented market for floor space, the prices of residential and commercial floor space
within a given location can differ from one another (Q,, # ¢,). With an integrated market for
floor space, the fractions of floor space allocated to residential use ((1 —6,) = HI/H,) and

commercial use (¢,, = H/H,) are determined by the following no-arbitrage condition:

Qn S [O, 1] if qn = gnQn ) (14)

where &, > 1 is the tax equivalent of land use regulations.

We assume that floor space is owned by local landlords who are geographically immobile
and consume only the traded final good. We abstract from idiosyncratic preference draws for
landlords, because they are geographically immobile, and hence these preference draws would

not affect the equilibrium allocation in any way.

2.5 General Equilibrium

We begin by considering general equilibrium with a closed-city and segmented markets for floor
space. The equilibrium spatial distribution of economic activity within the city is determined by
the model parameters (o, 3, K, €, N, 0B, Na, 04) and the following exogenous location character-
istics: residential fundamentals (B,,), production fundamentals (A,,), the supplies of residential
and commercial floor space (HE, HL), and the transport network (7,;). Given these parame-
ters and exogenous location characteristics, the closed-city general equilibrium is referenced by
residents (R2,,), employment (L,,), wages (w,,), average residential income (v,,), the prices of resi-
dential and commercial floor space (Q),,, ¢,), and expected utility (U), given exogenous total city
population (Ly). From solutions for these equilibrium objects, all the other endogenous variables
of the model can be determined.

We now show that the general equilibrium of the model admits a tractable theoretical charac-
terization. In particular, the conditions for general equilibrium can be written in the form required

to apply Theorem 1 from Allen et al. (2024) for uniqueness:

Tnh = Z ICm'h H x;{ﬁ/hhlv (15)

1eN h'eH



where z,,, is an endogenous variable; KC,,;;, is a kernel that characterizes bilateral frictions; n, 7 €
N denote locations; and 2 € H denote economic interactions, which here include residents,
employment, and the prices of residential and commercial floor space. A sufficient condition for
the existence of a unique equilibrium is that the spectral radius of a coefficient matrix of model
parameters is less than or equal to one, as shown in Online Appendix B.2.

The determination of general equilibrium in the open-city with segmented markets for floor
space is analogous, except that total city population (Ly;) is endogenously determined by popu-
lation mobility with the wider economy and its exogenous reservation level of utility (U). The
determination of general equilibrium with an integrated market for floor space is also analogous,
except that there is an additional no-arbitrage condition between the prices of residential floor

space ((,,) and commercial floor space (g).

2.6 Counterfactuals

A key feature of quantitative urban models is that they are sufficiently rich so as to be able to ratio-
nalize the observed data as an equilibrium of the model. The model includes structural residuals
that vary by location, such as production and residential fundamentals (A,,, B,,). These structural
residuals can adjust by location, such that the observed data are consistent with the structural
equations of the model.

This property of quantitative urban models typically implies that they are invertible, in the
sense that given known parameters and the observed endogenous variables, we can back out
unique values of the structural residuals such that the model is consistent with the observed
data. Furthermore, this invertibility property can hold even in the presence of multiple equilibria,
because these models condition on the observed equilibrium in the data. Given known model
parameters, the observed endogenous variables and the equilibrium conditions of the model (e.g.,
cost minimization, zero profits and population mobility) can together contain enough information
to uniquely determine these structural residuals, even though there could have been another
equilibrium for the same value of the model parameters

Since quantitative urban models are able to rationalize the observed spatial distribution of
economic activity as an equilibrium, they provide a suitable platform for undertaking counter-
factuals for how realistic public-policy interventions would change this observed spatial distribu-
tion of economic activity. In our numerical example below, we consider a counterfactual for the
construction of a railway network subway line that reduces bilateral commuting costs between
some pairs of locations by more than for other pairs of locations.

In our baseline specification, we assume no agglomeration forces (N4 = g = 04 = dp = 0),
such that productivity and amenities are determined solely by exogenous location characteristics.

In this case, there exists a unique equilibrium, and our counterfactuals yield determinate predic-

10



tions for the impact of the construction of the railway line on the spatial distribution of economic
activity. We also consider an augmented specification with agglomeration forces, in which case
productivity and amenities respond endogenously to changes in the spatial distribution of eco-
nomic activity. In this case, for sufficiently strong agglomeration and dispersion forces, there is
the potential for multiple equilibrium in the model. We solve for a counterfactual equilibrium
using starting values for the model’s endogenous variables from the initial equilibrium before
the construction of the railway network.

In general, two main approaches have been used to undertaking counterfactuals in quantita-
tive urban models. The first “covariates” approach estimates the model, recovers the predicted
values of model variables such as commuting costs, and undertakes counterfactuals using these
model predictions. The second “calibrated shares” approach undertakes counterfactuals condi-
tioning on observed bilateral commuting flows in the initial equilibrium in the data. Following the
international trade literature (Dekle et al. 2007 and Costinot and Rodriguez-Clare 2014), the cali-
brated shares approach is often referred to as “exact-hat algebra,” because it rewrites the model’s
counterfactual equilibrium conditions in terms of the observed values of variables in the initial
equilibrium in the data and the relative changes of variables (“hats”) between the initial equi-
librium and the counterfactual equilibrium. The approach is exact, in the sense that it solves
for a counterfactual equilibrium using the full structure of the non-linear model, without any
approximation. In our numerical example below, we know all location characteristics, such as
commuting costs and production and residential fundamentals. Therefore, we directly solve for
a counterfactual equilibrium using these known location characteristics.

We denote the value of a variable in the initial equilibrium without a prime (), its value in
the counterfactual equilibrium with a prime (z’), and the relative changes of variables between
the two equilibria with a hat (z = 2’/z). Given known location characteristics, we first solve for
an initial equilibrium before a transport improvement. Given an assumed change in the transport
network, and the resulting changes in commuting costs (k,,;), we next solve for the counterfac-
tual equilibrium after the transport improvement. In both cases, we solve the model’s system of
general equilibrium conditions, as discussed further in Online Appendix B.3.

In our numerical example below, we assume a closed-city and an integrated market for floor
space. We assume positive and finite production and residential fundamentals. Additionally, in
specifications with agglomeration forces, we assume positive spillovers of production and resi-
dential externalities. As a result, all locations have positive and finite productivity and amenities.
Since the support of the Fréchet distribution for idiosyncratic preferences is unbounded from
above, these assumptions ensure that all locations are incompletely specialized (0 < 6,, < 1). Fi-
nally, we also assume no land use regulations (§,, = 1), which implies that the prices of residential

and commercial floor space are equalized within each location (Q,, = ¢y,).

11



From equations (7) and (4), the increase in expected worker utility from the construction of

the railway network can be expressed as:

Z Z Ake (3&%)6 <//%M@]1€_a> 1 ; : (16)

keN feN

ﬁ:

where we used our choice of numeraire (}Ajt =1).

