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Abstract

This chapter develops a framework whose goal is to survey and synthesize the answers that
regional and urban economists have given to the question: how beneficial are transport infras-
tructure investments and other transport policies? Emphasis is placed on theoretical results
about sufficient statistics that capture approximate impacts in both distorted and undistorted
economies, as well as how new advances in data collection and causal inference are poised to
leverage these theoretical results and thereby modernize and extend standard templates for in-
frastructure and policy evaluation. The chapter concludes with discussions of optimal policy,
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1 Introduction

Interactions across space define the field of spatial economics, and a key mechanism that mediates
those interactions is transport. But how much would an economy benefit from making infrastruc-
ture improvements or other policy interventions that make transportation cheaper? This chapter
develops a framework whose goal is to survey and synthesize the answers that regional and urban
economists have given to this question.

Our starting point in Sections 2-4 draws on a long tradition in Public Finance and Macroe-
conomics (particularly, the recent presentations in Baqaee and Farhi, 2019 and Baqaee and Farhi,
2020) to highlight the conditions under which the answers that analysts offer to this question hinge
on the values that they assign to a small set of sufficient statistics. The setting is a general (closed
economy) economic model in which goods and factors of production are exchanged among house-
holds and an abstract notion of firms. Many such exchanges take place across space, so they leave
in their wake the spatial flow of goods, people, and capital. For example, in this framework, when
firms use a truck to ship merchandise to a distant consumer this obviously involves the flow of
goods along the roads involved. But equally, when individuals use the subway to commute from
their residences to their workplaces this amounts to a flow of people mediated by pseudo-firms
that carry out such commuting exchanges.

Against this backdrop, a core question is: what would be the aggregate welfare benefit of a
government investment in one particular segment of the nation’s road or subway systems? We
model such improvements as an increase in the productivity of the technology that facilitates flows
over the transport network segment of interest. A well-known result (due to Hulten, 1978) states
that, absent any distortions in this economy, a first-order approximation to the total welfare impact
of this shock is given simply by the product of two ingredients: (i) the size of the productivity
improvement on the segment in question; and (ii) the share of total income (i.e. the Domar weight)
that was being “spent” on flows of goods, people, and capital along that segment prior to its
improvement. Perhaps surprisingly, even in full general equilibrium, no other ingredients are
needed—including all other aspects of the economy, or even any understanding of why the Domar
weight in question takes the value it does (that is, why the shipments or commutes are taking place

the way they are). This is because in efficient economies the value-adjusted marginal product of



any factor is equalized across all uses—goods, locations, points in time, etc.—so aggregate benefits
do not depend (to first order) on the way that reallocations take place across such uses.

This observation, or variants of it, underpins the long-standing interest in measuring both of
these ingredients. A seminal application was provided by Fogel (1964), whose evaluation of the
US railroad system in the nineteenth century began with attempts to measure these two inputs.
But a core theme of this chapter is that recent advances have allowed researchers to make sub-
stantial progress on how we quantify both of them. Section 5 reviews progress on new methods
for measuring transport costs (of goods, people, and capital), which relates inversely to trans-
port productivity. Building on this, we also review the important question of how infrastructure
investments actually appear to have a causal effect on transport costs (i.e. improve transport pro-
ductivity), so as to provide the first ingredient of any Hulten-inspired approach.

Similarly, Section 6 turns to the second Hulten input: the measurement of Domar weights on
any given transport network segment throughout the economy. Modern advances in tools for data
creation, storage, and analysis have endowed researchers with a blossoming ability to measure
spatial flows in ways that may have seemed unthinkable even ten years ago. Combined with the
advances in Section 5, these tools offer chances to bring twentieth century theory into twenty-first
century implementation. For example, as pioneering as Fogel’s analysis was, his approaches to
measuring the causal impact of rail technology on the productivity of the transport sector, and his
attempts to measure trade flows (even in goods alone, never mind in people and capital), were
hampered by enormous data constraints relative to what is possible today.

However, one limitation of the Hulten-based approach is that it only provides a first-order
approximation. Going to the second-order approximation requires more knowledge, but perhaps
less additional knowledge than is widely appreciated. Second-order terms reflect only the change
in flows that take place along the affected segment—that is, on the change in the Domar weight
referred to above. This is again an immensely useful sufficient statistic result. Out of all the en-
dogenous responses that we can expect a given infrastructure investment to have on allocations
throughout a spatially-interlinked economy, only one such response needs to be measured or pre-
dicted to get second-order effects right. Indeed, even at higher than second-order approximations,
the only adjustment that matters for aggregate welfare is the total change in flow along the directly
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his analysis rested on the strong assumption that all of the actual change in transport that took
place, relative to the pre-rail era, was the causal result of the rail network, rather than some mix
of this impact and that of other changes in the economy. Modern approaches to causal inference
seek ways to relax strong assumptions like this one.

Section 7 therefore reviews modern approaches to the question of how infrastructure invest-
ments appear to causally impact the amount of spatial flows (again, of goods, people, and capital)
that take place on any given segment. One challenge is that such impacts are unlikely to corre-
spond to simple theoretical objects—for example, the second-order term does not depend on the
slope of a normal demand curve for travel (which is defined while holding constant the prices
of everything else), but instead on the total endogenous response of travel to the full set of price
changes that result from the intervention under study. It is therefore tempting to trust (at least
in the case of ex-post evaluations of projects that have already happened) estimates based on
reduced-form empirical contrasts between relatively exposed and un-exposed spatial units, since
such effects would ideally capture the entire endogenous response that is desired. However, the
literature reviewed here has raised important discussions about the plausibility of finding pure
control (completely un-exposed) units to which treatment units can be compared, and these dis-
cussions therefore motivate the need for approaches that combine both theoretical assumptions
and empirical estimation.

A final deviation from Hulten-based approaches begins with the observation that economic
distortions surely exist in most contexts of interest. For example, transport itself may be distorted
due to the presence of congestion or pollution externalities. Or aspects of the wider economy may
be distorted by the presence of knowledge spillover externalities, market power, or taxation. All of
these distortions result in activities on which there is a non-zero distortion wedge that corresponds
to the gap between the buyer’s willingness to pay and the seller’s marginal cost.

In environments that feature such distortions, a well-known result highlights that the first-
order welfare impact needs to be augmented (that is, to go beyond the Hulten effect which con-
tinues to hold) with an additional term that measures the change in allocative efficiency caused
by the infrastructure improvement. This effect is given by the interaction between pre-existing
wedges on each activity and the change in the size of each activity. Again, this sufficient statistic
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sential, but knowledge of changes in any such wedges is not needed per se (since the direct effect
of changing wedges is merely a transfer across agents that does not alter the aggregate notion
of welfare that we use here). And second, the only allocative changes that matter are those that
are distorted initially, so these responses deserve focus while responses on undistorted activities
do not. Naturally, the undistorted environments discussed above are a simple case in which all
activities are in this category and there is no potential for infrastructure improvements to affect
allocative efficiency.

Helpfully, this augmented formula for distorted economies is true regardless of whether the
underlying exogenous change is a transport infrastructure improvement or some other change
in transport policy (such as a toll or a congestion charge). We therefore bundle approaches to
transport infrastructure and policy evaluation in our discussion of all such environments with
distortions.

With this result in mind, we turn to a wide range of examples of economic distortions that
have been covered in the transport (infrastructure and policy) evaluation literature. Section 8 fo-
cuses on the case of distortions in the transport sector itself, focusing on cases such as congestion,
transport policies, pollution, safety, imperfect competition, search, and corruption. Section 9 then
broadens the scope of this analysis to cover distortions in the wider economy as a whole, where re-
searchers have emphasized connections between transport evaluation and the pre-existing extent
of such distortions. Examples covered include agglomeration and congestion externalities, inno-
vation and knowledge flows, pollution and carbon emissions, imperfect competition, taxation,
regulation, credit and insurance market constraints, conflict, crime, labor search and matching,
inefficient unemployment, and child labor.

While Fogel (1964) was also aware of the potentially important role of distortions in the correct
evaluation of infrastructure projects (see especially his discussion in Fogel, 1979), these examples
highlight the scope for modern tools of measurement and causal inference to dramatically change
the way these that transport infrastructure and policy evaluations are done.

At this point a skeptical reader may rightly ask how the sufficient statistic results discussed
thus far can interact with quantitative models (in the service of either ex-ante or ex-post evalua-
tion). After all, given that such modeling exercises fully commit to a particular model that aims
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order approximations may seem unnecessary.

One answer appeals to scientific communication. For example, consider a quantitative model-
ing exercise that arrives at a relatively large impact of a given investment. If the model is undis-
torted then this model’s output can always be decomposed into the first- and second-order ap-
proximation terms stressed here, plus an additional effect collecting all higher-order terms. So
any large total impact must arise from the fact that the model includes a large productivity shock
hitting a large Domar weight, or that its structural features predict a particularly large flow re-
sponse on the improved segment, or that first- and second-order approximation are inaccurate.
Likewise, if the model contains distortions (yet a small Hulten effect) then it must predict that
high-wedge activities will be induced to grow substantially by the investment in question. Either
way, the sufficient statistic terms here provide an easy way to explain such effects to the reader.
They also make it easier for researchers to compare their estimates across models and contexts.

A second answer appeals to scientific focus. All quantitative modeling exercises force the
developer to make choices about which mechanisms are likely to be most important to get right
if an accurate answer is to be delivered. The sufficient statistics emphasized in this chapter aim
to offer guidance on such choices. For example, in undistorted cases, the key question is whether
increases in transport flows across improved segments will be large or small (or even negative).
Model features that have little bearing on these magnitudes seem less worthy of the modeler’s
(or readers’) scarce attention. The same is true, in distorted cases, for distorted activities where
we have little reason to expect that the program in question will cause such activities to grow or
shrink.

Having exposited some core components of infrastructure and policy evaluation, the remain-
der of this chapter turns to two themes that take such evaluations in new directions. In partic-
ular, Section 10 moves from the foregoing discussion of given investments and policies to one of
optimal investments and policies. And Section 11 covers work on the topic of infrastructure pro-
vision—such as the political economy of infrastructure location, and the question of how given
investments be procured and at what cost—which deserves to be a part of any discussion of real-
world comparisons of benefits with costs.

Sections 12 and 13 then conclude with comments about gaps in the literature, open questions,

and directions for future work.



A distinct approach to policy and infrastructure evaluations that is not emphasized here is
what is often called the pure program evaluation approach. If proxies for economic welfare can be
measured at the regional level, and if regions are exposed to as-good-as random variation in trans-
port infrastructure or policy programs (or measures of the intensity of such programs), then the
average treatment effects of such programs (or their intensity) can be estimated via standard tools
(Imbens and Rubin, 2015). Early examples of such an approach include Chandra and Thompson
(2000), Duranton and Turner (2012), Faber (2014), Donaldson and Hornbeck (2016), and Donald-
son (2018). And a vast body of work has subsequently been contributed in this tradition.

The obvious reason to allocate this chapter’s space constraints away from such work is that
it was the primary focus of Redding and Turner (2015) in the previous volume of this Handbook.
But there are two additional reasons for the emphasis pursued here. One is a desire to build
bridges between the program evaluation approach and the Hulten-like approach that has been
applied widely since at least Fogel (1964). Hulten’s first-order approximation calls for an esti-
mate of a particular weighted average treatment effect (the Domar-weighted treatment effect of
the program on productivity). The second-order approximation (one half times the productivity
change-weighted treatment effect of the program on transport flows) and the allocative efficiency
correction for distorted economies (the wedge-weighted treatment effect of the program on all
distorted allocations) are no different. Such connections may allow for researchers to combine the
benefits of program evaluation approaches with the benefits of the sufficient statistics that non-
parametric theory suggests should be most important. This arbitrage seems to be only very rarely
exploited in work to date.

A second point about the comparison with program evaluation approaches is more pragmatic.
When two program evaluation exercises arrive at different estimates for their two separate con-
texts, it is natural to wonder why—and it is just as natural to wonder which estimate is more
likely to be informative of some ex-ante program under consideration elsewhere. There are many
reasons why estimates will differ across contexts, but the sufficient statistics approaches described
here serve to narrow that potential discrepancy. For example, Hulten’s theorem says that, in any
undistorted economy, regardless of its underlying characteristics and features, we should expect
that a good approximation to the impact of a productivity shock to certain transport segments is

given by the size of that shock and the share of total income in the economy that flows over the



relevant segments (i.e. their Domar weights). Put differently, two estimates should no longer dis-
agree once they are scaled by the size of the productivity shock and the relevant Domar weights.
As simple as this point is, to the best of my knowledge, program evaluation papers rarely attempt
to measure these magnitudes—even though it would be fascinating to learn that the estimated im-
pacts of a given infrastructure program deliver benefits that are substantially different from what
conventional economic theory tells us could happen in an undistorted economy, and hence that
infrastructure and distortions interact in rich ways.

Beyond the admirable survey in Redding and Turner (2015), this chapter draws on many other
antecedents. These include surveys and summaries of work on infrastructure evaluation in gen-
eral—such as those by Mohring (1993), Baldwin et al. (2011), Kockelman et al. (2013), Laird and
Venables (2017), Eliasson and Fosgerau (2019), Duranton and Venables (2019), Glaeser and Poterba
(2020), Donald et al. (2024), Gonzalez-Navarro et al. (2023), Laird and Tveter (2023), and Redding
(2025)—as well as surveys of approaches to the historical railroad context in particular—such as

those by Crafts (2004), Leunig (2010), and Atack (2024).

2 Theoretical Framework

This section lays out a framework for interpreting how we might expect transport investments
and policies to impact the spatial economy. A key goal is to provide a means for discussing how

recent work has contributed to this endeavor, as done in the remaining sections of this chapter.
2.1 Model setup

We consider a general model economy whose presentation follows closely that in Bagaee and
Farhi (2019) and Baqaee and Farhi (2020).!

2.1.1 Tastes and technologies

This economy produces a set of N goods (i.e. both merchandise and services). The set of such
goods considered should be expansive. In particular, it should include not only conventional

notions of contributions to measured GDP but also wider phenomena that are equally important
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to the study of transportation such as travel time, residential amenities, and pollution. We follow
the convention that when goods are transported across any pair of locations the original good
(indexed by the origin location of the transport in question) is transformed into a downstream
good (indexed by the destination location). In all cases goods are produced by a “producer”, even
though in cases of transport there may not be a traditional firm doing the producing.

Each producer can produce its good using a constant returns, but otherwise arbitrary, tech-
nology that uses goods and factors as inputs. Primary factors of production (indexed by f) are
endowed in arbitrary amounts denoted by L. This setup, while abstract, allows for common
features of production such as non-tradable goods (e.g. a firm uses capital and labor to produce
haircuts), supply chains (e.g. a firm uses other goods as inputs), and inter-regional trade. We focus
on a fixed set of producers since, under CRS production, entry and exit have no first-order welfare
consequences. Finally, these producers are assumed to maximize profits.

The economy also contains a representative household that owns all producers and factors of
production.? This household uses its total income Y—derived from profits ITand earnings w; per
unit factor f—to fund consumption of goods in a way that maximizes a homothetic but otherwise
arbitrary utility function. We take Y = 1 by choice of the numeraire, so hence I1, for example, de-
notes profits as a share of total income. To incorporate phenomena such as migration we imagine
that one factor of production owned by the household is a fixed amount of time, and that any unit
of this resource can be allocated to production in only one region. Similarly, residential amenities
are incorporated because of the fact that tradable goods are indexed by location. Finally, commut-
ing occurs whenever the time spent producing in a location differs from that consuming in it. The
household takes prices as given and maximizes an arbitrary (though homothetic) utility function

over the consumption of goods.

2.1.2 Flows

We now introduce notation for connecting this model to available data on the value of flows of
goods. Specifically, let i (or j) denote any one of the F + N + 1 “entities” (factors, producers, or the

household) in this economy. Then let X;; denote the value that i pays for the exchange of a good

2See Donald et al. (2024) for a discussion of conditions under which a multi-agent spatial economy can be presented
in this manner.



obtained directly from any j—for example, this could be the purchase made by the household from
a producer, the payment of a producer for use of factor services, or the payment of a producer for
its purchase of a good. Finally, let (N)Z-]- = Xjj/ Lk Xik denote the share of i’s total expenditures that
it devotes to direct purchases from j.> The matrix Q can be thought of as an economy-wide input-
output shares matrix among all economic entities. We define the Leontief inverse of this matrix as
¥ = (I - O)~!. As usual, whereas ﬁi]- captures only the value of direct exchange from j to i, ‘T’i]-
includes all of the value of direct plus indirect (e.g where j sells to [, and [ sells to i) exchange from

jtoi.

2.1.3 Distortions

The next key element of this model economy is an arbitrary set of distortions that may potentially
prevail on any exchange. Such distortions could derive from phenomena such as market power,
government actions such as taxation/subsidies and regulation, or externalities such as knowledge
flows, pollution, or congestion. Notably, such distortions can exist both within transportation
activities themselves (e.g. traffic congestion) and in the wider economy, though we shall return
to this distinction below. The essence of such market failures is that they create a difference (or
“wedge”) between the price that the buyer pays in an exchange and the seller’s marginal cost of
conducting the exchange. As the well known first welfare theorem illuminates, in the face of such
distortions the equilibrium in this economy is unlikely to be efficient (in the sense of maximizing
the welfare of its representative household).

Letting y1;; > 0 denote the ratio of the price paid by the buyer to marginal cost of the seller on
the j-to-i exchange, the case of y;; = 1 occurs if there is no distortion at all, whereas cases such as a
tax or markup can be captured with p;; > 1 and cases such as a subsidy can be captured by p;; < 1.
Whenever p;; > 1 on an exchange this will generate “profits”—regardless of whether the wedge
is due to policy, market power, or otherwise, these wedges create revenues that are collected by
some actor. We let Il denote the sum of all such profits and, as described above, rebate this to the
representative household.

Finally, it proves useful below to define ();; = ﬁij /uij and hence ¥ = (I — Q)~!. The crucial

3When an entity has no expenditures (as happens only in the case that the entity is a factor of production) we set
Q;; = 0.
]



distinction between Q) and Q (and by analogy between ¥ and ¥) is that () measures exchange
using X;;, where the quantity changing hands is reported in terms of the value paid by the buyer.
On the other hand, () measures exchange using X;;/ ;;, where the quantity is valued at the seller’s
marginal cost. A second useful definition is the Domar weight of any entity i (its total sales as a
share of total economy-wide income), denoted by A; = Yp;, i.e the row of the ¥ matrix corre-

sponding to the household.

2.1.4 Transportation questions of interest

Two key questions that motivate much of the work summarized in this chapter are: (i) what is
the impact on economic welfare of making improvements in the economy’s transportation infras-
tructure? and (ii), what is the impact on economic welfare of making changes in the economy’s
transportation policies? In the framework above, transportation occurs whenever the flow of a
good from entity i to entity j moves across space—a notion that can capture both the flow of
goods and services as well as the flow of people (commuting, leisure travel, and migration). We
model improvements in transportation infrastructure as simply productivity enhancements in the
technology that carries out any such flow. Focusing on Hicks-neutral productivity changes for
simplicity, we can generically denote an improvement in the technology that produces the ij ex-
change as AA;;. We are particularly interested in the case of improvements, so will refer to the
case with AA;; > 0, but there is nothing asymmetric in the discussion.*

Naturally, the productivity improvement AA;; is unlikely to come for free. However, in line
with most of the literature, for simplicity, we will ignore the resource cost of infrastructure con-
struction. The important topic of infrastructure provision is discussed in Section 11.

While a major focus of the discussion below concerns changes in transportation infrastructure,
a second type of important application derives from changes in transport policy. All policies,
transportation-related and otherwise, that affect marginal decisions should be included in the set

of distortions captured in y. We can therefore examine the effects of exogenous policy changes on

any given ij exchange by introducing the shock Ay;;.

4See Gibbons et al. (2024) and Santamaria (2020) for studies of infrastructure removals.

10



3 Impacts of Infrastructure Improvements in Undistorted Economies

We begin with the special case in which all goods are produced and consumed competitively and
there are no externalities or other sources of market failure. In the notation above this means that
uij = 1 for all i,j. The equilibrium in such an undistorted setting will therefore maximize the
utility of the representative household, a feature that considerably simplifies the quantification of
comparative statics concerning the representative household’s welfare. Throughout this section
we focus on impacts of transport infrastructure, rather than transport policies, since our focus here
on undistorted settings curtails the interest in policy impacts—for example, they are zero to first

order. We return to policy evaluation in the next section.

3.1 A first-order approach

As discussed, a core question in the study of transport is: what is the economic value of improve-
ments in transportation infrastructure? That is, we seek to understand the comparative static
exercise that concerns the size of the welfare effect AW caused by the change AA;; in the produc-
tivity of transport over a particular “segment” of the transport system denoted ij.> Such a segment
may conduct one exchange (e.g. from one firm to one consumer), or an aggregation of exchanges
within some set (e.g. all flows from the firms in location A to the consumers in location B), or
literally only one road segment (e.g. all of the flow, regardless of origin and destination, that must
pass over one stretch of roadway).

This exercise holds constant all exogenous aspects of the economy (technologies, preferences,
endowments) apart from A;;, but it allows all of the economy’s endogenous characteristics (pro-
duction, consumption, flows of goods and people, prices, wages, etc.) to change in full general
equilibrium as a result of the shock AA;;.

A foundational result for studying such productivity improvements is the so-called Hulten’s
theorem (Hulten, 1978). This result states that in an undistorted economy of the form considered

here, we have
dlogiW

=Yy 1
CHOgAZ‘]' H,ij ( )

5For expositional purposes we focus on productivity shocks, but amenity shocks—as considered by Brinkman and
Lin (2024) for example—can be incorporated analogously.
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where we define Y ;; = A;();; as the household’s total exposure to the ij segment. This is a
remarkable result, since it says that—as long as one has data on the pre-shock exposure ¥ ;;—no
details of the model need to be specified (beyond the very important assumption that there are no
distortions) for us to evaluate the first-order effects of the productivity change.

Two observations are useful for appreciating why this result is true. The first is to observe that
equation (1) would be the welfare effect of the technology shock in a hypothetical setting in which
the allocation of primary factors to the production of goods were held completely fixed. In such a
hypothetical scenario, the productivity improvement AA;; would enable the factors used, directly
or indirectly, in the production of the ij flow to produce more of their goods. Whether those goods
are consumed immediately or used in downstream production for other goods that are ultimately
consumed, the value of that increase to the representative agent would be given, proportionally,
by ¥, per proportional unit increase.

The second observation is to recall that we have considered an arbitrary general equilibrium
environment in which the allocation of primary factors to the production of goods is very much
not fixed. The productivity change AA;; will cause all prices and quantities in the economy to
change endogenously in response to the productivity improvement. For example, when roads
get faster, we can expect more travel; with faster travel, we can expect more commuting; with
more commuting, we can expect more production; with more production, we can expect more
downstream production, and ultimately more final consumption; and with more consumption,
we might expect even more commuting. One could go on and on. But Hulten’s result states that
even though all such price and quantity adjustments do very much take place, the combined ef-
fect of all such adjustments on economy-wide welfare is zero to first order. This follows from an
envelope-like result. As mentioned, this undistorted economy is always acting as if it is maxi-
mizing welfare. Maximizing behavior means that small changes in all allocative choices have no
impact on the objective function. Hence, the only effect of the technological improvement is the
direct effect—that which holds as if no such adjustments took place—in (1).

To further underscore the power of Hulten’s result, it is useful to note all the objects that do

dlogiW . .
not need to be measured to learn g o For example, even though improving one road segment

(that improves the flow ij) is sure to cause changes in other flows in the system (e.g. some flow ik),

neither the initial level of that other flow Y j nor its change AY p ;x enter equation (1). The same
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is true for increases in the production of other goods near the affected road segment, changes
in business practices nearby, increases in wages, elevated house prices, etc. Even though such
effects surely arise and may appear important for understanding the impact of AA;;, Hulten’s
theorem tells us that they net out to zero (at least to first order). Instead, the sufficient statistic
that is needed is simply Y ;;, the exposure on the one flow ij that is directly affected in the sense
that its productivity is affected by the shock.® This is beneficial for simplicity (fewer effects to be
quantified), for robustness (fewer assumptions required to specify and estimate the underlying
primitives of the economy), and for removing the risk of mistakenly double-counting benefits (a
concern highlighted by Mohring, 1993, for example).
The result in equation (1) allows us to write the first-order approximation to the welfare change
due to an infrastructure improvement as
AlogW = ¥y ;iAlogAjj,
for sufficiently small improvements AlogA;;. One useful property of this formula is that it is linear
in AlogA;;. Suppose we wish to evaluate an infrastructure project that raised the productivity of
not only one particular flow ij but all such flows within a set of “infrastructure improvements”
denoted ZZ. And suppose, for simplicity, that all such proportional technology improvements

within this set take the same value, denoted AlogAj;. Then we have

AIOgW = 1'FH,HAIOgAH, (2)

where Yy, 11 = }ijez7 ¥h,ij is the sum of exposures on all flows whose infrastructure is under-
going the improvement of interest. Notably, this implies that (to first-order) there is no sense in
which distinct segments of improvements in an infrastructure network are complementary with,
or substitutable for, one another. While commenting on Fogel (1964), David (1969) referred to this

feature—since it implies that nothing would be lost by randomly choosing transport segments for

bStudies reviewed below have investigated the scope for infrastructure improvements to affect local firms’ pro-
ductivity at producing as a whole (rather than their ability to ship from ij as discussed here). Such effects do not
happen in undistorted economies since all firms are always using inputs (including inputs designed to find more ef-
ficient technologies such as R&D spending) in the most efficient way of producing output possible, rendering further
productivity improvements impossible. We therefore return to this point in Section 9 below when discussing distorted
environments.

13



improvement, at least conditional on their Domar weights—by pointing out that “adherents to the
theory of strategic bombing may be especially upset...”.

The linearity in equation (2) is extremely useful for evaluating infrastructure projects for two
reasons. The first is simplicity: even though a given road network expansion will improve the
productivity of transport among many pairs of affected locations, the micro-level details of such
an expansion are irrelevant. All that we need to keep track of is the sum of such exposure, ¥y ;.
The second concerns data limitations. As discussed further in Section 6, analysts may be unable to
observe all of the individual micro-level flows ij within the affected set ZZ, but linearity implies
that no aggregation bias occurs when using macro-level data on ¥y ;.

As described in more detail below, the result in (2) has played (and continues to play) an
extremely important role in the evaluation of transportation infrastructure projects in ostensibly
undistorted economies. If we know the value of AlogA;; then all that is needed to conduct an
ex-ante evaluation—a forecast of an intervention before it has happened, or one that is being
contemplated but may never happen—is to know the current value of the exposure to affected
flows, ¥ 1. For example, if we think that a given subway line will make a particular set of
commuters’ journey time fall by 10% then equation (2) implies that (for an undistorted economy
and as a first-order approximation) the change in welfare due to this subway line is given by 0.1
(i.e. AlogAj = 0.1) times the total share of the value of commuters’ time in the total economy-
wide income (i.e. Y 17).

The discussion so far has emphasized the considerable attractions of evaluation approaches
grounded in Hulten’s theorem. However, three limitations deserve emphasis. First, this result
applies only to the welfare of this economy’s single agent. Questions about other features of this
economy, such as the number of manufacturing jobs, or the spatial concentration of firms, cannot
in general by answered by any sort of equivalently sufficient statistic result. Relatedly, if we are in-
terested in distributional questions concerning the economic welfare of two different agents (such
as the skill premium or spatial inequality) then Hulten’s theorem is similarly of no use. Second, as
stressed, we have so far only considered undistorted settings. The important limitations of Hul-
ten’s theorem in distorted environments will be treated in subsequent discussions below. Finally,
a third limitation of Hulten’s theorem concerns the fact that it is only a first-order approximation.

We turn to this point now.
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3.2 Second-order effects

Consider now the second-order approximation to the change AW caused by the infrastructure

improvement AA;;, namely

~ 1d%logW 2
AlogW = ¥y ;iAlog Ajj + E@(Alog Aij)” (3)

However, following Baqaee and Farhi (2019), since equation (1) says that ﬂ;’TgAM; = Yp,ij, it is clear

that the derivative in the second-order term of (3) is given simply by

d’logW  d¥m,j
dlog Az.zj dlog Ajj

and hence the second-order approximation sought is given by

1 dTH,ij

Alog W = ¥y ;i log Ajj + =~
08 W = TniiA o8 i+ 5 Tlog A;

As a final step we can, as above, imagine that all infrastructure segments ij in the set ZZ are being
upgraded. This would cause a change in welfare (up to a second-order approximation) that is
equal to

dTH,ij
d lOg Akl

d¥ H,ij

1
N2 4 =
dlog A; (Alog Ajj)* +

ij k€T ij#kl

1
AlogW =} ¥y;AlogAij+5 ),
ijell ijell

Alog AjjAlog Ay
)
Here we see that, unlike in (2) above, there is now the potential for interactions—both positive and
negative—across two different improved infrastructure segments “ij” and “kl” inside the set ZZ.
The second-order terms (the second and third terms in 5) capture the intuition that productivity
improvements generate relatively large welfare impacts whenever they induce relatively large
increases in the flows ¥y j;, aggregated across all of the segments in Z7 that are being improved.”
In many ways this is just as important an implication of the welfare-maximization that happens
in an undistorted economy as is the envelope theorem in (2). Again, whether a shock AA;; is

small or large it will cause a cascade of endogenous responses to potentially every allocation in

A polar case in which second-order (and higher-order) effects are zero is when all elasticities of substitution in the
economy are unitary, such that all producers’ and consumer expenditure shares are constant and hence d¥y ;; = 0.
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the economy. We know from (2) that the first-order effect of all such adjustments is zero. And
equation (5) says that the second-order effect of all adjustments in the economy is given simply
by how much the directly-affected flows adjust. This means that, for example, a study of the
impact of improving one highway corridor (a set of segments in Z7) should pay close attention
to changes in transport flows d¥ ;; along that corridor, but it can ignore all other endogenous
responses in the economy. Even though improvements in one corridor will surely cause a change
in flows along other corridors, those effects are irrelevant to second-order. And the same is true for
all other types of changes in “flows” in this economy, such as changes in output or employment
in factories nearby the highway segment in question. Equally, the only interactions that do occur
in (5) are across segments within Z7.