The construction of the railway network also changes the value of land in each location.
Since landlords are geographically immobile and the price of floor space differs across locations,
this transport improvement has distributional consequences across the landlords in different lo-
cations. Since landlords consume only the numeraire final good, the change in the welfare of

landlords in each location equals the change in the value of land.

3 Traditional Cost-Benefit Analysis

We now contrast the general equilibrium analysis of the impact of the transport improvement
in our quantitative urban model in the previous section with conventional cost-benefit analyses
that are typically undertaken in partial equilibrium.

The traditional approach to estimating the economic benefit from a transport improvement
between a pair of locations n and i starts by estimating a Marshallian demand curve (D (7, v))
for travel between n and 7 given the travel cost (7) and consumer income (v), as shown in Figure
1 below.” Given this demand curve and the estimated travel cost reduction from the transport
improvement ((7p — 71)), the resulting welfare gain can be measured as the increase in consumer
surplus (area (g, a, b, 71)). This increase in consumer surplus includes both the substitution effect
and the income effect from the lower travel cost given the consumer’s income (v).

This increase in consumer surplus is closely related to conventional welfare concepts of com-
pensating and equivalent variation. Compensating variation corresponds to the amount of in-
come that would need to be taken away from the consumer after the transport improvement, in
order for her to obtain the same level of utility as before the transport improvement. This corre-
sponds to a change in the area under a Hicksian demand curve (D(7, u)) that holds utility rather
than income constant (area (79, a, d, 71) in Figure 2). Equivalent variation corresponds to the ad-
ditional income that would need to be given to the consumer before the transport improvement,
in order for her to obtain the same level of utility as after the transport improvement. Again this
corresponds to a change in the area under a Hicksian demand curve (D(7,u)) that holds utility
rather than income constant (area (7, ¢, b, 71) in Figure 2). The gap between the two Hicksian

demand curves in Figure 2 corresponds to the welfare gain from the transport improvement. As

"For a summary of this traditional approach, see for example Jones (1977).
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Figure 1: Increase in Consumer Surplus from a Transport Improvement

ni trip
cost
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Note: 19 and x( are the travel cost and trip volume between locations n and i before the transport improvement,
respectively; 71 and x1 are the travel cost and trip volume between locations n and ¢ after the transport improvement;
the resulting increase in consumer surplus is area (o, a, b, 7).

long as travel is a normal good (such that there is a positive income effect from the reduction in
travel cost), the increase in consumer surplus from the transport improvement will lie in between
the measures of compensating and equivalent variation, as shown in Figure 2.

Although conceptually straightforward, implementing this traditional cost-benefit approach
in practice raises several challenges. In particular, one needs to evaluate the reduction in travel
costs from the transport improvement, and estimate the demand curve for travel as a function of
travel cost. Both are challenging if the transport improvement affects only one pair of locations,
as in Figures 1 and 2. But, in reality, any given transport improvement will simultaneously affect
many pairs of locations.

One special case that has received particular attention in the traditional cost-benefit literature
is when (i) the demand for travel is perfectly inelastic and (ii) the change in travel cost equals the
savings in travel time multiplied by the value of time. In this special case, the welfare gains from
the transport improvement can be measured simply as the total value of the travel time saved.
Although this measure is only exact when the demand for travel is perfectly inelastic, it provides
a first-order approximation to the welfare gains more generally, since for small changes in travel
time, the changes in the demand for travel are second-order small.?

When the changes to the transport network are large, such as the construction of an entire

8This special case is closely related to the social savings approach used by Fogel (1964) to evaluate the welfare
gains from the U.S. railroad network in 1890.
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Figure 2: Consumer Surplus, Compensating and Equivalent Variation
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Note: Note: 7y and x( are the travel cost and trip volume between locations 7 and ¢ before the transport improvement,
respectively; 71 and x1 are the travel cost and trip volume between locations n and 7 after the transport improvement;
D(r,y) is the Marshallian demand curve that holds income constant; D(p, u) is the Hicksian demand curve that holds
utility constant; area (7o, a, b, T1) is the increase in consumer surplus; area (79, a, d, 1) is the compensating variation;
and area (py, ¢, b, p1) is the equivalent variation.

railway network, measuring the resulting welfare gains requires estimating the demand for travel
between all pairs of locations affected by the transport improvement. A challenge in undertaking
this estimation is that the demand for travel between any pair of locations is typically jointly
determined in general equilibrium with the demand for travel between all other pairs of locations.
As a result, the demand curve between any pair of locations n and 7 need not be stable, and can
shift around based on changes in travel costs and the resulting redistribution of economic activity
on other routes. Therefore, determining the demand for travel for each route ultimately involves
solving for the spatial distribution of economic activity and determining travel on all routes in

general equilibrium.

4 Market Access

Another alternative approach to solving for counterfactuals in a quantitative urban model in-
volves the use of sufficient statistics based on measures of market access.

On the one hand, solving for counterfactuals in the quantitative urban model has several
advantages. The researcher uses an internally-consistent equilibrium framework to evaluate the
impact of counterfactual public policies. This approach makes explicit what assumptions are

made, what is held constant, and what parameter values are used. Budget constraints and market
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clearing conditions necessarily hold. The solution for the counterfactual equilibrium is exact,
because no approximation is made.

On the other hand, solving for counterfactuals in the quantitative urban model also has its
disadvantages. Which predictions depend on the entire model structure versus which predictions
hold in a broader class of models can be unclear. The sensitivity of counterfactual predictions to
perturbations in model assumptions also can be unclear.

A sufficient statistics approach can address some of these limitations. Counterfactual predic-
tions are derived from a smaller number of reduced-form equations that hold in a wider class
of models. These counterfactual predictions only depend on the observed values of variables
and assumptions about reduced-form parameters that in general are combinations of structural
parameters in each model in that class.’

This class of quantitative urban models characterized by a gravity equation for bilateral com-
muting flows lends itself to a sufficient statistics representation in terms of the measures of res-
idential market access (®) and workplace market access (®L) introduced above, as shown in
Tsivanidis (2024). Using the residential choice probability (5) and the workplace choice probabil-

ity (6), we can rewrite residential and workplace market access (®%, ®F) as follows:

l— _. L
off = EZKW@’ (17)
i€N v
1 R
L _ —e =N
neN n

as shown in Online Appendix B.2. Given data on employment (L;) and residents ([2,,), and esti-
mates of bilateral commuting costs (k. (), residential and workplace market access (®f and ®Z,
respectively) can be recovered (up to scale) from this system of equations.

Using these relationships and the other general equilibrium conditions of the model, changes
in employment (En), commercial floor prices (¢,), residents (En) and residential floor prices (@n)
in response to the transport improvement can be written as log linear functions of changes in

residential market access @5‘), workplace market access (EI;ﬁ), and residuals:

~ 1 ~
logL, = ———log® + loger 19
0g Tre(1—p) ® n Tlogey, (19)
~ ﬁ =L
logg, = ———log L + log €Y,
0gq T e(l=p) og ¢, + logey,
logR, ~ —— log ®f + log &
o8 T Fe(l—a) 8% Tio86
1+e€

l

log Q,, ~ log ®f + log ey,

e(l+e(l—a))

°For a review of the public finance literature on sufficient statistics, see Chetty (2009).

15



where recall that a hat above a variable denotes a relative change between the counterfactual and
initial equilibria (¥ = 2’/z); and the derivations are reported in Online Appendix C.

Therefore, we can use equations (17) and (18) and the system of equations (19) to solve for
the changes in residential market access (@ff), workplace market access (ZI\DZL), employment (Zn),
commercial floor prices (¢,,), residents (}A%n) and residential floor prices (@n) induced by a transport
improvement that changes commuting costs (K,;).

The first two relationships for employment (Zn) and commercial floor prices (g,) in equation
(19) are exact. The second two relationships for residents (ﬁn) and residential floor prices (@n)
involve an approximation around an equilibrium with prohibitive commuting costs (in which
Up W, N <EI\>7’§>1 ).1 The residuals (¢%, €2, €%, €?) depend on changes in productivity (A,),

’I'L’ n’ n’

amenities (En), and the supplies of commercial (H 5) and residential (H f) floor space as follows:

loge: = kb + m log A, + % log f[,f, (20)
logel = k7 + ﬁbg@l — ﬁlogﬁf,

logel = kft + m log J}A?n + %bg ﬁf,

logéff = k9 + mlogﬁn + —%logﬁf,

where (k”, k9, K%, HQ) are constants that depend on the change in the common level of expected
utility across all locations ([/J\' ).

Two sets of implications follow from this system of equations (19). First, assume no agglom-
eration forces (A = land B, 1) and a segmented market for floor space with exogenous
supplies of commercial and residential floor space (Iflrf = 1 and ]/:7,];i = 1). Under these assump-
tions, the changes in residential and workplace market access (@f, </I\>£) are sufficient statistics for
the reorganization of economic activity in response to transport improvements, up to the quality
of the approximation around an equilibrium with no commuting costs. Therefore, under these
assumptions, one can predict the impact of a transport improvement by solving for changes in
market access, without necessarily having to solve the full system of general equilibrium condi-
tions for a counterfactual equilibrium.

Second, assume agglomeration forces (gn % 1or B, # 1) and/or integrated floor space mar-
kets with endogenous allocations of floor space between commercial and residential use (?[ L 41
and ﬁf‘ # 1). Under these assumptions, the reorganization of economic activity in response to
a transport improvement is determined by changes in both residential and workplace market ac-

cess (<I> (I>L) and the residuals (%, €7, €', 2¥). The changes in these residuals depend on changes

OSimilar relationships hold in a version of the quantitative urban model in Section 2 in which the idiosyncratic
shock (b,,; (w)) in equation (1) is to worker productivity rather than preferences, as shown in Tsivanidis (2024).
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in production and residential externalities and endogenous reallocations of floor space between
alternative uses. In general, determining the changes in these residuals typically requires solving
for counterfactuals in the full non-linear model."

Therefore, the extent to which residence (®) and workplace (®£) market access are suffi-
cient statistics for internal city structure depends on assumptions about agglomeration economies
and the supplies of commercial and residential floor space. In the next section, we examine the
quantitative relevance of the differences between the predictions from model counterfactuals and

measures of market access for the impact of a transport improvement.

5 Quantitative Illustration

We now illustrate the use of our quantitative urban model to evaluate the impact of a transport
improvement using a numerical example of city. By focusing on this numerical example, we
consider a setting in which we know the true data generating process (DGP) and model parame-
ters. Therefore, the data are generated according to the model, and we can examine the success
of alternative approaches in approximating the true impact of the transport improvement. Our
numerical example is motivated by the analysis of the construction of London’s 19th-century
railway network in Heblich et al. (2020). We calibrate some model parameters using empirical
moments from that historical setting.

In Section 5.1, we introduce the structure of the city. In Section 5.2, we discuss the parameteri-
zation of the model. In Section 5.3, we examine the spatial distribution of economic activity in the
initial equilibrium before the construction of the railway network. In Section 5.4, we undertake a
counterfactual for the construction of the railway network. In Section 5.5, we examine the impact
of this new transport technology on the distribution of commuting distances and travel times. In
Section 5.6, we compare the counterfactual predictions from the solution of the full non-linear
model with those based on changes in market access. In Section 5.7, we examine the aggregate
implications of the new transport technology by computing changes in expected worker utility

and aggregate land values.

1f production and residential externalities forces depend only on employment and residents in the own location,
and the supplies of commercial and residential floor space are exogenous, changes in production and residential
externalities can be expressed solely in terms of changes in residence and workplace market access, up to the first-
order approximation used above. More generally, when production and residential externalities spill over across
locations, this is no longer the case, because the spatial interactions between locations also depend on the decay of
production and residential externalities.
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5.1 City Structure

We consider a numerical example of a city that consists of a set of grid points arrayed in (z, y)
space. We assume a grid of 22 x 22 points that are each one unit of distance apart from one
another. We interpret one unit of distance in the model as one kilometer (km), such that the
internal area bounded by this grid is 21 x 21 = 441 km?®, which is somewhat larger than the area
of the County of London of around 314 square km?.

We assume exogenous differences in production fundamentals (4;) that promote the concen-
tration of economic activity in a central location, consistent with many real-world cities forming
around natural advantages, such as ports or navigable rivers. We assume that the central node
(11,11) has production fundamentals of A; = 4; surrounding nodes (9:13,9:13) have production
fundamentals of A; = 2; and all other locations have production fundamentals of A, = 1. We
assume that all locations have the same residential fundamentals of B; = 1. In our baseline spec-
ification, we abstract from agglomeration forces (N4 = 1 = 4 = dg = 0). In an augmented
specification, we incorporate agglomeration forces, in which case the exogenous differences in
production fundamentals induce endogenous differences in productivity and amenities (A4; and
B;) through production and residential externalities (A; and B;). We assume that locations have
the same area (K; = 100), and the same density of development (ratio of floor space to area) of
@; = 1, such that the exogenous supply of floor space in all locations is H; = ¢; K; = 100.

The transport network is modelled as the set of arcs that connect the grid points (nodes). Each
arc has a weight that corresponds to the cost of travelling on that arc. We compute travel times
between each bilateral pair of grid points as the least-cost paths across the arcs connecting those
grid points. In the initial equilibrium, walking is the only mode of transport. All grid points are
connected by this mode of transport, with a travel cost of 1 per unit distance (km). We consider
a counterfactual for the construction of a railway network that consists of a central vertical line,
a central horizontal line, a diagonal line, and an inverse diagonal line. Therefore, the railway
network has a hub and spoke structure around the city center, as often observed for many real-
world transport networks. We assume that the cost of travelling along an arc connected to the

railway network is 1/ per unit distance, where v > 1.