The fact that second-order effects are summarized by simple sufficient statistics (the change
in directly affected flows, d'¥ ;) is just as useful as the fact that first-order effects are (the level
of directly affected flows, ¥ ;;). However, these two sets of sufficient statistics require different
types of knowledge on the part of the analyst. Measuring Yy ;; is often a simple act of observation,
and as discussed above such an observation is valid for both ex-ante and ex-post evaluations. The
change d'¥y ;; is a different story.

For example, when doing ex-ante evaluation, the response d¥p ;; is unobservable (since the
intervention hasn’t occurred yet) so it must instead be predicted by the analyst. Doing so is usu-
ally challenging, and not aided in any substantial way by the assumptions (of an undistorted,
representative agent economy) that have been so helpful thus far.

Turning to ex-post evaluation, this may seem more straightforward, since at least the analyst
may have data on Y ;; at two points in time, before and after the intervention, enabling an obser-
vation we could label AY ;;. But it is crucial to recall that the thought experiment used to derive
(5) is one where the only change in the economy’s exogenous characteristics is the set of infras-
tructure improvements. In the real world we can expect the data on the observed change A¥y ;; to
be driven by many other changes as well. So it is a non-trivial task to parse the observed change
AY p ;j into that caused by the shocks of interest (such as AA;j) and that caused by everything else.

Empirical tools of causal inference are natural for this task, as discussed in Section 7.

8 As discussed above, the envelope theorem is of great use under these assumptions but only when the estimand is
the aggregate welfare change. When we seek to know other changes, such as d¥ H,ijs that theorem is of no use.
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3.3 Summary and the Fogel template

Equation (4) suggests a stylized template for ex-ante and ex-post infrastructure evaluations—at
least, those in settings where the goal is to measure the effect on the welfare of a representative
agent, where the economy is thought to be undistorted, and where the changes of interest AA;;
are thought to be small enough that a second-order approximation is sufficiently accurate. This
template works as follows, and its organization drives much of the remaining sections of this

chapter:

1. Identify the set ZZ of all segments ij over which the infrastructure improvement will have a

direct productivity effect, AA;; # 0.

2. Measure the size of each of the productivity increases AA;; caused by the infrastructure

improvement. Approaches to this step are discussed in Section 5.

3. Measure the flow exposure values ¥ ;; for each segment ij in ZZ. This is discussed in

Section 6.

4. Simulate (if ex ante) or measure (if ex post, and if possible) d¥,;, the causal impacts on
¥p,ij of the set of infrastructure improvements in 77, and repeat for each segment ij in Z7.

Section 7 describes examples of this in existing work.

5. Use the outputs of Steps 1-4 to calculate Alog W in equation (5).

This procedure is similar to the procedure followed by Fogel (1964) in his seminal “social sav-
ings” evaluation of the US railroad system’s late nineteenth century expansion (and whose same
steps have been applied countless times in studies since). But innovations in data access, theory,
computation, estimation, and causal inference mean that, in practice, the Fogel template can be
substantially improved upon in modern work. In particular, Fogel’s work used a procedure in

which each of the above steps took the following form:

1. Fogel took the segments of interest Z7 to relate to the flow of merchandise only. This omitted

any impacts on the flow of services, people, and many forms of capital.
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2. Fogel measured the effect of railroads on the productivity of exchanging commodities (i.e.
AAjj) by calculating the difference between the (quality-adjusted) freight rate for rail and
pre-rail transport options. This assumed that there was perfect pass-through of transport
productivity changes into transport prices. It also assumed that all of the observed change

was due to the causal impact of the railroad system.

3. Fogel measured the share of merchandise trade in total income (i.e. ¥ 11) in the pre-rail era

from the best data sources available to him.

4. Fogel measured the change in merchandise trade due to the railroad expansion (i.e. d¥ g 17)
by simply calculating the difference between the best available estimate of ¥ 7 in the rail
and pre-rail eras. This assumed that all such changes were entirely due to the expansion of
the railroad network, rather than also partly the result of other changes in the US economy

over the same time period.

5. Fogel combined the above steps to conclude that the impact of the railroad on US total in-

come was estimated to be no more than a few percentage points of.”

4 Impacts of Infrastructure and Policy in Distorted Economies

Whether because of taxation, imperfect competition, or externalities, the presence of distortions
is innate to the study of spatial economies (Starrett, 1978). They were also core to many of the
critiques of Fogel’s estimates (see his summary and responses in Fogel, 1979). It is therefore im-
portant to consider how the above template needs to be augmented in settings with the arbitrary

distortions (i.e. p;j # 1) that featured in Section 2.

4.1 First-order effect

We continue to investigate the effect of transportation infrastructure improvements (such as AA;)
on aggregate welfare, and continue to allow all allocations and prices to adjust in the face of such

improvements. But in addition we allow for changes in the distortions Ay;; themselves. This

°In practice, rather than use the second-order expansion formula in equation (5), Fogel argued that his estimates
were an upper-bound on (and hence a conservative approach to) the exact welfare effect.
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incorporates the study of exogenous policy changes of interest (such as a change in congestion
taxes). It also allows us to incorporate effects in which a shock to infrastructure or policy induces
changes in distortions elsewhere in the economy (such as markups).

Consider, then, a shock to both AAij and Ayij, starting at a position of arbitrary distortions
throughout the economy. In such a case, following Baqaee and Farhi (2020), the resulting change

in welfare can be approximated (to first-order) by
AlogV = ?H,ijdlogAij + drfixedy ®)

where

dIT™edt = § (i — 1)d(A;Q). )
ij

If we now go further and allow for a whole set 77 of infrastructure improvements AlogA;;, as
well as a potential change to the distortion on every exchange in the economy, equation (6) implies

that the resulting change in welfare is

AlogW = Y ¥y ;iAlog A; + dIT*edr, ®)
ije1T

Comparing this expression with that of the undistorted case in (2) highlights two alterations.
First, the measures of exposure that matter now are the cost-based versions ‘T’H,ij rather than the
revenue-based ones, ¥ H,i],'lO This reflects the fact that the increase in output enabled by a produc-
tivity improvement would be given by goods valued at their marginal cost of production rather
than their distorted sales prices. And second, of course, the profit term dIT*¢4# is now potentially
non-zero whenever some ;; # 1, as equation (7) makes clear.

The term dIT%ed# captures the change in economy-wide “profits” (revenue from distortions),
expressed as a share of total income, that would occur purely as a result of the allocational changes
d(A;Q);;). While actual profits are also affected by any change in the distortions themselves, the
direct effect of distortion changes on profits is merely a transfer from consumers to producers

(or other collectors of distortion revenue, such as the government), so this effect cancels out of

101n the undistorted economy case these two exposure terms align since ¥ H,ij = Yn,ij for any exchange ij.
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equation (6) and all that remains is the effect due to drrfixedy

The expression for dIT*¢d# in equation (7) can be thought of as a correlation between initial
wedges (y;; — 1) and changes in allocations d(A;Q);;). In particular, if the exogenous shock (to
infrastructure or policy or both) happens to result in relatively large flow changes along those
exchanges that are relatively most distorted then the amount of misallocation in the economy will
fall and this is good for welfare. Distorted activities are those that are initially too small from a
welfare-maximizing standpoint.

The dITfixed# effect arises because the distorted economy is no longer maximizing welfare, so
no sort of aggregate envelope theorem can be applied. This means that all of the endogenous
allocation changes that we would expect to occur as a result of an infrastructure improvement
can now matter, even to first order, as they appear inside equation (7). This first-order role for
reallocations is in stark contrast to what happens in any initially undistorted economy.

Three obvious but important points about the drifixedr effect are worth noting. First, it is
entirely possible that dTT"™*¢d# = 0. This could happen if the flows along distorted exchanges are
unaffected by the shock. It could also occur if the flow changes that do occur are orthogonal to the
distortions. Hence, the case of equation (2) in the undistorted environment of Section 3 is slightly
more general than it might at first seem, since it can also be true (modulo the use of ¥ H,ij to value
direct effects instead of Y ;) in distorted economies.

Second, there can be no simple presumptions about the sign of the dITfx¢d# effect. It might be
tempting to think that when transport improvements occur in distorted environments they will
have a virtuous “multiplier” effect—causing both positive direct effects and beneficial indirect
effects (i.e. dITixedr > (). Alternatively, it might be tempting to think that market failures dampen
the effects that might occur in an otherwise undistorted economy (i.e. dITf*¢d# < 0). These are
certainly possibilities, but the general formulation in (7) reminds us that neither of these lines of
thought can be generally true. What matters is the interaction between initial wedges and flow
changes, and the mere fact that the economy is distorted says nothing about what that correlation
might be.

Finally, there is nothing in the distorted economy case that rules out AW < 0 even when the
underlying shock involves pure technological progress (i.e. improvements in infrastructure). This

is simply the case whenever the direct effect of the seemingly beneficial technological improve-
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ment happens to worsen the economy’s misallocation (by moving quantities away from relatively
distorted goods), and so much so that it overwhelms the direct effect of better technology. An-
other seemingly paradoxical possibility is that a strict reduction in distortions can actually reduce
welfare, but this follows a similar logic—a standard application of the theory of the second-best
(Lipsey and Lancaster, 1956).

As with the discussion in Section 3, one can view sufficient statistic results—like the role played
by dITed# in (8)—in two different ways. From the perspective of an ex-post evaluation, this re-
sult tells us what needs to be measured: we need to know the causal effect of the infrastructure
and/or policy changes on (fixed-wedge) profits. Similarly, from an ex-ante evaluation perspec-
tive it tells us that the entire purpose of a counterfactual simulation (at least to first-order) is to
predict what this change in (fixed-wedge) profits will be. Regardless of the vantage point, the
logic of equations (8) and (7) is the same. We need to understand (a) which goods have the largest
distortions on them and (b) whether those goods will expand or shrink as a result of the infras-
tructure or policy shock in question. Finally, equation (7) highlights how the constituent parts of
dITfxed# contain their own dimensionality-reduction: the endogenous flow changes on initially

undistorted exchanges do not need to be measured or predicted.

4.2 Summary and an expanded Fogel template

The case of the distorted economy considered here requires some modifications to the template
offered in Section 3.3. In particular, even the first-order approximation is altered by the presence
of pu;; # 1, and the role of policy and/or distortion changes Au;; now becomes relevant alongside
those of pure productivity improvements in infrastructure provision (i.e. AA;;). An augmented

template, to incorporate initial distortions and changes in distortions, works as follows:

1. Identify the set ZZ of all bilateral segments ij for which the infrastructure improvement will

have a direct productivity effect, AA;; # 0.

2. Measure the size of each of the productivity increases AA;; caused by the infrastructure
improvements on segments ij in the set ZZ. Approaches to this step are discussed in Section

5.
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3. Measure the cost-based flow exposure values ‘?H,ij, for each segment ij in ZZ. This is dis-

cussed in Section 6.

4. Simulate (if ex ante) or measure (if ex post, and if possible) dITfxed# = Yij (pij — 1)d(A€)).
This captures the causal impact of the productivity and policy shocks of interest on alloca-
tive efficiency, which is revealed by studying how pre-existing distortions (;; # 1) interact
with changes in the allocation d(A;Q);;) caused by the shocks of interest. These changes in
distorted allocations can occur both within the transport sector (as reviewed in Section 8)

and in the wider economy (Section 9).
5. Use these ingredients to calculate Alog W in equation (8).

The remaining sections of this chapter then build on this analysis by asking two follow-up ques-
tions. First, in Section 10, what sorts of infrastructure improvements would yield the greatest
Alog W (given some budget or construction cost constraints), and hence be the optimal way to
improve a transportation network? And second, in Section 11, what are the challenges in actually

constructing, delivering, and maintaining a given infrastructure investment AA;;?

5 Measuring Impacts of Infrastructure Improvements on Transport Costs

The primary input into the analysis above—and into many other questions besides—is the change
in the productivity of transport caused by an infrastructure improvement, denoted AA;;, on any
segment ij. As discussed above, such changes can equivalently be thought of as reductions in the
(user) cost of transport.!! Yet this presents the analyst with an immediate challenge. How can
such transport costs be measured at all, given that they are unlikely to correspond to any simple
price measure that is reported in conventional datasets? Going further, how can analysts attempt
to learn the causal effect of a transportation infrastructure investment on these costs of transport?
This section reviews answers to these two questions that appear in recent work. This endeavor
comprises Steps 1 and 2 of either the Fogel template of Section 3.3 or the expanded Fogel template

of Section 4.2.

Recall, if markups exist then this corresponds to the case of a distorted economy, to which we return below.
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5.1 Measuring transport costs

The discussion above focused on transport flows of three types: goods, people, and capital. Here,
we cover only the first two of these distinct forms, starting with the cost of transporting goods;

the study of the cost of spatial capital mobility is comparatively thin.

5.1.1 Costs of transporting goods

Methods for measuring transport costs (for goods and other flows) that have appeared in the
literature take three forms. I refer to the first as “direct measurement”—cases in which direct
records of the cost of transport (such as ticket prices or freight rates per ton-mile) are available.
The second draws on data about the spatial differences in prices of the item that is flowing in
order to make inferences about the cost of moving the item. And the third draws on data about
the quantities flowing in order to make inferences about the cost of such flows. We discuss these
methods in turn. A dedicated review of (international) trade cost measurement can be found in

Anderson and Van Wincoop (2004).

Measuring transport costs directly. In some settings it may be reasonable for researchers to ar-
gue that direct proxies for transport costs are available. For example, Fogel (1964) argued that
an important component of the user cost of transporting goods is simply the freight charges (per
ton-mile, for example, and potentially with ton-mile rates varying across regions, transport com-
panies, or types of goods) applicable to each mode of transport. These freight charges leave a
direct paper trail—since they are the price at which shipping services are exchanged—and are
therefore straightforward to measure, in principle at least.

Modern research has leveraged advances in GIS computing to implement this idea in granular
detail. One approach is typified in Donaldson and Hornbeck (2016). Those authors use digitized
maps of the US rail network at various snapshots in time Atack (2018) along with the estimated
freight rates per ton-mile prepared by Fogel (1964), to calculate an estimate of what a given ship-
ment along the rail network—from any origin node to any destination node—would have cost (per
ton) in each year. However, since shipments could (and often needed to, especially early in the au-

thors’” sample period) use non-rail transport modes, such as water-based shipping, they overlaid
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additional mode-specific networks with mode-specific shipping costs per unit distance. Finally,
they used Dijkstra’s shortest-path algorithm to calculate efficiently the least-cost route (LCR) for
every pair of locations and every time period.!? The cost of this LCR then provides a spatially
granular estimate of the transport costs of goods, per ton shipped, that is built up from direct
measurements. Other papers applying this approach include Fajgelbaum and Redding (2022) in
Argentina, and Jedwab and Storeygard (2022) in sub-Saharan Africa.