5.2 Parameterization

We calibrate the model’s parameters based on estimates from the existing empirical literature
and empirical moments from the construction of London’s 19th-century railway network from
Heblich et al. (2020). We set the share of consumer expenditure on residential floor space (1 — [3)
equal to 0.25, which is consistent with the estimates in Davis and Ortalo-Magné (2011). We as-

sume that the share of firm expenditure on commercial floor space (1 — «) is 0.20, which is in
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line with the findings of Valentinyi and Herrendorf (2008). We set the dispersion of idiosyncratic
preferences (¢) equal to 5, which is close to the estimate of 5.25 in Heblich et al. (2020), and lies
in the center of the range of values from 2.18 to 8.3 in Ahlfeldt et al. (2015), Dingel and Tintelnot
(2020), Severen (2023) and Kreindler and Miyauchi (2023).

We set the commuting cost semi-elasticity (x) equal to 0.20, which together with our parame-
ter choices ensures that the model matches the empirical finding in Heblich et al. (2020) that more
than 90 percent of workers lived within 5 km of their workplace before the railway age.'* We set
the reduction in travel cost from a railway connection () equal to 5, which together with our
parameter choices implies that the model matches the empirical finding in Heblich et al. (2020)
that around 50 percent of workers lived within 5 km of their workplace by the end of the con-
struction of London’s 19th-century railway network. We interpret this travel cost as the relative
travel time of the two modes of transport, where our calibrated value of 5 is close to the relative
travel time of walking and railways of 7 used in Heblich et al. (2020).

In our baseline specification, we assume no agglomeration forces (N4 = g = 04 = dp = 0).
In our augmented specification with agglomeration forces, we assume elasticities of productivity
and amenities with respect to travel-time-weighted employment and residential density of n4 =
ng = 0.10, and exponential rates of decay of production and residential externalities of 64 =
d0p = 0.08. These assumed elasticities (4, 7p) are marginally higher than the range of 3-8
percent reported for production externalities in Rosenthal and Strange (2004) based on cross-city
variation. But the common assumed elasticity of n4 = np = 0.10 is lower than the estimated
residential elasticity of np = 0.15 in Ahlfeldt et al. (2015), and lower than the estimated elasticities
in several studies using quasi-experimental sources of variation, including Greenstone et al. (2010)
and Kline and Moretti (2014).”® The assumed exponential rates of decay of d4 = dp = 0.08 are
smaller in absolute value than those estimated by Ahlfeldt et al. (2015), implying less localized
production and residential externalities.

We show that our main quantitative findings for the role of transport improvements in al-
lowing locations to specialize as workplaces and residences are robust across these specifications

with and without agglomeration forces.

2The implied semi-elasticity of commuting flows to distance is ex = 0.20 x 5, which is somewhat large compared
to empirical estimates using data measured in kilometers, but the interpretation of this semi-elasticity in the model
depends on the interpretation of the units in which distance is measured.

BFor reviews of the range of estimated agglomeration elasticities in existing empirical research, see the meta-
analyses in Melo et al. (2009) and Ahlfeldt and Pietrostefani (2019).
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Table 1: Parameterization

Parameter Value Source
Without Agglomeration Forces
Residential floor space expenditure share 1 -« 0.25 Ahlfeldt et al. (2015)
Commercial floor space cost share 1-p 0.20 Ahlfeldt et al. (2015)
Dispersion idiosyncratic preferences € 5 Heblich et al. (2020)
Commuting cost semi-elasticity K 0.20  Share commute < 5 km before rail
Railway reduction commuting cost 0 5 Share commute < 5 km after rail
With Agglomeration Forces
Production agglomeration forces NA 0.10 < Ahlfeldt et al. (2015)
Production agglomeration decay 04 0.08 < Ahlfeldt et al. (2015)
Residential agglomeration forces B 0.10 < Ahlfeldt et al. (2015)
Residential agglomeration decay 0p 0.08 < Ahlfeldt et al. (2015)

Note: Calibrated model parameters and the source for each calibrated parameter value; the specification without
agglomeration forces uses n4 = np = d4 = dp = 0; the specification with agglomeration forces uses the parameter
values listed in the bottom panel of the table.

5.3 Initial Equilibrium

Figure 3 shows the initial equilibrium distribution of economic activity before the construction of
the railway network for our baseline specification without agglomeration forces.'* We indicate
levels of economic activity in each location using a heatmap, in which higher values are denoted
with lighter colors (more yellow), and lower values are denoted with darker colors (more blue).

As shown in the top-left panel, we find the gradient of the price of floor space (log Q); = log ¢;)
has an approximately monocentric structure. There is a central peak (shown in yellow) at the lo-
cation with the highest production fundamentals (11,11). Around this central peak, there is a
square area of lower prices of floor space (shown in teal) at the inner-city locations with interme-
diate production fundamentals (9:13, 9:13). Beyond the boundaries of these inner-city locations
with intermediate production fundamentals, there is a continuing gradient in the price of floor
space (from light blue to dark blue), which reflects the impact of commuting costs. Locations
closer to the center have lower commuting costs to employment concentrations in the center of
the city. In order for expected utility to be equalized across all locations, these lower commuting
costs must be compensated in equilibrium by higher prices of floor space.

In the top-right panel, we show the ratio of workers to residents (log (L;/R;)), which captures
locations’ patterns of specialization as workplaces and residences. Locations with values of this
ratio greater than one are net importers of commuters, while locations with values of this ratio
less than one are net exporters of commuters. In the remaining two panels of the figure, we

show the two separate components of this ratio. The bottom-left shows workers (log ;) from

“In Online Appendix D, we show the analog of Figure 3 and all subsequent figures for our augmented specification
with agglomeration forces, and demonstrate a similar pattern of results.
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the numerator. The bottom-right panel shows residents (log R;) from the denominator.

Figure 3: Initial Equilibrium Before the Railway Network
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Note: Figure shows the initial equilibrium before the railway network in our baseline specification without agglom-
eration forces (ng = np = 04 = dp = 0). City composed of 21 x 21 grid points one unit apart (interpreted
as 1 kilometer). Central node (11,11) has production fundamentals (a;) equal to 4. Surrounding nodes (9:13,9:13)
have a; = 2. All other locations have a; = 1. All locations have residential fundamentals (b;) equal to 1. All lo-
cations have area (K;) equal to 100, a density of development (;) equal to 1, and a supply of floor space equal to
H; = ¢;K; = 100. In the initial equilibrium, walking is the only mode of transport, with a travel cost of 1 per unit
distance. Top-left panel shows the log price of floor space (log Q; = log ¢;). Top-right panel shows the log ratio of
workers to residents (log (L;/R;)). Bottom-left panel shows log residents (log R;). Bottom-right panel shows log
workers (log L;). Negative values are possible, because all variables are logged.
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We find that the central location has the highest ratio of workers to residents (top right), the
largest concentration of workers (bottom left), and the smallest concentration of residents (bot-
tom right). This pattern reflects the interaction between the comparative advantage of locations
as workplaces or residences and commuting costs. The central location as the highest production
fundamentals relative to residential fundamentals, and hence specializes as a workplace, import-
ing commuters from other surrounding locations. As employment concentrates in this central
location to take advantage of its high productivity, this bids up the price of floor space, reducing
the concentration of residents in that location. Nevertheless, for positive and finite levels of pro-
duction and residential fundamentals, the central location remains incompletely specialized with
positive values of both employment and residents, because the support of the Fréchet distribution

for idiosyncratic preferences is unbounded from above. Therefore, there is a positive measure of
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workers who draw sufficiently high idiosyncratic preferences that they are willing to live in the
central location despite its relatively high price of floor space.

Around the central location, we find a non-monotonic pattern of concentric rings of special-
ization, in which intermediate locations just beyond the boundaries of the inner city have the
lowest ratios of workers to residents (top right), the smallest concentrations of workers (bottom
left), and the largest concentrations of residents (bottom right). Again this pattern reflects the
interaction between comparative advantage and commuting costs. These intermediate locations
have lower production fundamentals than central locations, the same residential fundamentals as
all locations, and lower commuting costs to the center than outlying locations. Therefore, these
intermediate locations specialize as residences rather than workplaces, and are the largest sources
of commuters for the central locations that specialize as workplaces. Nevertheless, all locations
remain incompletely specialized with positive values of employment and residents, because the

distribution of idiosyncratic preferences has a support that is unbounded from above.

5.4 Counterfactual Equilibrium

Figure 4 shows the counterfactual equilibrium distribution of economic activity after the con-
struction of the railway network, again for our baseline specification without agglomeration
forces. As in the previous figure, we indicate levels of economic activity in each location us-
ing a heatmap, in which higher values are denoted with lighter colors (more yellow), and lower
values are denoted with darker colors (more blue).

We find that the construction of the railway network increases the price of floor space in the
central location with the highest production fundamentals (compare the upper limit of the scale
in the top-left panels of Figures 3 and 4). As the railway network reduces commuting costs, this
allows the central location to further exploit its comparative advantage as a workplace rather
than a residence, and import commuters from other locations. As this specialization occurs, and
floor space is reallocated towards a more efficient use, this bids up the price of floor space in the
central location.

The railway network also increases floor prices in outlying locations that are close to railway
lines (with the structure of the railway network reflected in a “union jack” pattern of light blue
areas for the price of floor space in the top-left panel of Figure 4). These outlying locations close
to railway lines now have lower commuting costs to employment concentrations in the center
of the city than other outlying locations. These lower commuting costs attract residents and bid
up the price of floor space close to railway lines, until expected utility is again equalized across
all locations. In contrast, outlying locations furthest from railway lines continue to have similar
prices of floor space as before the construction of the railway network (comparing the lower limit

of the scale in the top-left panels of Figures 3 and 4). As a result, the new transport technology
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increases the inequality in the price of floor space across locations.

Figure 4: Counterfactual Equilibrium after the Railway Network
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Note: Figure shows the counterfactual equilibrium after the railway network in our baseline specification without
agglomeration forces (ng = np = 04 = dp = 0). City composed of 21 x 21 grid points one unit apart (interpreted
as 1 kilometer). Central node (11,11) has production fundamentals (a;) equal to 4. Surrounding nodes (9:13,9:13) have
a; = 2. All other locations have a; = 1. All locations have residential fundamentals (b;) equal to 1. All locations
have area (K;) equal to 100, a density of development (y;) equal to 1, and a supply of floor space equal to H; = ¢, K.
In the counterfactual, vertical horizontal, diagonal and inverse diagonal railway lines are constructed (such that the
railway network forms a “union jack” Railway lines reduce the cost of travel from 1 to 1/ per unit distance (where
~ > 1). Top-left panel shows the log price of floor space (log Q; = log ¢;). Top-right panel shows the log ratio of
workers to residents (log (L;/R;)). Bottom-left panel shows log residents (log R;). Bottom-right panel shows log
workers (log L;). Negative values are possible, because all variables are logged.

The role of the railway network in enabling increased specialization to take advantage of pat-
terns of comparative advantage is also evident in Figure 4 from the ratio of workers to residents
(top right), the spatial distribution of workers (bottom left), and the spatial distribution of resi-
dents (bottom right). The construction of the railway network increases the ratio of workers to
residents in the most central locations, as they increasingly specialize as workplaces (upper limit
of the scale in the top-right panel). The concentric ring pattern of specialization in intermediate
locations around the inner city in Figure 3 is still evident to some degree in Figure 4. These inter-
mediate locations surrounding the areas with higher production fundamentals in the inner city
(the areas surrounding locations 9:13, 9:13) have some of the highest concentrations of residents

(bottom right) and lowest ratios of workers to residents (top right).
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But this concentric ring pattern of specialization is now supplemented with a radial pattern of
specialization in Figure 4. Outlying locations close to railway lines now have some of the largest
concentrations of residents (bottom right) and some of the lowest ratios of workers to residents
(top right). This concentration of residents along railway lines (bottom right) is also reflected to
a more limited extent in the concentration of employment along these lines (bottom left). This
pattern reflects the gravity structure of commuting flows. Firms located close to railway lines
have large supplies of nearby residents living close to the railway lines, which in the presence of
commuting costs reduces the wages that they need to pay to attract workers, and hence increases
employment in these locations. Whereas outlying areas are relatively undifferentiated in Figure
3 before the construction of the railway network, they are now substantially more heterogeneous
in Figure 4 after its construction. Some outlying locations furthest from railway lines experience
declines in both workers and residents following the construction of the railway network, as
they become relatively less attractive as workplaces and residences compared to other locations

(comparing the lower limit of the scales in the bottom two panels in Figures 3 and 4).

5.5 Commuting Distributions

We now examine these implications of these changes in locations’ patterns of specialization as
workplaces and residences for commuting patterns.

Figure 5 shows the cumulative distribution of commuting distances in the initial equilib-
rium (blue) and counterfactual equilibrium (red), again for our baseline specification without
agglomeration forces. We construct this cumulative distribution as follows. For each residence-
workplace pair, we observe the equilibrium number of commuters and the bilateral distance trav-
elled. We sort residence-workplace pairs by the distance travelled, and compute the cumulative
sum of commuters for each distance travelled, divided by the total number of commuters in the
city, which yields the share of workers who commute less than each distance.

As discussed above, we calibrated the model’s parameters to match empirical moments from
the construction of London’s 19th-century railway network in Heblich et al. (2020). Before the
construction of the railway network, more than 90 percent of workers live within 5km of their
workplace in Figure 5. After the construction of the railway network, around 50 percent of work-
ers live more than 5km from their workplace in Figure 5. Therefore, the reduction in commuting
costs from the construction of the railway network leads to a substantial increase in the fraction
of workers that commute over longer distances.