A powerful alternative to the network-based approach described above is the fast-marching
method (FMM) whose application in spatial economics was pioneered by Allen and Arkolakis
(2014). This method begins with a “raster” approximation to an underlying network model.
Whereas a network consists of a list of nodes (points in space) and the set of links that offer direct
connections (at stated costs) between them, a raster divides space up into a complete set of small
grid cells and then specifies the cost of traversing over each cell. As long as the density of grid cells
is high, this can well approximate many underlying networks of interest.!*> Armed with a raster
representation, the FMM can efficiently calculate the entire surface of optimized routes from any
grid cell to any other, which can, in turn, be used to quantify the cost of the LCR between any
pair of locations. This is particularly attractive for researchers who begin with scans of historical
transport maps, since it is far easier to convert such scans into appropriate raster inputs (for FMM)
than network files (for a Dijkstra-like approach). This has strong synergies with advances in map
digitization that have taken place simultaneously.

One challenge that both of these approaches face arises when the full cost of transport is a
combination of cost components. For example, Fogel (1964) stressed how the user cost of transport
involves not only the freight rate of a shipment, but also the opportunity cost of travel time, the
cost of uncertainty about arrival times, and the risk of damage to goods in transit. As another ex-
ample, Glaeser et al. (2023) document the roughness of roads in the United States (which not only
slows travel speeds, but also results in vehicle damage) at high resolution by using smartphone

vibrations recorded by Uber drivers.!* All approaches to direct measurement of transport costs

12In practice, depending on the context, all-pairs shortest path algorithms (such as the Floyd-Marshall algorithm)
can be more efficient than looping Dijkstra over many desired origin-destination pairs.

130ne challenge is posed by settings in which the underlying network is not spatially smooth (for example in the
case of air routes, which can only be accessed at origin and destination airports rather than at any point along the
journey). However, in these cases one could use a hybrid of network- and raster-based approaches.

4Gertler et al. (2024) provide a detailed study of various economic impacts of road quality improvements and
maintenance in Indonesia.
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require researchers to monetize and combine these additional components, and do so separately
by mode prior to feeding mode-specific costs into the network- and FMM-based tools described
above.

Finally, it is important to note that the methods described here assume that all transport takes
place via route segments (both along a given mode and across modes) that are viewed by users
as perfect substitutes for one another. This stands in contrast to a long tradition in travel demand
modeling (e.g. Oppenheim (1995)) in which modes of transportation are imperfectly substitutable
(although segments of trips along a given mode still remain perfect substitutes) at the aggregate
demand level. Quantifying imperfect substitutability is possible with access to data on transport

flows, so I discuss this further below.

Measuring transport costs using spatial price gaps. A distinct approach to the measurement
of transport costs draws on data documenting the prices of the goods being transported (rather
than freight rates, the price of transportation services, discussed above). A standard argument
implies that the difference in the price of a homogenous good at two points in space must be—as
long as arbitrage is thought to be cheap and unimpeded by policy—no larger than the cost of
transporting that good between those two points. And further, to the extent that trade is actually
occurring between those two points in space, this lower bound on the transport cost is actually
binding.

A long tradition uses this logic to quantify transport costs for plausibly homogeneous goods
(to which the above logic applies). Fackler and Goodwin (2001) provide a methodological survey
as well as discussions of numerous agricultural applications. However, a common obstacle that
arises (especially in intra-national contexts) is that it the researcher does not know which pairs

of locations are actually trading (and hence on which pairs the arbitrage equality can be used).!®

15When this information is unknown, it is not clear how to map nonparametrically from price gaps to transport
costs. Modern econometric tools designed for partially identified models, such as this one, may offer a solution, but not
one that has been applied, to my knowledge. More parametric solutions are covered in Fackler and Goodwin (2001).
A different type of solution is pursued in Eaton and Kortum (2002), who pointed out that if all tradable goods have
the same transport costs and (more easily available) aggregate trade data is available (and indicates that at least one
good is being traded within a location pair) then the maximum within-pair price gap (with the maximum taken across
the different tradable goods for which price data is available) should equal the transport cost. Simonovska and Waugh
(2014) further refined this approach by incorporating a model-based correction for the fact that, in any finite sample of
product types, there is a positive probability that the maximum price gap across observed goods is not the maximum
price gap across all goods.
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Donaldson (2018) proposed to solve this problem by focusing on a narrow set of goods that were
identified by their origin locations (in the same way that Bordeaux wines should only be made
in Bordeaux). A similar idea appears in Atkin and Donaldson (2016), who observed that many
modern sources of price data identify goods at a sufficiently precise level that a researcher can
learn their potentially unique factory (or port of import) locations.

An obvious concern with the price gap approach to measuring transport costs is that the price
of an identical good may vary across locations because of differences in markups as well as dif-
ferences in costs of transport from its origin. In other words, free spatial arbitrage may fail. Atkin
and Donaldson (2016) propose a solution to this problem that begins by noting that one source
of spatial markup variation arises exactly because of transport costs: in the presence of imperfect
competition, sellers may not pass through all of a cost (such as the transport consumer) to their
consumer. Flipping this logic, knowledge of a seller’s pass-through rate could be used to undo
this transport cost bias. The authors go on to estimate such product- and destination-specific pass-
through rates by estimating the extent to which origin price shocks (which reflect the marginal
costs of production or importing) appear to cause shifts in destination prices. A typical finding
is that pass-through is incomplete (i.e. below one) and hence that the perfect competition (free

arbitrage) assumption may lead researchers to underestimate transport costs.

Measuring transport costs using transport flows. A third option—and one that has seen partic-
ularly widespread use—for measuring transport costs is to draw on transport flow data. The key
assumption here is that the researcher has already estimated a demand system for transported
goods—perhaps of the form discussed in Section 7—and hence knows how the demand for such
goods depends on their prices. Inverting this system at any observed vector of quantities hence
reveals the vector of (relative) prices that the demander faces in any given origin. By repeating
this argument at the origin location the researcher can arrive at an estimate of the spatial price
gap for any given traded good, and the above procedures on inferring transport costs from price
gaps can be applied. Classic references include McCallum (1995) and Anderson and Van Wincoop
(2003). A particularly rich example is provided by Cosar et al. (2015), who estimate a model of
oligopolistic competition in Denmark and Germany’s wind turbine industry. This simultaneously

provides demand system estimates and estimates of markup differences that can be used to infer
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transport costs.

5.1.2 Costs of transporting people

Many of the same ideas relating to measuring the cost of transporting goods have been applied to

the analogous setting of moving people.

Measuring transport costs directly. An explosion of recent computational advances has dramat-
ically improved researchers’ ability to build up direct measurements of important components of
the costs of transporting people. A predominant version is to assume that the cost of transport is
governed by the same known function of the time that it takes to travel, and then use a value of
time estimate to convert travel time measurements into monetary units.'®

The direct measurement of travel times can draw on numerous sources. For example, many
modes of travel (such as rail and air) typically follow posted schedules, and these have been used
by researchers such as Leunig (2006), Berry and Jia (2010), Heblich et al. (2020), and Fajgelbaum
et al. (2023). Other creative approaches to measuring travel times include the use of travel surveys
(as in, for example, Couture et al., 2018), and speeds inferred from services such as Google Maps
(e.g. Akbar et al., 2023b).

These methods typically result in estimates of travel times that are specific to particular modes
of transport. Just like the case of goods transport above, researchers often aggregate mode-specific
costs into an overall cost index by assuming that travelers take the least-cost route (LCR). As
before, the LCR between any pair of locations can be computed through either a network-based
approach (as in Ahlfeldt et al., 2015 or Akbar et al., 2023b) or a raster-based approach (e.g. Allen
and Donaldson, 2020).

Travel costs naturally include more than the time incurred during travel. For example, within
each transport mode, one may wish to aggregate both the time cost of a mode-specific journey

(given a value of time) and the financial cost of the journey (such as the ticket price).

Measuring transport costs using spatial price gaps. [am unaware of work that aims to infer the

cost of transporting people by the explicit use of an arbitrage-based argument (analogous to those

16Buchholz et al. (2020) offer a particularly creative take on the issue of how to value time by studying the offers that
ride-hail users accept and reject as these offers differ in terms of wait time and price.
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employed above when estimating costs of moving goods). To be sure, spatial equilibrium models
typically rest on the assumption of individual rationality — that travelers do what is best for them
and thereby exploit the arbitrage opportunities around them. However, empirical attempts to
invert this logic and infer travel costs from spatial price gaps run into the obvious challenge of
measuring the relevant “price gaps” (which would clearly involve many components such as the

prices of goods, earning opportunities, and amenities).

Measuring transport costs using transport flows. Similarly to the case of goods transport, a fi-
nal tool for measuring transport costs of people involves the use of data on travel flows and an
estimated travel demand system. At a high level, one can distinguish between two strands of this
endeavor (though of course they overlap). Single-mode travel demand systems place emphasis
on the decision of where a traveler will chose to travel, whereas multi-mode systems instead fo-
cus more on the decision of which mode of travel will be used to execute the journey. Within a
given origin-destination pair these systems are differentiated only by the fact that the multi-mode
approach will first use a cross-mode demand system to aggregate a vector of mode-specific costs
into one scalar cost index for the given origin-destination pair.!”

A simple form of single-mode travel demand system includes work such as Ahlfeldt et al.
(2015) and Heblich et al. (2020), where data on commuting flows are used (in conjunction with
an estimated location demand system) to estimate an unknown parameter that converts travel
time to travel costs. In more complicated cases, the travel demand involves agents making dy-
namic decisions under uncertainty, for example as in Artuc et al. (2010), Kennan and Walker, 2011,
Caliendo et al. (2019), and Porcher et al. (2024).

Multi-mode travel demand systems have a long tradition in the study of spatial economics
(e.g. Oppenheim, 1995). In a recent example, Tsivanidis (2022) uses travel survey data to estimate
the demand for travel (between any pair of locations) by mode within Bogota. Here, the within-
mode travel cost for each location pair is measured using the “direct” approach (and Dijkstra’s
algorithm). And then the total cost index for each pair reflects the appropriate amount of imperfect

substitutability (according to the estimated demand system) between the two modes. Other recent

7The case in which modes are assumed to be perfect substitutes (e.g. when the Dijkstra or FMM methods are
applied across nodes) is therefore actually a particularly simple version of the multi-mode approach.
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examples of this approach include Almagro et al. (2024) with four modes of travel among location
pairs in Chicago, and Barwick et al. (2019) who use a mixed-logit travel demand system that
models each mode as a bundle of attributes (price, travel time, and reliability).

An additional cost component that has received attention in recent work is the cost of users
searching for available transport options. For example, this occurs in both the taxi markets of
Frechette et al., 2019 and Buchholz, 2022, and the shipping ports of Brancaccio et al., 2024. A
key contribution of such studies is to measure the amount of time (and other resources, such as

brokerage fees) that users spend searching.

5.2 Measuring impacts of infrastructure on transport costs

The work reviewed in Section 5.1 concerned the level of transport costs for goods and people
within any pair of locations and at any point in time. However, Step 2 of the Fogel (or expanded
Fogel) template described above calls for a different sort of knowledge: the causal impact of an
infrastructure improvement on such transport costs, which we have denoted AA;;.

How can researchers measure AA;;? In many cases they do so naturally by following the
assumptions already invoked in measuring transport cost levels. For example, the direct mea-
surement methods described in Section 5.1 typically measure mode- and link-specific costs, so the
changes in total origin-destination transport costs caused by any change in the transport infras-
tructure network can be simulated by turning the relevant modes and links on or off. In a sense,
the researcher has a complete model of how transport costs arise, so it is straightforward to eval-
uate that model at counterfactual points in the provision of infrastructure in order to learn about
the causal impact of infrastructure investments.

When it comes to the flow of goods, an aggregate version of this method was used by Fogel
(1964), and considerably more disaggregated versions appear in, for example, Allen and Arko-
lakis (2014), Donaldson and Hornbeck (2016), Fajgelbaum and Redding (2022), and Jedwab and
Storeygard (2022). Similarly, Heblich et al. (2020), Tsivanidis (2022), and Fajgelbaum et al. (2023)
use disaggregated network models for the cost of transporting people in order to model the causal
effect of changing infrastructure provision on those costs.

A distinct method for estimating causal effects of infrastructure is to use program evaluation
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tools to estimate an (average) statistical relationship between measures of transport costs and mea-
sures of exposure to the infrastructure in question. Under standard exogeneity conditions this can
provide more flexible estimates than the direct approach described above. A simple version of this
appears in Atkin and Donaldson (2016). Having estimated transport costs for moving goods us-
ing a price gap-based method, those authors estimate the association between such transport costs
and road provision and quality. A more involved version using price gaps appears in Donaldson
(2018), who worked with a causal model of transport costs that included unknown parameters
such as the extent to which (an equivalent unit of) rail transport was cheaper than road transport,
which stands in contrast to the direct approach in which such transport model parameters are
known. In this case, an assumption about exogeneity of infrastructure expansion identifies the
unknown parameters, at which point the causal effect of infrastructure on transport costs can be
simulated in a straightforward manner.

Analogously, Akbar et al. (2023b) and Akbar et al. (2023a) arrive at measures of the cost of
moving people along highway segments directly from observations about the speed of highway
travel (that is, under the assumption that travel times reflect passenger travel costs). They then
go on to estimate correlates of city-level average speeds such as city-level major road density and
network orientation. Crucially for our purposes here, this is done using travel times observed
at off-peak hours (such as at 3am) so the resulting speed estimates may more closely reflect the
raw productivity of average road links (rather than sum of such productivity effects and endoge-
nous congestion effects, which is what would likely be observed at peak travel hours), to which
we return in Section 8. A similar goal is achieved in Couture et al. (2018) by the authors” use
of travel surveys (containing information on travel times) and an estimated model of city-level
travel supply curves; the estimated intercept of such curves provides a measure of city-level travel
productivity, and the authors go on to estimate how this measure correlates with city-level road

characteristics.

6 Measuring Baseline Flows

As discussed in Section 2, three crucial forms of movement in spatial economics settings are intra-

national movements of (a) goods and services, (b) people, and (c) capital. The baseline—that is,
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pre-intervention—values of these flows comprise aspects of the () matrix introduced above, and
they play a central role in any analysis of improvements in infrastructure or changes in spatial
policies. In particular, the measurement of such flows contributes to Step 3 of the Fogel template
(or its expanded form) discussed above.

In particular, equation (8) highlights how in the distorted environment of Section 4 the baseline
level of ¥ H,ij is critical for evaluating how a set of productivity changes AlogA;; will affect welfare.
Naturally, a special case of this is the undistorted environment of Section 3, where the absence
of distortions implies that, for any flow, the cost-based exposure ‘T’H,ij collapses to the revenue-
based exposure ¥ ;j. Of these two measures, the revenue-based version is considerably simpler
to measure. Not only can it be computed without detailed knowledge of distortions (since, by
assumption, those are known to be zero in this case). But in addition, as discussed above the
revenue-based measure is simply the share of the value of the ij flow in total income (i.e. the
Domar weight for that flow), implying that it can be computed with limited knowledge of the rest
of the economy’s entire flow matrix (). By contrast, computing the cost-based measure requires the
ability to see flows (and the distortions on them) all the way up the supply chain from the ij flow
to primary factors. As such, it requires considerably greater (though not necessarily complete)
knowledge about (.18

Regardless of the precise nature of what is required, the logic behind equation (8), either in
the undistorted case or in the distorted one, implies that even first-order effects of infrastructure
improvements can’t be computed without knowledge of the flows that determine ¥ ;; and ¥ H,ij-
Any path to answering this question leads through the researcher’s ability to obtain data on such
flows or otherwise make the assumptions necessary to learn them via some form of interpolation,
extrapolation, or calibration.