Figure 6 shows the cumulative distribution of effective distances, where effective distance ad-
justs for the different travel costs of walking and the railway, and has an interpretation as travel
time. We construct this cumulative distribution in the same way as for the previous figure, but use

effective distance (travel times) instead of distance. We show this cumulative distribution using
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Figure 5: Cumulative Commuting Distance Distributions
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Note: Figure shows the cumulative distribution for the share of workers who commute less than each distance in the
initial equilibrium (blue) and the counterfactual equilibrium (red) in the specification without agglomeration forces
(na =np = 64 = dp = 0). Vertical black line shows 5 kilometers distance. In the initial equilibrium, walking is the
only mode of transport, with a travel cost of 1 per unit distance. In the counterfactual, vertical horizontal, diagonal
and inverse diagonal railway lines are constructed (such that the railway network forms a “union jack” Railway
lines reduce the cost of travel from 1 to 1/ per unit distance (where v > 1).

initial commuting probabilities and initial travel times (blue), using initial commuting probabil-
ities and counterfactual travel times (orange dashed line), and using counterfactual commuting
probabilities and counterfactual travel times (red line).

The direct effect of the construction of the railway network is the reduce the amount of time
taken to travel a given distance. Therefore, when we use the initial commuting probabilities for
both the initial and counterfactual travel times (comparing the blue to the orange dashed line),
we find a substantial fall in the share of workers who commute less than each travel time, as re-
flected in a leftwards shift in the cumulative distribution. However, our quantitative urban model
predicts that workers and firms respond to the construction of the railway network by adjusting
their location choices, with the reduction in commuting costs leading workers to increasingly
separate their residence and workplace and to commute over longer distances. As a result, when
we compare the initial distribution (using initial values for both commuting probabilities and
travel times (blue line)) to the counterfactual distribution (using counterfactual values for both
commuting probabilities and travel times (red line)), we find relatively little change in the share
of workers who commute less than each travel time.

The extent to which workers respond to longer commuting costs by increasing commuting
distance depends on model parameters, such as the dispersion in idiosyncratic preferences (¢)

and the semi-elasticity of commuting costs with respect to travel times (k). Nevertheless, this
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Figure 6: Cumulative Commuting Effective Distance (Travel Time) Distributions
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Note: Figure shows the cumulative distribution for the share of workers who commute less than each effective
distance (travel time) in our baseline specification without agglomeration forces (N4 = ng = d4 = dp = 0); blue
line shows this cumulative distribution in the initial equilibrium (using initial commuting probabilities and travel
times); orange dashed line shows this distribution using initial commuting probabilities and counterfactual travel
times; red line shows this cumulative distribution in the counterfactual equilibrium (using counterfactual commuting
probabilities and travel times). Vertical black line shows 5 kilometers distance. In the initial equilibrium, walking
is the only mode of transport, with a travel cost of 1 per unit distance. In the counterfactual, vertical horizontal,
diagonal and inverse diagonal railway lines are constructed (such that the railway network forms a “union jack”).
Railway lines reduce the cost of travel from 1 to 1/ per unit distance (where v > 1). Effective distance adjusts for
~ and has an interpretation as travel time.

pattern of results highlights that transport improvements need not reduce commuting times in
equilibrium, because of an endogenous reorganization of economic activity in response to the
transport improvement.'” As a result, the direct impact of the new transport technology on travel
times (based on initial commuting shares) can be quite misleading for its general equilibrium im-
pact (based on counterfactual commuting shares), once this reorganization is taken into account.
Quantitative urban models provide the theoretical structure required to solve for the general
equilibrium reorganization of economic activity in response to the transport improvement. In
contrast, it is challenging to capture this reorganization in conventional cost-benefit analyses,

which are typically undertaken in partial equilibrium.

5.6 Comparison with Market Access Predictions

We next examine the ability of predictions based on market access to capture this general equi-

librium reorganization of economic activity in response to the transport improvement.

5This point is related to the “fundamental law” of highway congestion, whereby increasing the capacity of a road
leads to a proportionate increase in traffic, as examined empirically in Duranton and Turner (2011).
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Figure 7 shows log relative changes between the counterfactual and initial equilibria (log Z,,)
for employment (top left), commercial floor space prices (top right), residents (bottom left), and
residential floor space prices (bottom right). Again we report results here for our baseline speci-
fication without agglomeration forces, while Online Appendix D demonstrates a similar pattern

of results for our augmented specification incorporating agglomeration forces.

Figure 7: Counterfactual Versus Market Access Predictions
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Note: Figure shows predicted log changes in each variable between the counterfactual and initial equilibria from
model counterfactuals (horizontal axis) versus market access predictions (vertical axis) in the specification without
agglomeration forces (N4 = N = d4 = dp = 0). Blue circles show predictions based on market access and
the residuals from equation (19). Red circles show predictions based on market access alone from equation (19). .

For employment (log L;) and commercial floor space prices (log ¢;), model counterfactuals are exactly equal to the
predictions based on market access and the residual (blue circles on the 45 degree line). For residents (log R;) and

residential floor pries (log Q\l) model counterfactual are approximately equal to the predictions based on market
access and the residual (blue circles away from the 45 degree line), where the approximation is taken around an
equilibrium with prohibitive travel costs.

On the horizontal axis of each panel, we show the true log changes in each variable from
solving for the counterfactual equilibrium in the full non-linear model. On the vertical axis of
each panel, we show the predicted log changes in each variable based on changes in market

R
access (P,

, @ﬁ) from the reduced-form system of equations (19). The blue circles (labelled total
in the legend) show the overall predictions taking into account both changes in market access

(@f, 55) and changes in the residuals (€%, €7, €%, £9).1° The red circles (labelled market access in

n>-n> n>-n

16With no-arbitrage between alternative uses of floor space, the true log changes in the price of commercial and
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the legend) show the predictions based on changes in market access alone ((/I\Df, C/I\)fl), where the
changes in the residuals (€%, €2, €%, €%) are set equal to zero.

For employment (top left) and commercial floor space prices (top right), the overall predictions
based on changes in market access and changes in the residuals are necessarily equal to the true
counterfactual changes, as reflected in the blue circles lieing along the 45-degree line. This pattern
of results reflects the fact that the reduced-form relationships (19) hold exactly for employment
and commercial floor space prices.

For residents (bottom left) and residential floor space prices (bottom right), these overall pre-
dictions can diverge from the true counterfactual changes, as reflected in the blue circles de-
parting from the 45-degree line. This pattern of results reflects the fact that the reduced-form
relationships (19) are only approximations around an equilibrium with prohibitive commuting
costs for residents and residential floor space prices. Although the gap from the 45-degree line
varies across locations, the magnitude of this variation is limited, except for a relatively small
number of locations for residential floor space prices. In part, these results reflect the fact that we
start from an initial equilibrium in which there is relatively little commuting, with more than 90
percent of workers living within 5km of their workplace. Therefore, the approximation around
an initial equilibrium with prohibitive commuting cost is relatively good.

In contrast, we find that the predictions based on market access alone can diverge substan-
tially from the true counterfactual changes, as reflected in the red circles departing substantially
from the 45-degree line for all four variables. The extent of the error is not constant, but in-
stead differs substantially across locations. The magnitude of the departure from the 45-degree
line is greater for employment and commercial floor space prices than for residents and residen-
tial floor space prices, perhaps in part because commercial economic activity is more spatially
concentrated across locations than residential economic activity.

To provide further evidence on the quantitative success of the predictions based on market
access alone, we use the log linear structure of the reduced-form relationships (19). We regress the

true counterfactual log changes in each variable on the log change predicted by either residence

residential floor space are equal to one another: log (g,,) = log (@n) Nevertheless, the overall predictions for these

variables based on changes in market access and the residuals need not equal one another, because the reduced-form
system of equations (19) only holds as an approximation for residents and residential floor space prices.
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Table 2: Market Access Predictions

Regression R-squared

Slope
Employment (log (Zn)) 1.216™ 0.816
Commercial Floor Prices (log (¢,)) 0.785*** 0.649
Residents (log (En)) 1784 0.721

Residential Floor Prices (log (@n>) 0.608*** 0.546

Note: Results of regressions of the log change in each variable between the counterfactual and initial equilibria from
the solution of the non-linear model on the predicted change based on market access alone from equation (19) for

our baseline specification without agglomeration forces (74 = ng = d4 = dp = 0). For employment (logf ;) and
commercial floor space prices (log g;), counterfactuals log changes in the model are exactly equal to the predictions

based on market access and a residual. For residents (log R ;) and residential floor pries (log Q ), counterfactual log
changes in the model are approximately equal to the predictions based on market access and the residual, where the
approximation is taken around an equilibrium with prohibitive travel costs.

(log @ff) or workplace (log (/IS,Ll) market access:

log Zn = wl + ¢t [ log Ef)ﬁ] + U,LL, (21)

o
1+e(l1-p0)

log ¢, = w? + ¢* {—(ﬁ log @ﬁ} + ud,

1-5)
log Ry = @' + ¢ | ———1og 7| +
og w4 [1+ = )og I I o T

1

~ + € ~
1 n — @ @ | CI)R Q
Pl m L<1+e< —a)) ® ]*

L w4, ok, wQ) are the regression intercepts; (¢t <9, ¢E, gQ) are the regression slope

where (ww
coefficients; and (u%, u?, uf?, u?) are the regression residuals.

Table 2 reports the estimated slope coefficients and R-squared from these regressions. We find
that market access is an imperfect predictor of the true counterfactual log change for all four vari-
ables. We obtain estimated slope coefficients that are substantially and statistically significantly
different from one (ranging from 0.608 to 1.784). We find regression R-squared that can differ
substantially from one (ranging from 0.546-0.816), highlighting that the residuals can account for
a quantitatively relevant share of the overall variation in each variable.

Therefore, we find that predictions based on market access alone can be quite misleading for
the reorganization of economic activity across locations in response to a transport improvement.
Our baseline specification assumes no agglomeration forces, such that productivity and amenities
are constant. As a result, the only source of error in predictions based on market access alone
is the endogenous reallocation of floor space between commercial and residence use (I/-jyf # 1

and }AIE #1). In Online Appendix D, we show that we find a similar pattern of results in our
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augmented specification incorporating agglomeration forces, in which the error term includes
both changes in productivity and amenities (A\n # 1 and B, # 1) and changes in the allocation

of floor space between alternative uses (Eﬂf # 1 and f[ﬁ #1).

5.7 Aggregate Implications

We have so far highlighted that a key advantage of quantitative urban models is that they pro-
vide a framework for modelling the general equilibrium reorganization of economic activity in
response to transport infrastructure improvements. This reorganization can be challenging to
capture in conventional cost-benefit analyses, because they are typically partial equilibrium in
nature. This reorganization also can be challenging to fully capture using conventional measures
of market access, in the presence of endogenous reallocations of floor space between alterna-
tive uses and spillovers of agglomeration externalities across locations. While our quantitative
results so far have been concerned with the spatial distribution of economic activity across loca-
tions within the city, we now compare alternative approaches for evaluating the aggregate impact
of the transport improvement for the city as a whole.

Under our assumption of a closed city, the aggregate impact of the construction on the railway
network on worker welfare is captured by the relative change in expected worker utility ((7 =
U’ /U). The extreme value distribution of idiosyncratic preferences implies that expected worker
utility conditional on choosing a residence-workplace is the same across all residence-workplace
pairs, and equal to expected utility for the city as a whole.

Under our assumption of local landlords who consume only the freely-traded numeraire good,
the change in the welfare of local landlords is captured by the relative change in income from
the ownership of local floor space: ]IA&L = R/ /R,,,where R,, = Qan + an,f . Therefore, the
construction of the railway network has distributional consequences across landlords, depending
on the location in which they own floor space. We focus here on the railway network’s impact
on the aggregate income of all landlords, summing across all locations within the city: R =
R'/R,where R = > (Qan‘ - anﬁ)).

We compare the aggregate impact of the construction of the railway network on worker and
landlord welfare in our quantitative urban model to two alternative benchmarks. First, we ex-
amine the direct savings in travel costs, which are incurred in terms of utility. The savings in
travel costs for each worker commuting from residence n to workplace 7 as a result of the trans-
port improvement are &1 = (k/;/kn;) . We compute the weighted average of these savings in
travel costs across all bilateral residence-workplace pairs, using the commuting probabilities in
the initial equilibrium as weights: >, > .oy Ani (Rrf ).

Second, a classic result from macroeconomics is Hulten’s Theorem that for an efficient econ-

omy the aggregate welfare gain from a technological improvement can be captured up to a first-
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Table 3: Aggregate Impacts of the Railway Network

Without With

Agglomeration Agglomeration
Relative Worker Expected Utility 1.330 1.451
Relative Aggregate Value of Floor Space 1.118 1.176
Commuting Costs Saved (Initial Commuting Shares) 1.164 1.170
Commuting Costs Saved (Initial GDP Shares) 1.214 1.222

Note: first row shows relative increase in worker expected utility between the initial and counterfactual equilibria:
U = U’/U; second row shows the relative increase in the aggregate value of floor space between the initial and coun-

terfactual equilibria: (3", (Q/HY + ¢iH}')) / (Xien (QiH + ¢;HY)); third row is the weighted average sav-
~—1

ing in travel costs for each residence-workplace pair using initial commuting shares as weights: > - > ey Anikip; 5
fourth row is the weighted average saving in travel costs for each residence-workplace pair using initial gross domes-
tic product (GDP) shares as weights: > 3", (wiAni/B) &,,;'s first column reports results for the specification

without agglomeration forces (N4 = ng = 64 = dp = 0); seco?lzd column reports results for the specification with
agglomeration forces (ng = np = 0.10, 64 = dp = 0.08).

order approximation as the weighted average of the impact of the technological improvement at
the disaggregated level. The relevant weights are the Domar weights in the initial equilibrium.
In our closed-city with no intermediate inputs, these Domar weights equal shares of gross do-
mestic product (GDP) in the initial equilibrium. GDP itself is defined as the sum of the income
of workers and landlords across all locations. Using our assumption of a Cobb-Douglas produc-
tion technology, we compute the GDP-share weighted average of the reduction in travel costs as
follows: - S (Widni/B) (Rri)-

Table 3 summarizes these different measures of the aggregate impact of the construction of
the railway network for our baseline specification without agglomeration forces (first column)
and our augmented specification with agglomeration forces (second column). We find a coun-
terfactual increase in worker expected utility of around 33 percent in our baseline specification
(first row). This substantial welfare gain reflects the large counterfactual reduction in commuting
costs. Travel times (7,,;) fall by a multiple of 5 between grid points that are directly connected
by a railway line, which leads to large reductions in commuting costs (k,; = exp (k7,;)). The
resulting gain in expected worker utility reflects the enhanced ability of workers to sort across
residence-workplace pairs to take advantage of variation in production fundamentals, idiosyn-
cratic preference draws, and bilateral travel costs.