The goal of this section is therefore to describe a range of strategies that researchers have de-
ployed to measure the baseline values of these flows. (Section 7 below then builds on this dis-
cussion to cover the case of measuring the changes in such flows that were caused by the policy
intervention of interest.) Of course it is beyond the scope of this chapter to catalog all measures

of flows that are available to researchers. But an array of examples can convey a sense of the op-

18The bulk of the discussion in this section refers to spatial flows, as relates to the Domar weight. In the distorted
economy case, however, the required inputs go beyond purely spatial flows, since they require knowledge of all wedges
upstream of the segment of interest.
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portunities and challenges that exist. In addition, elsewhere in this Handbook, Abramitzky et al.
(2025) catalog the revolution in data availability (concerning both historical and contemporane-
ous economic activity) that has transformed the study of regional and urban economics in recent
decades. Many of the novel data sources covered by that chapter are, of course, highly relevant to
the discussion here as well.

In parallel with the treatment of transport costs in Section 5, we divide our coverage of data

on flows into that concerning goods (including services) and people in the sections that follow.

6.1 Flows of goods

Flows of merchandise: The traditional way that researchers have measured the spatial flows of
goods has placed particular emphasis on the flow of physical merchandise, rather than services
(discussed below). This is largely due to data limitations. For example, for decades the US Census
has conducted a periodic random survey (the Commodity Flow Survey, whose microdata were
tirst analyzed by Hillberry and Hummels (2008)) on the movement of merchandise across space
within the US, and the flows of international exports and imports of merchandise can be tracked
to the state of origin/destination (as used, for example, by Addo et al., 2023). But no equivalent
records of services flows exist.

Similar surveys and censuses of intranational merchandise flows appear to be rarely available
around the world and earlier in time. Exceptions include, for example, the aggregated rail flow
statistics assembled by Fogel (1964) for the late 19th Century US context, the disaggregated flow
statistics for merchandise trade in an out of Chicago in at the turn of the 20th Century assembled
by Allen and Donaldson, 2020, the historical rail statistics assembled by Crafts and Klein, 2014,
the historical statistics on movement of merchandise (by rail, river and sea) throughout British
India assembled by Donaldson (2018), the Canadian interprovincial merchandise trade statistics
tirst used by McCallum (1995), and the unit-level micro data on rail shipments in the Ukraine used
by Korovkin et al. (2024).

A recent wave of research has creatively deployed data on the movement (obtained from GPS
trackers) of individual trucks that are known to be engaged in the movement of merchandise

across space. This includes Harris and Nguyen (2025), Alder et al. (2025), Lall et al. (2022), Allen
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et al. (2024), and Barnwal et al. (2024). While a limitation of such data is that the contents of such
trucks (i.e. what is being shipped on any journey, let alone the prices of such shipments) are often

unknown, sources such as these nevertheless offer unparalleled detail.

Flows of services: As alluded to above, it has traditionally been a challenge to measure intra-
national flows of services. One impressive attempt to fill this gap for the case of the United States
is offered by Eckert (2019), which itself built on the pioneering ideas of Gervais and Jensen (2019).
This approach uses regional data on sales and employment by sector, coupled with the assump-
tions of a gravity-based model for trade in services and merchandise, to infer the flows of goods
by sector (for both services and merchandise sectors) for any pair of regions. The result is a coher-
ent set of spatial flow measures that match (by design) available origin- and destination-specific

aggregates.

Flows of both merchandise and services: In certain contexts, the challenges of obtaining data
on flows of merchandise and services have recently been relaxed by three new sources of data that
have become available to researchers.

The first such source is administrative (tax) microdata that is sometimes collected as part of
countries’ value-added tax (or, occasionally, goods and services tax) systems. Examples of coun-
tries that have shared such data with researchers include Belgium (Dhyne et al., 2021; Bernard
etal., 2022; Amiti et al., 2024), Chile (Huneeus, 2018; Atkin et al., 2024; Burstein et al., 2024), China
(Egger et al., 2024), Costa Rica (Alfaro-Urena et al., 2022), Dominican Republic (Cardoza et al.,
2020), Ecuador (Adao et al., 2022), Hungary (Diem et al., 2024), certain states of India (Panigrahi,
2021; Khanna et al., 2022), Kenya (Chacha et al., 2022), Rwanda (Spray and Wolf, 2018), Turkey
(Cosar et al., 2022; Atalay et al., 2023; Demir et al., 2024), Uganda (Spray, 2021), and Uruguay
(Amodio et al., 2025). These databases typically record unique firm identifiers, which can often be
merged with other records on firm location to provide information on spatial flows across space.
They may also include other granular identifiers such as precise time-stamps, unique transaction
identifiers, and even details of the goods (and their prices) being exchanged. However, one limita-
tion that arises in many (but not all) of these countries is that intra-firm flows across establishments

are not taxed and hence are not recorded. This may limit the accuracy of such records, particularly
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in sectors such as retail where large firms have many spatially-dispersed establishments.

A second novel source of data on goods trade comes from privately owned databases. For
example, Atalay et al. (2011), Bernard et al. (2019), and Andersen et al. (2022) use databases main-
tained by credit bureaus that describe features of firm-to-firm trade. Similarly, Fox (2018) draws
on an industry database that tracks firm-to-firm trade in US auto parts. These resources are typi-
cally subject to the same caveats about the distinction between firm-to-firm and establishment-to-
establishment trade discussed above.

The data sources described above track trades that take place between producers, but they typ-
ically fail to capture the final step from firm to consumer. In some cases this can be overcome with
access to separate data on each firm’s total sales, provided that the sales to firms is complete (and
includes sales to the government and to export markets), since consumer sales could be backed
out as the residual and apportioned spatially to the best of the researcher’s ability. One promising
exception on the tax data side is currently available in a handful of countries (e.g. Gerard and
Naritomi, 2021 and Atkin et al., 2024) in which firm-to-consumer tracking is attempted. How-
ever, some relatively new sources of private data offer a different window on firm-to-consumer
sales. For example, databases on payment (i.e. credit or debit) card transactions (e.g. Agarwal
et al., 2017, Allen et al., 2020, Barwick et al., 2023, and Dolfen et al., 2023) document matched
transactions between individual cards and merchants, often with a flag that indicates whether the
transaction was in-person or not. In some cases (e.g. Relihan, 2022, Allen et al., 2020, Diamond
and Moretti, 2021, and Andersen et al., 2022) researchers have also been able to match payment
card records to their owners” wider bank records, allowing an even wider view of purchases (as
well as additional details such as earnings, assets and liabilities). Finally, in a small number of
cases, researchers such as Townsend (2016), Burke et al. (2019), and Walker et al. (2024) have car-
ried out their own ambitious surveys to measure flows of goods throughout local economies in

some low-income country settings.

From origin-destination flows to link-specific flows: The majority of data sources discussed so
far describe end-to-end trade flows from the origin of a shipment to its destination. However, in
the natural case in which only particular transport segments are being improved, what is needed

by the analyst is segment-level flow data, not origin-destination-level flow data. In an important
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paper, Allen and Arkolakis (2022) offer an elegant solution to the problem of how to convert
origin-destination flows into link-level flows (or vice versa) without solving for the complicated
origin-destination least-cost path and allocating the flow to that path. This technique applies

equally well to the other flows, such as that of people considered next.

6.2 Flows of people

A range of sources have been used by researchers aiming to track the flow of people across loca-

tions within countries.

Travel diaries: A core source of information about human mobility has traditionally been found
in a type of survey known as a travel diary. The idea here is to survey individuals (and/or busi-
nesses) about the trips they have taken recently. A great example of the use to which such surveys
can be put is Couture et al. (2018), and a recent initiative that has homogenized such surveys
across a wide range of countries (including low-income ones) is due to Deffebach et al. (2025).
One limitation of such surveys is that they are inevitably sparse records of the universe of trips.
This is not a concern for statistical analysis that is built on a relatively small number of moments
of the survey data, but it can preclude (without further adjustment) the type of high-dimensional

analysis that has become common in calibrations of many-location models.

Commuting records: A second type of information on travel has been derived from information
about commuting behavior. Here, the typical information available to the researcher documents
origins and destinations of commutes. For example, the analysis in Tyndall (2021) and Severen
(2023) draws on administrative records (the LODES database) about workplace and residence lo-
cations for American workers. Similarly, Monte et al. (2018) draw on questions in the American
Community Survey that ask workers about their commuting patterns. Coupled with an assump-
tion about commuting behavior—that is, about the number of commuting days per year, for exam-
ple—one can arrive at an impression of the total volume of commuting flows between each pair
of locations. The same idea underpins historical statistics about commuting behavior as used in
Heblich et al. (2020) (primarily about early nineteenth century London, but further supplemented

by historical data on Berlin, Paris, Boston, Chicago, New York, and Philadelphia).
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Migration records: Just as with the case of commuting, data on migration can be used to infer
flows of people over space. This is the strategy used in, for example, studies of the United States
from Kennan and Walker (2011) (via the NLSY survey), Yagan (2019) (via IRS administrative data),
Abramitzky et al. (2014) (via historical full-count Census data), and Allen et al. (2018) (via consular
records of Mexican immigrants by their location of residence in the US). Beyond such government-
based sources, researchers have recently turned to rich micro-data obtained from private data
providers. For example, Diamond et al. (2019) use data (from the company Infutor) about the
near-complete address histories of US residents going back to the 1980s, and Ding et al. (2016) and
Baum-Snow et al. (2019) draw on the location histories tracked by Equifax, a credit bureau.

All this being said, despite the attention paid to the study of migration decisions, and the
importance of this process for many questions in the field, in the framework of Section 3 the notion
of human flows that matters is the share of total income that is “spent” on travel. Presumably
such expenditure is relatively low for the case of the relatively infrequent flows that facilitate
migration, at least when compared to the case of the far more frequent journeys that people make

for commuting and leisure purposes.

Mobility Finally, a set of new and highly promising data sources on broad notions of human
mobility have become increasingly available to researchers over the past decade. At the most am-
bitious end of the spectrum, records from smartphone users can be used to provide immensely
detailed traces of their phone’s locations. Such databases have been used, for example, by Atkin
et al. (2022) to quantify face-to-face interactions in the San Francisco Bay area, by Athey et al.
(2021) and Couture et al. (2025) to measure the similarity of locations visited by different types of
demographic groups, and by Miyauchi et al. (2021) to quantify multi-stop trip behavior. In a simi-
lar vein, cellular phone call data records (the so-called “pings” that such phones make to a nearby
tower when used for calls and text messages) can provide a lower spatial and temporal resolu-
tion version of such data. These have been used by, for example, Blumenstock (2012), Kirchberger
(2021), and Kreindler and Miyauchi (2023).

Beyond mobile phone records, a range of other techniques have been used by researchers to
provide high-resolution spatial impressions of human mobility. One promising vein has derived

from payment card records, which document not only the flow of goods and services (as discussed
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above) but also the locations of their human card owners (when the purchase is one made in per-
son). For example, Allen et al. (2020) use such records to great effect to understand the movements
of both tourists and locals in Barcelona, and Barwick et al. (2024) use them to measure the inter-
city movements (under the assumption that a card gets used at least once by their owner on any
given inter-city trip) of all payment card owners throughout China.

Alongside smartphone records, the data obtained from users of particular smartphone apps
has proven useful for understanding numerous aspects of human mobility. For example, Gold-
szmidt et al. (2020) and Gonzalez-Navarro et al. (2021) use internal company data from ride-
hailing apps. These efforts, in turn, build on prior work about flows inferred from taxi usage
by, for example, Mangrum and Molnar (2017) and Frechette et al. (2019). Likewise, the user-level
trip records from the navigation app company Waze have been used by Hausman et al. (2023).
In the case of one pioneering study Kreindler (2024) a researcher even designed his own tracking
app to be used by participants of a congestion-pricing randomized controlled trial in India.

Finally, internal records of some cities” public transport systems have been used by researchers
to quantify travelers” behavior. This offers the greatest potential when the system uses payment
cards that are integrated across modes and also require users to register both the start and end of
their journeys, as is partially the case in London (Larcom et al., 2017) and Jakarta (Kreindler et al.,

2023).

6.3 Flows of Capital

To the best of my knowledge, there do not exist records of capital or financial mobility that are
as rich as those that researchers have used to study the movement of goods and people. One
partial window on such flows has become available in Brazil, for example, where researchers
(for example, Bustos et al., 2020) see banking records that link branch location-level savings to
branch location-level loans within the same banking company. In reference to a different notion of
capital, numerous countries link the individual owners of companies (which can often be matched
to records of owners’ residences) to individual companies (which can then be matched to records
of firms locations). These so-called ownership matrices have been used by ? in Ecuador, Egger

et al. (2024) in China, Atkin et al. (2024) in Chile, and Walker et al. (2024) in Kenya.
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7 Measuring Transport Flow Responses to Infrastructure Improvements

In this section we turn to the question of how transport flows (in goods, people, and capital)
appear to respond to a productivity improvement in the transport sector (such as that due to in-
frastructure improvements). The primary motivation for this exercise comes from Step 4 of the
Fogel template from Section 3: the second-order approximation to the welfare change of an infras-
tructure improvement in undistorted settings hinges on the extent to which transport flows on
directly-affected links grow. Additional motivation follows in the case of distorted economies. As
discussed in Section 4, if transport activities are themselves distorted then any growth in transport
flows in such sectors caused by infrastructure improvements, or policy changes, has additional
welfare effects beyond what one would see in an undistorted economy. We take up the analysis

of such cases in Section 8 below.

7.1 Goods Flow Responses

Section 6 above discussed efforts to measure the pre-existing levels of all flows (goods, people,
and capital) in an economy at baseline, prior to the productivity shock(s) of interest. Our interest,
now, is in the causal effect of such shocks on these flows, beginning in this subsection with the
category of goods flows. Recall, equation 5 suggests that researchers who seek to go beyond the

tirst-order impacts of productivity shocks (as dictated by Hulten’s theorem) focus on the term:

1 d¥y H,ij

2 ;i kicrr dlog An

A log AZ]A log Akl/ (9)

which describes the correction needed (relative to Hulten’s theorem) to reflect the second-order
aggregate welfare consequences of the set of improvements in ZZ. This expression makes clear
that the set of causal responses that need to be known are those confined to ZZ.

The literature has offered a range of approaches to the challenge of knowing this set of causal
effects. At a high level, a distinction first needs to be drawn between those settings where the
researcher seeks to understand impacts of infrastructure investments ex-ante (that is, prior to those
investments having been made, including when they may be mere proposals or a range of options)

and those where the researcher is conducting an ex-post evaluation (that is, one conducted after
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the investments have been implemented). We begin with a discussion of ex-post approaches.

Ex-post estimation A classic example of ex-post estimation in this context is due to Fogel (1964).
Writing about the late nineteenth century US railroad expansion almost seventy years later, Fogel
sought to know the causal responses in equation (9). These responses answer the question: in a
year of interest (such as 1890) what would be the change in trade flows along segments such as
ij that would result if the 1890 railroad system were removed?!® Fogel’s answer to this question
involved two steps. First, he assumed that (within any affected set of flow segments) the produc-
tivity change due to railroads was the same (i.e. AA;; = AA for all ij and kI in the set Z7). This
collapsed the object of interest from the high-dimensional set in equation (9) to the simpler matter
of knowing the change in total flows across all transport segments affected by the rail expansion.
Then, second, he assumed that the actual change in the flow of goods from the pre-rail era to 1890
was the causal effect of the construction of the rail system (and not the result of any other change
in the US economy over the time period).

It is particularly easy to critique the second of these assumptions from the perspective of mod-
ern approaches to casual inference. In particular, it seems unlikely that all other shocks in the US
economy happen to just cancel out such that the pure time-series change in trade flows reveals
the desired ceteris paribus impact. Were this change being compared to a “control group” (one
thought to receive similar non-rail shocks as the US economy did) it would be more compelling,
since the assumption that shocks do not occur at all is surely weaker than the assumption that
they occur in a similar manner in two locations.

With this view of causal inference in mind, one approach to ex-post analysis in modern studies
seeks to identify treatment-control comparisons that offer a plausible impression of the desired
causal effect. A leading example of the causal inference approach to learning about trade flow
responses to infrastructure improvements can be found in the work of Duranton et al. (2014).
While the authors are interested in such effects for their own sake, rather than as an explicit input
to equation (9), their approach is highly relevant to the discussion here.

The Duranton et al. (2014) study aims to estimate the average effect of highways on merchan-

9In practice, Fogel (1964) was primarily interested in a modified version of this counterfactual question in which
the railroad system was not just removed but also replaced by a non-rail system (such as one involving counterfactual
canal expansions) of the same cost.
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dise trade within the US. The core idea is to compare US cities with relatively favorable highway
penetration (in terms of both intra-city density and inter-city connectivity to other nearby cities of
large economic size) to those within the US that have less favorable highway infrastructure. Such
comparisons offer the promise of learning the average treatment effect of relatively strong infras-
tructure under two assumptions. First, that cities with strong and weak highway density would
have identical trade flows (on average) in a hypothetical scenario that they did actually have the
same highway density. This unconfoundedness or independence assumption regarding treatment
(i.e. highway) assignment may sound a priori implausible, since infrastructure is unlikely to have
been as good as randomly assigned to US cities. However, Duranton et al. (2014) marshal a battery
of evidence (and instrumental variables approaches) that do much to assuage such concerns.

A second strong assumption is that there are no treatment spillovers from other cities” highway
access onto the trade of the relatively low-access cities. Such violations of the so-called Stable Unit
Treatment Value Assumption (SUTVA—see, e.g., Imbens and Rubin, 2015) are required by any
approach that draws inferences about the average (and hence, up tot the number of observations,
also the total) impact of a treatment from the relative impacts that can be seen by comparing
treated units to untreated ones. In many ways, the assumption that there are no SUTVA violations
in a cross-sectional, within-country approach is the direct opposite of Fogel’s assumption that the
entire national time-series change is due to the treatments of interest. The former assumes no
spillovers but is robust to the presence of other shocks that hit all regions equally, whereas the
latter assumes there are no other shocks but is robust to the presence of all forms of (domestic)
spillovers.

An active area of recent research in spatial (and other areas of) economics concerns the devel-
opment of methods for striking a balance between these two extremes. At some level, all such
approaches involve the use of economic theory to structure the nature of the spillovers that can
occur. In the context of spatial spillovers that work via trade—a case that is not only one of natural
interest in the field, but in the context of this subsection the object of direct enquiry—an extremely
common approach is to leverage a parametric model of the derived demand for trade in goods
across regions.

For example, Donaldson (2018) aimed to understand the impact of colonial Indian railroads on

the trade of merchandise in that region and used a gravity model (in particular, one that was based
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on a multi-sector Eaton and Kortum (2002) model of Ricardian trade). Rather than estimating an
overall (and appropriately weighted) average treatment effect of (some measure of) a region’s
rail access on the region’s (inbound and outbound) trade flows, as equation (9) would suggest,
this study estimated sector-specific values of the gravity model’s so-called “trade elasticity.” This
structural parameter governs the stable (and common, across all origins and destinations) elas-
ticity with which any region’s bilateral imports (for the sector in question) from any two origins
respond to the relative cost of importing from those two origins (again, for the sector). In the
gravity model, as long as all regions are non-autarkic, any trade cost reduction (such as that due
to new railroad connections) would induce changes in all regions’ trade flows, so there would be
no scope for a model-free way of avoiding the SUTVA problem. On the other hand, it is natural
to be skeptical of any claim that the gravity model is the uniquely valid way, despite its numerous
strong assumptions, to correct SUTVA violations.

This discussion has argued that there is unlikely to be any purely theory-free approach to ex-
post estimation (at least, in the common scenario in which there are no “pure-control”, or purely
autarkic, spatial units). However, this does not rule out the use of testing or validation procedures
that can at least probe the internal consistency of the theory-based approaches that do get used.
Adao et al. (2025) develop this idea. They propose a test statistic for the validation of structural
models that is focused on the specific counterfactual question that the model is being used to
answer. For example, in the case of a researcher using a gravity model (with no distortions) to
conduct an ex-post analysis of the welfare effects of transport infrastructure, the purpose of the
model is (at least to a second-order approximation) effectively to populate the weighted average
set of causal responses in equation (5). This suggests that the model’s predictions about such a
(weighted) average of all model-implied treatment effects should be compared to the (weighted)
average of relative treatment effects what we see in the data. Put simply, if the role of the model is
to populate the “missing intercept” of a regression line in a cross-sectional study, there is no way
to check that the model got the intercept right since it is not identified. However, the researcher
can nevertheless at least confirm that the model-implied slope across regions (i.e. the line that
the model effectively uses to populate the unobserved intercept) aligns with the slope of relative
effects that is observable in the data.

One interesting question about the use of structural models even in ex-post settings (which are
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used purely, as argued, because of the need to overcome the SUTVA problem) is how a researcher
should explicitly tailor their modeling assumptions to the question at hand. While it is difficult
to imagine an all-purpose answer to this question, equation (5) nevertheless invites a researcher
to recognize that their structural model’s misspsecifications will only matter—at least, to the ex-
tent that they maintain the high-level assumption that the economic environment is undistorted,
and that a second-order approximation is sufficiently accurate for the purposes at hand—if they
mistakenly populate the weighted average treatment effect in equation (5). That is, misspecifica-
tion in other aspects of the model that do not enter equation (5) need not concern this researcher.
One intriguing point here is that even though the question of interest concerns how infrastructure
affects trade, equation (5) points out that the researcher only needs to correctly model the way
that trade flows on directly affected units change. This observation could potentially be used by
the researcher to focus modeling and parameter estimation attention on the trade flows that ac-
tually matter, rather than all such flows. I am unaware of explicit discussions of this point in the

literature.

Ex-ante estimation In many ways, the ex-ante estimation setting is actually no different from
that of many ex-post settings. As described above, if SUTVA violations are thought to be prob-
lematic, there is no available unbiased approach to counterfactual inference even in the ex-post
case where the infrastructure improvement of interest has already taken place. The result is the
need to use modeling assumptions to fill in counterfactual scenarios even in the ex-post case, and
this is not inherently any different from the challenges faced by the ex-ante researcher who seeks
to predict the effects of an infrastructure program that hasn’t even been built yet.

It is therefore no surprise to observe that the solutions chosen by researchers when faced with
ex-ante predication problems are similar to those described above for ex-post problems. Ex-ante
predictions require a quantitative model that is calibrated in a manner thought to be suitable for
the context at hand. Given such a model, the analyst can simulate any given exogenous shock
of interest while holding all other exogenous features constant and thereby speak to the causal
impacts that are desired. This may appear no different from the ex-post approach that also uses a
quantitative model to evaluate a program that has already occurred.

One potential distinction between ex-post and ex-ante structural model evaluations concerns
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the way that model parameters are estimated. In principle, ex-post settings allow the analyst to
estimate their model’s parameters (such as the trade elasticity) from the infrastructure variation
that has already taken place. This seems likely to enhance the internal validity of the ex-post
evaluation relative to an approach to parameter estimation or calibration based on other settings.
By contrast, in the ex-ante case there is no choice but to learn the model’s parameters from other

settings and assume that they are valid for the context of interest.

7.2 Person Flow Responses

Just as with the study of goods flows, a wide array of work has sought to quantify the impact on

human mobility of various sorts of infrastructure improvements.

Ex-post estimation: We can again begin with the context of ex-post estimation: how the flow of
people across space appears to change as a result of some set of transport infrastructure invest-
ments of interest that have already taken place. Another great example comes from the work of
Duranton and Turner (2011), who estimate how highway availability within US cities leads to the
promotion of travel within such cities. They do so using city-year regressions, in which SUTVA re-
quires that one city’s highway access does not affect the amount of travel taking place within any
other city. An analogous regression appears in the remarkable analysis of Gonzalez-Navarro and
Turner (2018), which estimates the effect of subway infrastructure expansion on public transport
ridership in a sample of cities that spans the vast majority of subway systems globally. Turning to
inter-city flows of people, Barwick et al. (2023), for example, estimate the effect of Chinese high-
speed rail system access on the total propensity for a city’s residents to be found on any given day
outside of their “home” city (i.e. their most frequent location in recent months).

What is distinctive about the above examples is that they explicitly focus on people flows that
are directly measured. From the perspective of equation (9) this is an important focus, since the
beyond-Hulten gains from infrastructure improvement come exactly from creating more flow on
the segments being improved. But as discussed in Section 6, a complementary approach to the
direct study of people flows is to examine changes in the sorts of behavior—such as commuting
and migration—that, by their very nature, correspond to spatial flow. In this vein, an important

study is due to Baum-Snow (2010), which estimates how the amount and nature of commuting
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changed within US cities as a result of the interstate highway system. This is complemented by the
analysis of, for example, Baum-Snow (2007) and Baum-Snow et al. (2017) concerning the impact
of transport infrastructure on the centralization of employment and residential density in US and
Chinese cities—since changes in city structure have clear implications for commuting patterns,
and hence for human travel.

On the migration side, one can get a sense for the range of remarkable cases that have been
considered in the literature via examples such as Brooks and Donovan (2020) (who estimate the
effect of randomized bridge access on short-term migration in Nicaragua), Morten and Oliveira
(2024) (who estimate the effect of inter-city highway access on permanent migration in Brazil), and
Milsom (2023) (who estimates the effect of road access on migration in several African countries,
with a particular emphasis on movement towards locations that offer higher intergenerational
mobility).

Analogously to the discussion of goods flows in Section 7.1, all of the analysis mentioned so far
relies on the assumption that there are no SUTVA-violating spatial spillovers across locations in
the analysis. Even though this may be a plausible assumption in many contexts, in parallel with
the goods flow case a complementary stream of ex-post evaluation analysis has sought to use
quantitative models to predict the causal effects of a ceteris paribus infrastructure shock (even one
that has already happened) on spatial flows of people throughout an economic system, and hence
arrive at estimates that are not subject to SUTVA concerns. A wonderful example of this approach
is due to Heblich et al. (2020), which developed a rich model of spatial labor demand (i.e. firm
location) and spatial labor supply (i.e. worker location and commuting choices) and estimated
it in the context of London’s dramatic expansion of intra-city passenger-rail infrastructure in the
early twentieth century. Another pioneering example can be found in the Tsivanidis (2022) study
of Bogota’s rapid bus transit system.

An interesting point of discussion in this sort of analysis concerns the way that the model
handles other forms of economic adjustment. For example, Heblich et al. (2020) explicitly focus
on cases of their model with and without endogenous housing supply. To the extent that any
changes in housing supply are resourced by factors (labor, land and capital) within a closed spa-
tial economy such as the city under study, these adjustments do not enter equation (5) directly

in an undistorted economy. Of course, the fact that housing supply can adjust will change the
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spatial flows of passengers in important ways—to take an extreme example, building commuter
railways to unbuilt suburbs is unlikely to result in many commuters—but the resulting passen-
ger flow changes remain the sufficient statistic for the overall welfare impact of an infrastructure
improvement, regardless of why those flows are small or large.

As discussed above, this focus on commuting behavior is a natural and clearly important
means of quantifying spatial flows of people, but it may omit impacts on other motives for flow
such as leisure-oriented travel. For this reason, some studies of infrastructure impacts on human
mobility have sought to build models of demand for all trips. An elegant example is due to Cou-
ture et al. (2018), where the analysis estimates a model of trip demand (based on the type of travel
diary survey described in Section 6) and then asks how cities differ in the abilities of their road

networks at supplying high-speed trips (for all purposes).

Ex-ante estimation: Finally, as above we can consider the case of purely ex-ante attempts to eval-
uate infrastructure projects that have yet to come into existence. An example of such analysis that
has recently advanced the frontier in many ways is due to Fajgelbaum et al. (2023). These authors
seek to understand the political economy of high-speed rail provision in California, a theme to
which we return in Section 11 below. However, as part of their analysis of voters” preferences over
alternative system proposals, the authors build a model that predicts the causal impact of any
given proposal. The model emphasizes person flows—as is natural, given that high-speed rail is
primarily used for passenger travel—and contains motives for both short-run and long-run trips,
for both leisure and business purposes. The travelers being modeled can use multiple modes of
transport (e.g car and air, in addition to rail) and the high-speed rail networks being evaluated

include not only actual construction proposals but a range of alternatives.

8 Impacts in the presence of distorted transport

We turn now to examples of studies that consider cases where the transport sector itself is dis-
torted. As discussed in Section 4, in these cases there is an additional (beyond Hulten) first-order
benefit of transport infrastructure improvements on economic welfare if (and only if) the improve-

ment causes more transport in these places where it is distorted. All of the examples discussed
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here highlight a distortion in the transport sector, though they differ in the extent to which they
explore the impact of infrastructure shocks on the allocative inefficiency caused by the distortion.

We begin by restating equations (8) and (7) as:

AlogW = Y ¥y ;iAlog A+ Y (nij — 1)d(1,Q) (10)
ijeIT ij

which describes the total welfare consequences of a shock that changes productivities in the trans-
port sector (due to an infrastructure improvement, for example) as well as any changes in the
policy environment (or other distortions). Our interest in this section is the second term in (10),
which captures the additional gains or losses due to the presence of distortions relative to the
undistorted environment considered earlier. Further, our interest (for now) is on the case in which
the only distortions in the economy are on transport activities themselves. This means that all
of the quantity changes in equation (10) are irrelevant (because their wedge-determined weights
pij — 1 are zero) apart from those quantity or flow adjustments that occur along segments of the
transportation system on which distortions are present.

A first step in analysis motivated by equation (10) is to construct estimates of the distortion
wedges that prevail across different segments of the transport system. We organize our discussion
below by the type of such distortion that underpins these wedges. This is natural, given the way
that the literature tends to approach its analysis one wedge at a time. However, a caveat is in order.
Equation (10) suggests that it is the joint presence of all wedges in the transportation sector that
will matter. For example, one could imagine an event that causes transportation flows to move
towards segments that are heavily distorted from the perspective of one type of distortion (e.g.
congestion), put in parallel also cause a movement away from activities that are distorted from
the perspective of a different source of distortion (e.g. environmental pollution). The adjustment
would look beneficial from the perspective of the first distortion and harmful from the perspective
of the second one, yet in practice it may actually be neutral overall.