We find a somewhat smaller, but still substantial, counterfactual increase in landlord income
of 12 percent (second row). Landlords are geographically immobile and experience no idiosyn-
cratic preference draws, which implies that the construction of the railway network does not
directly affect their utility. Nevertheless, the enhanced ability of workers to sort across residence-
workplace pairs to take advantage of differences in production fundamentals raises the aggregate

value of land in our counterfactuals. Locations become increasingly able to specialize as work-
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places and residences, to take advantage of the comparative advantage created by differences in
production fundamentals and bilateral travel costs.

We find that the travel cost saved from the construction of the railway network provide an
imperfect proxy for the increase in expected worker utility. Using initial commuting shares as
weights, we find an average travel cost saved of 16 percent in our baseline specification (third
row). This divergence between the gain in worker expected utility and average travel cost saved is
perhaps unsurprising. In partial equilibrium cost-benefit analyses, travel cost saved only provides
a first-order approximation to the true welfare effect. The construction of the railway network
involves a large change in travel costs, with the commuting shares in the initial equilibrium
differing substantially from those in the counterfactual equilibrium. Therefore, the second-order
and higher terms in the Taylor-series expansion around the true welfare effect can be large.

Using initial GDP shares as weights, we find an average travel time saved of 21 percent in
our baseline specification (fourth row), which is again substantially smaller than the increase in
expected worker utility. Again this difference is perhaps unsurprising. Hulten’s Theorem only
holds exactly for an economy with a Cobb-Douglas network structure. Our model of worker
commuting decisions features a constant elasticity of substitution (CES) gravity equation, with
a commuting elasticity that differs from one. Therefore, Hulten’s Theorem only provides a first-
order approximation to the true welfare effects. The construction of the railway network involves
a large change in travel costs, and the second-order and higher terms in the Taylor-series expan-
sion around the true welfare effect can be large.

In our augmented specification incorporating agglomeration forces, we find larger increases
in worker expected utility from the construction of the railway network (45 percent in the sec-
ond column compared to 33 percent in the first column). As the reduction in commuting costs
allows locations to specialize according to their comparative advantage, the concentration of em-
ployment in locations with high production fundamentals raises productivity in those locations
through production externalities, thereby increasing welfare. Similarly, the concentration of resi-
dents in locations with comparative advantages as residences raises amenities through residential
externalities, thereby increasing welfare.

Again we find discrepancies between the true increase in worker expected utility and the
predictions from benchmarks based on travel cost saved (45 percent for worker expected utility
compared to 17 and 22 percent for average travel cost saved using initial commuting shares and
GDP shares as weights, respectively). Again these discrepancies reflect the fact that the construc-
tion of the railway network involves a large change in travel costs. Additionally, agglomeration
forces in the form of production and residential externalities provide a source of market failure,
such that Hulten’s Theorem need no longer hold as a first-order approximation.

Overall, we find that the aggregate predictions of quantitative urban models can differ sub-
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stantially from benchmarks based on travel cost saved for large changes in the transport net-
work. Although the change in the transport network that we consider in our numerical example
involves a substantial change in relative travel costs, it is not historically unprecedented. We cal-
ibrate the size of the reduction in travel costs to match empirical moments for changes in com-
muting distances following the construction of London’s 19th-century railway network. There
are several other historical examples of large-scale changes in transport technology, including
for example the construction of the U.S. interstate highway network after the Second World War,

and ongoing advances in the development of autonomous vehicles.

6 Conclusions

A major breakthrough in recent research is the development of quantitative urban models. These
models are sufficiently rich to capture observed features of the data, such as many asymmetric
locations and a rich geography of the transport network. Yet they remain sufficiently tractable
as to permit an analytical characterization of their theoretical properties, such as the existence
and uniqueness of the equilibrium. With only a small number of parameters to be estimated,
these models lend themselves to transparent identification. Since they rationalize the observed
distribution of economic activity in the data, they can be used to undertake counterfactuals for
the impact of empirically-relevant public-policy interventions, such as the construction of railway
line along a particular route.

We compare evaluations of a transport improvement using conventional cost-benefit analysis,
sufficient statistics approaches based on changes in market access, and model-based counterfac-
tuals. When the demand for travel is perfectly inelastic and the change in travel cost equals the
saving in travel time multiplied by the value of time, the welfare gains from a transport improve-
ment can be measured using conventional cost-benefit analysis as the total value of the travel
time saved. More generally, this measure provides a first-order approximation to the welfare
gains from a transport improvement, which can differ from its full general equilibrium impact
for large changes in the transport network.

Within the class of quantitative urban models characterized by a gravity equation for com-
muting flows, the reorganization of economic activity in response to a transport improvement
can be approximated using measures of residence and workplace market access. Residence mar-
ket access captures proximity to surrounding sources of employment, while workplace market
access captures proximity to surrounding sources of residents. This approximation is undertaken
around an initial equilibrium with prohibitive commuting costs, and abstracts from changes in the
supplies of residential and commercial floor space, and spillovers of production and residential

externalities across locations.
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In quantitative urban models, the spatial distribution of economic activity within cities is
determined by the interaction between exogenous differences in location characteristics and en-
dogenous agglomeration forces. Exogenous location characteristics include production funda-
mentals, residential fundamentals and position in geographical space. An improvement in the
transport network reduces the costs to workers of separating their residence and workplace,
which allows locations to increasingly specialize according to their comparative advantage in
residential and commercial activity. In the presence of agglomeration forces, the increased con-
centration of employment and residents across locations magnifies exogenous differences in pro-
duction and residential fundamentals, and leads to further increases in the specialization of loca-
tions as residences and workplaces.

We illustrate the use of quantitative urban models to evaluate a transport improvement using
anumerical example of a city. By focusing on a numerical example, we consider a setting in which
we know the true data generating process (DGP) and model parameters. Therefore, the data are
generated according to the model, and we can examine the success of alternative approaches to
approximating the true impact of the transport improvement. We show that the direct impact
of a transport improvement on travel time can be quite misleading for the general equilibrium
impact, once the reorganization of economic activity in response to the new transport technology
is taken into account. We show that the predicted reorganization of economic activity based on
changes in market access can differ substantially from the predicted reorganization from model-

based counterfactuals for large changes in the transport network.
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