Armed with estimates of distortion wedges, equation (10) highlights that the object of inter-
est should be on the causal response indicated by };;(nij — 1)d(A;Q%;). That is, the effect of the
shock(s) of interest on the travel flows that are weighted by the size of their pre-shock distortion

wedges. Crucially, it is neither the size of the wedges nor the size of the change in flows that
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matters, but the extent to which the shock causes a correlation between the initial wedges and the
change in flows. While explicitly documenting that correlation has been an uncommon strategy
in existing work, I believe that doing so would do much to improve the transparency of studies
(in distorted environments) that seek to measure the welfare effects of infrastructure and policy

shocks. As equation (10) makes clear, this correlation is precisely at the heart of the matter.

Transport congestion: We begin with the case of a core source of distortion in transportation
economics: congestion in the transport system. As is well known, whenever the use of transporta-
tion infrastructure is un-priced, users effectively pay the average cost of production rather than
the marginal cost of production as would be the case at the efficient volume (see, for example, the
textbook presentation in Small et al., 2024). Put another way, the purchasers of a good in a com-
petitive industry are being induced to internalize the effects of their demand on costs because the
price they pay reflects the marginal cost of production; but on a (no-toll) public road, the “price” of
a user’s journey (which, say, reflects their travel time) is driven by the total number of users on the
road (via the speed with which traffic can move on the road) rather than the marginal reduction
in speed caused by the marginal user.

Naturally, it is challenging to quantify the wedge that exists between the effective price and
marginal cost of using each transport segment in a transport system, let alone separately at various
points in time (or various points along the cost curve). Nevertheless, substantial recent progress
has been made towards this goal by the work of Couture et al. (2018), Akbar et al. (2023b), Akbar
et al. (2023a). In particular, in the latter case these authors use data from Google Maps to extract
estimates of travel speeds and volumes for many road segments within many cities around the
world, and to do so at points in time when flows are both relatively low (such as in the middle
of the night) and relatively high (such as at rush-hour). This allows estimation of a cost curve
for any city’s roads (i.e. the relationship between user travel times and total number of travelers)
and hence a comparison of the wedge between marginal cost and price (i.e. average cost) for any
city at any point in time. While in principle this sort of analysis could be done separately by road
segment, the natural limits of data availability and statistical power necessitate a focus on city
averages.

Related work has used natural experiments to estimate the impact of travel demand on travel
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speeds, which can be thought of as using a demand-side instrumental variable to estimate a cost
function. Examples of such a strategy include Anderson (2014), Anderson and Davis (2020), Man-
grum and Molnar (2017), and Kreindler (2024).

Such estimates can then be used as inputs into equation (10), towards the goal of estimating the
causal impact of a transportation infrastructure improvement as discussed above. They can also be
used to evaluate the effect of policy changes on aggregate efficiency in the presence of congestion
wedges—by assessing whether, the covariance between initial wedges and flow changes (caused
by the policy change) is positive or negative. Indeed, often the policy changes of interest are
exactly those that aim to address the consequences of allocative inefficiency due to congestion.
For example, recent work such as Hanna et al. (2017), Hall (2018), Barwick et al. (2024), Hall
(2021), Cook and Li (2024), Hahn et al. (2023), Herzog (2024), Kreindler (2024), and Cook et al.
(2025) can be thought of in this light. Relatedly, Kashner and Ross (2025) quantify the total impact
of local traffic density on house values—an effect that includes consequences of traffic congestion,

but also many of the other externalities discussed in this section.

Transport policies: The case of transport policies also fits into the logic of equation (10), albeit
with some care in terminology. First, suppose the researcher’s interest is in evaluating the aggre-
gate welfare effects of a transportation infrastructure shock, but this researcher knows full well
that the environment in question is one in which some transport flows are subject to transport
policies—for example, that some roads may incur tolls or lane restrictions, or that access to entire
zones of roads may incur congestion charges. This case is no different from that discussed above
in the context of distortions caused by congestion externalities: there may be pre-existing wedges
on certain flows and the infrastructure evaluation needs to use equation (10) to take this fact into
account. However, this example does highlight that it is the total (or net) wedge on each flow
segment that matters in equation (10). For example, in the ideal case in which a toll has been de-
liberately put in place so as to counteract the distortion caused by congestion, there is in fact no
net distortion at all, so the infrastructure evaluation need not pay attention (at least to first order)
to changes in flows along such zero-distortion links.

A second sense in which we care about transport policies is when their changes are under

evaluation too. Consider the case where the researcher aims to evaluate the effects of a change in
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the toll on a given road. Then equation (10) states that the first-order welfare effect is given by the
causal effect of that toll change on the flows along all roads that have tolls (or other distortions)
on them. Naturally, the optimal level of the policy under evaluation (holding other policies fixed)
is reached when this change being observed has no first-order welfare effect at all.

Beginning with the case of infrastructure evaluation in the presence of pre-existing transport
policies, the key question is how large is the transport policy-induced distortion along each trans-
port flow. In the case of pecuniary tax- and subsidy-like distortions this may be relatively straight-
forward to measure, as a matter of “mere” legislation. For example, in the context of public tran-
sit a distortion (in terms of aggregate efficiency) arises when user prices (inclusive of fare eva-
sion) fall below the marginal cost of operating the system. So estimates concerning the impact of
infrastructure- and policy-based events on transport flows on public transport systems—such as
Gendron-Carrier et al. (2022) as discussed above, Hall et al. (2018), and Kreindler et al. (2023)—can
be used to evaluate components of changes in overall efficiency. To take another broad example,
in the context of private vehicle transport, vehicle ownership and fuel purchase taxes can be in-
corporated.

Turning to optimal policy, the treatment here will be brief because this theme is the focus of the
a separate contribution to this volume (Fajgelbaum and Gaubert, 2025). But two impressive exam-
ples of frontier-expanding work can be found in Almagro et al. (2024) and Hierons (2024). These
works make new theoretical contributions on characterizing features of optimal urban transport
policies (such as road pricing and public transit fares in the former, congestion pricing in the lat-
ter) for the correction of distortions such as congestion and environmental externalities, as well as
the lack of first-best methods for raising city government revenue. This builds on important prior

work such as that by Small et al. (2005).

Pollution caused by transport: Another major form of externality associated with transport is
environmental pollution (including of course carbon emissions). This theme is again the purview
of a separate chapter in this volume (Balboni and Shapiro, 2025), as well as the review in (Parry
et al., 2007), so our coverage here will again be limited. As before, the challenge is to measure
the distortion wedge associated with pollution. In the unregulated settings that often prevail,

especially in the transport sector, the marginal cost of polluting to the polluter may be so low as
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to be well approximated as zero. By contrast, the marginal cost of polluting to the rest of society
(that is, the negative “price” of the pollution that is effectively paid by atmospheric “consumers”
of pollution when it gets produced) is often found to be substantial.

Naturally, in the absence of markets for pollution these social costs need to be estimated by
direct measurement of all damages to the non-polluting party. As challenging as such work can
be, a robust body of estimates of pollution damages caused by transportation is now available,
including studies such as Barth and Boriboonsomsin (2008), Currie and Walker (2011), Knittel
et al. (2016), Anderson (2020), and Simeonova et al. (2021). Moving beyond the estimation of dam-
ages (i.e. the wedges in equation 10) we require estimates of the extent to which infrastructure
investments cause transport use to change, and in particular to change in a pro- or anti-pollution
direction. For example, Gendron-Carrier et al. (2022) take up this cause in their study of how
global subway system expansions cause changes in urban air pollution (i.e. particulate matter),
and Davis (2008) documents the limited extent to which driving restrictions in Mexico City actu-

ally lead to reductions in vehicle pollution.

Safety: Another clear externality associated with transport is the risk of damage to bystanders
(other travelers, pedestrians, etc.). To the extent that those who cause such accidents are not held
fully responsible for compensating victims, this risk introduces another wedge between the pri-
vate and social cost of transport. Examples of recent empirical work that can be thought of as
estimating this wedge (to varying degrees) includes Cohen and Einav (2003), Ashenfelter and
Greenstone (2004), Jacobsen (2013), Abouk and Adams (2013), DeAngelo and Hansen (2014), An-
derson and Auffhammer (2014), and Anderson and Davis (2023).

Imperfect competition: Beyond externalities due to missing markets, the presence of market
power is another important source of distortion in the transportation sector. Naturally, a great
deal has been written about this sector in the industrial organization literature, but relatively little
recent attention has been devoted to the matter of interest here: how transportation infrastructure
and policy changes will affect allocative efficiency in the presence of pre-existing distortions (in
this case due to market power) in the transport sector.

One classic example of work on this theme can be found in Holmes and Schmitz Jr (2001).
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These authors point out that the pre-rail water shipping industry in the United States is likely to
have exercised substantial market power. This means that an additional benefit of the adoption of
railroads, beyond the pure productivity effects (considered by Fogel, as above), is a reduction in
the misallocation (due to markups of shipping prices over shipping marginal costs) in the trans-
portindustry. Again, the first-order benefits here can be calculated as simply the initial water ship-
ping markup times the change in the amount of shipping produced in that sector (or any other,
such as rail shipping, that is thought to be a perfect substitute for it). Atits simplest, the point here
is that infrastructure improvements may act in some settings as entry of a mode of transport into
the transport industry, so in settings where entry is thought to have pro-competitive effects there
is an allocative efficiency improvement. Qin et al. (2024) offer a rich empirical exploration of this
idea in the context of China’s high-speed rail system (which offered a new competitor for the air

travel industry).

Search: Recent work has also drawn attention to another distortion in the transport sector: that
many segments of it appear to operate via decentralized search, in which there is no market. As
a result, any congestion effects in the search process—which are natural, since one party’s search
is likely to be successful partly at the expense of some other searching party’s failure—are exter-
nalities. A classic example comes from New York’s taxi sector, where it is common for drivers
and riders to search for one another on the city’s streets. Recent work by Frechette et al. (2019)
and Buchholz (2022) has sought to estimate the search process in this setting in a highly nonpara-
metric manner, resulting in better estimates of the distortion wedge due to (this type of) search
than have been previously available. Relatedly, Brancaccio et al. (2023) have developed a novel

characterization of the optimal policy response to this sort of externality.

Corruption: A final example of market failure that may be intertwined with the transport sector,
in some settings, is corruption. Olken and Barron (2009) make this case elegantly in a unique audit
study of the (substantial) bribes that truckers in Indonesia pay (alongside other delays, threats
and hassles that they endure) as they complete long-distance shipments throughout that country.
While a benign view of corruption is that it entails pure transfers across agents but no loss in

efficiency, the rent-seeking that presumably accompanies such activities is likely to entail directly
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unproductive activities.

9 Impacts in the presence of wider distortions

We turn now to cases in which there is good reason to expect that the “wider economy” (i.e.
beyond the transport sector itself) contains allocations that are distorted, and that infrastructure
improvements seem likely to affect that allocation (and hence lead to first-order welfare effects).
This is nothing more than a continuation of the theme discussed in Section 8 in the context of
distortions in the transport sector, but now applied to the rest of the economy.

One qualitative distinction here, however, is that it may be considerably harder for researchers
to evaluate whether infrastructure improvements or policy changes cause changes in the alloca-
tion of output throughout the wider economy. For example, it seems clear that infrastructure
improvements will have a positive effect on the amount of transport, so the only question remain-
ing for evaluating equation (10) in the context of Section 8 was about the size (and sign) of any
distortion wedges of interest in the transport sector. In the current section, however, even when
the sizes of certain wedges may be clear, the effect of infrastructure improvements on the produc-
tion of the goods that are relatively distorted may be difficult to know a priori. Nevertheless, the

clear importance of this endeavor has generated a substantial body of work to discuss.

Urban agglomeration and congestion externalities: A natural distortion with which to start,
given the urban context of much work on transportation, involves the very essence of urban life:
agents experience positive and negative externalities, in both production and consumption, due to
the density of interactions with other city residents. In many ways, this is the bread and butter of
structural model-based approaches to the evaluation (whether ex-ante or ex-post) of infrastructure
and policy changes. Commonly used versions of these models have agglomeration externalities
in them by design, so (at least to first-order, and beyond the Hulten effect) the entire point of
such models is to answer the question asked by equation (10): will the shock of interest move
density to low-agglomeration wedge locations or high-wedge ones? For example, the ex-post
evaluation of the US interstate highway system performed by Allen and Arkolakis (2014), the

ex-post analysis of the US railroad system by Nagy (2023), the ex-ante evaluation of potential
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widening of segments of that system performed by Allen and Arkolakis (2022), and the ex-post
transit investments evaluated in Tsivanidis (2022), will all hinge on the answer to this question.
A similar point applies to models with homophillic externalities across types of agents (as in, for
example, Weiwu, 2024).

The same broad idea of production externalities (or other production-related market failures)
that differ by locations applies across sectors whose footprints may differ across locations. For
example, some traditional theories of development emphasize a lower marginal product of labor
in traditional sectors (such as agriculture) than in modern sectors (such as manufacturing). For
this reason, the impact of transport infrastructure on the sectoral composition of production—as
evaluated in Berger (2019), Lindgren et al. (2021), Frye (2024), Herzog et al. (2024), Kaboski et al.

(2024), and Adamopoulos (2025), for example—may have first-order welfare consequences.

Innovation and firm-level productivity: Closely related to the production-side agglomeration
externalities discussed above concerns the innovation sector itself. One clear externality is that
of knowledge flows. The mere existence of these effects suggests that innovation activities are
likely to be under-provided by the market (to the extent that innovation subsidies have not fully
corrected this market failure). In addition, many models of innovation have the feature that it is
under-provided by the market even without knowledge spillovers because the monopolist inven-
tor of even a patented innovation may not appropriate all of the surplus of their creations. For
this reason, studies such as Sokoloff (1988), Perlman (2016), Agarwal et al. (2017), Andersson et al.
(2023), and Ravalli (2024), which estimate the effects of infrastructure investments on innovative
activity (such as patenting and R&D expenses), are important steps towards the goal suggested
by equation (10).

In addition to affecting incentives for innovation, transport may also affect the actual flow
knowledge about existing innovations. To the extent these are uncompensated, such knowledge
flows would amount to externalities. Agarwal et al. (2017) and Pauly and Stipanicic (2023) offer
careful investigations of such effects in the context of road and air travel, respectively.

Recent work has also documented spatial variation in the marginal productivity of individual
inventors across space—and in particular that such heterogeneity is correlated with local inventor

density. See Moretti (2021). This implies that effects, such as those documented by Berger and
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Prawitz (2024), on how transport infrastructure can change inventors’ location choices may have
important (positive or negative) allocative efficiency effects, as suggested by equation (10).
Another take on these themes is provided by studies that examine individual firms” produc-
tivity levels. For example, the emphasis of Abeberese and Chen (2022) is to measure the effect of
road improvements on productivity measured at the firm level. Similarly, Chen et al. (2022) and
Americo (2023) examine changes in technology adoption. In many ways, it would be surprising
to find that such effects contribute to allocative efficiency (beyond any resulting spillovers onto
other firms, which we have already considered above). One might expect that profit-maximizing
firms are perfectly capable of equating the marginal revenue gains of productivity-enhancing in-
vestments to the marginal cost of such investments, in which case there would be no distortion
wedge, as a result of such investments, in equation (10). On the other hand, the essence of the
“X-inefficiency” view of productivity enhancements is that firms may not be able to produce in
profit-maximizing ways—for example, due to internal agency problems—and hence changes in a
firm’s environment could actually raise its profits (beyond mechanical effects achieved even when

allocations within the firm are constant).

Environmental externalities: As discussed in Section 8, another natural type of market failure
arises in the context of environmental damages. While the focus above was on the direct creation
of such damages by transport activities themselves, this may only be a small piece of the pic-
ture. There are many reasons to expect that the dominant impact of transport on environmental
externalities arises through the impact that it has on the location and nature of wider economic
activities.

Existing work has offered a range of examples through which this can happen (though again,
for a full treatment see the Balboni and Shapiro, 2025 contribution to this volume). One natural
case of interest occurs in the context of deforestation, particularly in settings such as rain forest
ecosystems where the marginal social value of the forest may vastly exceed the actual private value
earned by deforesters from deforested land (plus timber). Work such as Gollin and Wolfersberger
(2024) and Araujo et al. (2023) document such effects, for example.

A different type of environmental mechanism occurs with the environmentally-biased location

of some infrastructure investments themselves. For example, Balboni (2025) focuses on the case
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of Vietnam’s recent road infrastructure plans, which, she argues, appear to be naively targeted to-
wards coastal regions in which global warming-induced coastal flooding is expected to occur. At
face value, this is not a traditional externality per se, since it is a government decision. But there are
many reasons to suspect that private investments will be made in the wake of this public invest-
ment, and those private investments may insufficiently internalize the potential damages from
environmental harm (especially in settings where the government cannot commit to refraining
from providing public aid in the wake of any damages, a source of ex-ante moral hazard).
Finally, Barwick et al. (2023) propose what appears to be a new form of environment-transport
interaction in the literature. These authors’ focus is on the way that China’s high-speed rail system
may potentially allow urban residents to use travel as a means for avoiding exposure to air pollu-
tion. They use location data revealed from payment card usage to measure the realized pollution
exposure of each card owner on any given date, given the intersection of daily pollution data and
daily locations at which cards are used in person. Given the external costs of air pollution, a pos-
itive impact of infrastructure investments on pollution exposure amounts to a positive allocative

efficiency term in equation (10).

Imperfect competition: Just as discussed above in the transport context, a large body of work
documents the presence of market power—in both output and input markets—in many sectors,
not just the transport sector. This has obvious implications for the evaluation of infrastructure
projects and transport policies. On the theory side, these phenomena have seen intense focuse,
particularly in the monopolistic competition framework; see, for example, Baldwin et al. (2011)
and Laird and Venables (2017).

On the empirical side, existing work on this topic has focused on two types of phenomena. The
first can be thought of as an investigation of whether transport improvements cause economic pro-
duction to be reallocated towards relatively high markup activities. This is directly connected to
the discussion of equation (10) above. A fantastic empirical case study is explored by Hornbeck
and Rotemberg (2024) in their study of US railroad expansion from 1870-1890. While these authors
estimate a large shift in relative manufacturing production across space, the allocative efficiency
effects of such reallocations appear to be relatively small given the limited correlation between

the shifts involved and the initial markup levels across activities and locations. However, when
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the shock of interest causes an expansion in a country’s total factor “endowments” (by encourag-
ing net immigration, for example) the per-capita efficiency benefits hinge on the overall average
markup even if there were no markup dispersion at all. As Hornbeck and Rotemberg (2024) doc-
ument, this effect contributes to very large benefits to the United States from the expansion of
population caused by the railroad system. That said, if immigrants” origin countries had average
markups that were similar to those of the US then global allocative efficiency would not change
as a result of this channel.

A related take on this mechanism can be found in Atkin and Donaldson (2016). This study
provides evidence from retail price pass-through estimates (obtained separately by product and
location) that road-remote locations in Ethiopia and Nigeria appear to suffer from greater dead-
weight loss than less remote ones. This suggests that if a road system improvement were to be
targeted towards reducing the costs of accessing remote locations it would result in an allocative
efficiency improvement.

A second direction of enquiry has been the impact of transport infrastructure investments on
the extent of competition itself. Aghion and Schankerman (1999) provide a classic treatment, and
this was recently investigated to great effect in the context of India’s “golden quadrilateral” road
investment scheme by Asturias et al. (2018). Relatedly, Chen et al. (2023) examine how road infras-
tructure in China promoted beneficial firm selection on productivity. Finally, Brooks et al. (2021)
estimate the joint effects of Indian road expansions on firms” market power in both output and
input markets. While neither markup nor markdown changes caused by infrastructure improve-
ments appear directly in equation (10), we can expect in many settings that a pro-competitive
shock that shrinks market power among the firms that have it will result in a greater price re-
duction among such firms and hence a beneficial reallocation of output towards the firms with

initially large markups—that is, a positive correlation in (10).

Taxation and regulation: As Glaeser (2020) emphasizes, the interactions between infrastructure
expansions and pre-existing policies in the wider economy are numerous and important. One key
example is his observation that infrastructure expansions in areas with binding land use regula-
tions may see very little expansion in either transport flows or the types of distorted activity (land

use) that hinder efficiency. Another case in point from recent work is in the developing country
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context, where a source of enormous heterogeneity in effective tax rates across businesses arises
because many businesses operate informally, or outside the purview of the formal tax (and regula-
tion) system. While this heterogeneity need not have obvious spatial consequences, Zarate (2022)
documents the striking extent to which business formalization appears to grow in Mexico City in
the vicinity of new subway stations. Since formal activity has (by definition) a larger tax on it than
informal activity does, this is a clear example of a positive correlation that is good for allocative

efficiency in equation (10).

Other types of distortions: Recent research has documented empirical connections between
transport infrastructure and policy and a wide array of additional sources of economic distor-
tion beyond those discussed above. For example, Allen and Atkin (2022) study imperfect credit
and insurance markets. Bergquist et al. (2024) and Vitali (2023) provide detailed studies of buyer
and seller search behavior in the product market, which may feature similar search congestion
externalities as discussed in Section 8. Dell (2015), Acemoglu et al. (2015), Couttenier et al. (2024),
Cao and Chen (2022), and Khanna et al. (2023) focus on local conflict and crime. Pilegaard and
Fosgerau (2008), Abebe et al. (2021), and Mulalic et al. (2019) consider the case of inefficiencies
in spatial labor search and matching, respectively. Leduc and Wilson (2013), Ramey (2021), and
Chang and Lee (2024) examine the possibility that business cycle downturns may entail ineffi-
ciently low employment, implying that infrastructure construction expenditures themselves may
raise aggregate efficiency in such time periods. And finally, Ahmed et al. (2024) examine child
labor (and school attendance), which may potentially reflect inefficient decisions about human

capital acquisition.

10 Optimal transportation infrastructure design

Having seen examples and mechanisms through which transport infrastructure projects can raise
economic welfare by both relatively small and large amounts, natural questions arise. What is
the best way to start investing in infrastructure expansions from any given point? What would
the network look like at the optimum at which such improvements would stop? What synergies

might we expect between different types of investments? A recent literature has revived interest
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in these questions. This discussion will be relatively brief, given the additional coverage of these

themes in Fajgelbaum and Gaubert (2025) chapter in this Handbook.

Optimal investments: Recent years have seen rapid progress in the understanding of optimal
improvements in complex transport networks. A key contribution to this literature is provided
by Fajgelbaum and Schaal (2020). These authors set up a many-region, many-sector economy
in which consumers and firms exchange goods with arbitrary preferences and technologies un-
der competitive conditions (and any market failures have been corrected with the use of optimal
Pigouvian policies). Trade takes place over a rich transport network in which all nodes can be
connected by links, and links have production functions that transport goods across space but
with diminishing returns to scale (i.e. there is physical congestion on each link). Finally, the in-
frastructure planner can make a continuous amount of investment in improving the efficiency of
any link, but with diminishing returns to investment (for any given level of transport flow) on
any link. Against this backdrop, the planner’s problem is how to best allocate a fixed budget of
total investment resources in making improvements to the network towards the goal of raising
national welfare.

This is a dauntingly complex problem. Even a very small subset of it—such as the question
of how a planner might want to send a given unit of a given good from a given origin where
there is a given total amount of production to a given destination at which there is a given total
amount of demand—is the province of a large operations research literature. Yet the Fajgelbaum
and Schaal (2020) problem optimizes over all such routings, as well as over the meta-question of
how many units of each good should be produced and consumed in each location, and finally over
the meta-meta-question of where best to improve the network subject to the investment budget
constraint. The key result is to derive conditions under which the planner’s problem is a convex
optimization problem, which then opens the door to the use of numerical algorithms that are
well suited to find guaranteed optima to such problems. One key additional step is to observe
that the equilibrium prices (of both goods and infrastructure investment capital) at each point in
space also characterize the allocation (of both goods and infrastructure investment capital) and the
optimization problem therefore has a lower-dimensional dual form in the space (of prices) rather

than the higher-dimensional primal form (of quantities, particularly including of goods flows on
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each link). This contribution has been applied in a range of settings, including Santamaria (2020),
Graff (2024), and Gorton and Ianchovichina (2025).

A simplification used in the Fajgelbaum and Schaal (2020) problem is that all infrastructure
investments considered are able to be made in continuous amounts. This may be a reasonable
approach in many settings where, at least at the level of aggregation already imposed on the prob-
lem by the available data, the question about infrastructure boils down to an abstract notion of
widening link capacity rather than building entirely new links. However, recent work has also
made progress on the genuinely discrete network case by exploring the behavior of heuristic op-
timization procedures in this context. A leading example is Alder (2016) (see also Balboni (2025)),
which starts from a complete network of links and iteratively deletes those links that offer the
lowest marginal losses when they are deleted. Even though this algorithm is not guaranteed to
arrive at the optimum (to an as-of-yet infeasible problem), it of course nevertheless arrives at a
conservative estimate of the gains that infrastructure improvements can offer in any given setting.

Finally, a different type of infrastructure problem that has been assessed in recent work is that
of laying out an optimal public transport network. Kreindler et al. (2023) tackle this case in the
context of Jakarta’s rapid bus system. This problem involves features such as the total number
of available buses, the frequency with which they are run on various routes, and the placement
(and hence intersection) of the routes themselves. Inevitably, for any reasonably sized city it is
completely hopeless to simple enumerate every option. Kreindler et al. (2023) therefore instead
propose to draw uniformly—using a range of techniques drawn from the Monte Carlo Markov
Chain literature—from the set of all possible networks in order to characterize the probability
distribution of networks (and their properties). This is not only useful for understanding likely
features of the optimum, but it also makes it relatively straightforward to characterize how fea-
tures of the optimal network are likely to change as parameters inside the problem (such as riders’

desire for bus frequency relative to cost) change.

Complementarities with other spatial investments and policies: Whether via the second-order
approximation (equation 5) in undistorted settings, or the first-order approximation (8) in dis-
torted ones, infrastructure investments may look quite different in the presence of simultaneous

interventions in other productivity improvements or policies. One leading example of such inter-
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actions that is commonly voiced in developing country settings is that a “big push” of coordinated
public investments may yield greater social returns than equivalent investments would on their
own. In this vein, Moneke (2020), Abbasi et al. (2023), and Vanden Eynde and Wren-Lewis (2024)
each document evidence for positive complementarities between road and electricity infrastruc-
ture in Ethiopia, throughout much of Africa, and in India, respectively.20

Here, the theoretical case for complementarities is easy to make—at least to second-order.
That is, we know from equation (2) that to first order there are no interactions (in undistorted
economies) to be expected across different types of productivity enhancements, but as per equa-
tion (5) there are indeed such interactions in the second-order approximation. As discussed in
Section 7, these interactions are simple: if the electrification intervention means that the economy
can experience a greater trade flow response to the road intervention, then the gains from the road

intervention will be larger to second order.

11 Infrastructure provision

The discussion of transport infrastructure has so far imagined a completely sanitized world in
which the infrastructure investment of interest achieves a productivity gain of AA;;, and does so
without cost. Further, any policy change of interest is simply given by the value Ay;;. This view
may be fine for ex-post evaluations that seek to measure what happened (i.e. AA;; and Ap;j) and
then quantify its impacts. But for the case of ex-ante analysis, especially ex-ante optimal analysis,
real-world challenges intervene. What political processes affect the policies and investments that
actually happen? And how costly can we expect various interventions to be to enact? This section

discusses the burgeoning work that begins to take on these important questions.

The political economy of infrastructure provision: Infrastructure investments are inherently
place-based decisions. It is therefore natural that politicians may use the allocation of these in-
vestments to curry favor with their often place-based constituents. Many such interactions are ex-
plored theoretically by Glaeser and Ponzetto (2018). And recent empirical work has documented

the strength of this relationship in a wide range of contexts, including post-independence Kenya

20A similar complementarity is found by Gebresilasse (2023), who studies interactions between roads and agricul-
tural extension services (e.g. free advice for farmers) in Ethiopia.
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(Burgess et al., 2015), Nazi Germany (Voigtlander and Voth, 2014), nineteenth century Italy (Bon-
fatti et al., 2021), and colonial Africa (Bonfatti et al., 2019).

A new approach to the study of the political economy of infrastructure placement comes from
Fajgelbaum et al. (2023)’s pathbreaking study of California’s high-speed rail system. This paper
achieves two important goals. The first is to assess whether voters” preferences for a project like
this, as inferred from their votes on the referendum that approved it, appear to be aligned with
a quantitative model of the projected impacts. Reassuringly, there does appear to be substantial
alignment. A second goal is then to assess what politicians were effectively maximizing when the
developed the specific network proposal that went to referendum. Such an “inverse optimum”
approach has parallels in fields such as public finance (Jacobs et al., 2017) and international trade
(Goldberg and Maggi, 1999; ?), where the policy being assessed is typically a set of continuous
variables (such as the income tax schedule, or tariff policy). Here, by contrast, the set of policies is
perhaps better thought of as the discrete set of feasible networks. Conducting an inverse optimum
exercise in such a setting requires new tools based on moment inequality estimates. Essentially,
such a procedure asks what parameter values (i.e. weights on different objectives in the political
objective function) would rationalize the fact that the actual proposed network is better (at those
weights) than all alternatives. Moments that encode such an inequality can then be constructed by
simulating the impacts of a range of alternative proposals, particularly those that explore regions
of the network space that are particularly powerful in the sense that they would only be optimal
under quite different weight values.

A distinct notion of political economy that has featured in recent work concerns interactions
across spatial units (typically within the same country). Transport infrastructure provision in one
region will clearly affect nearby regions—both through product and factor market interactions and
through the simple fact that infrastructure is typically a non-excludable good, so there is nothing a
region can do to stop the residents from other regions from using its own infrastructure (for exam-
ple, on a journey between two other regions). Felbermayr and Tarasov (2022) explores this theme
within the context of infrastructure that promotes (intra- and international trade) and Loumeau
(2023) and Bordeu (2023) do so for the context of commuting-based human mobility across regions
of the same labor market. These inter-jurisdictional interactions raise natural concerns about a re-

sulting incentive for regions to under-invest in infrastructure from the perspective of the economy

61



as a whole.

The costs of infrastructure provision: The cost side of infrastructure provision has received less
attention than the benefits side, but thanks to important recent work this imbalance is starting to
change. One key step has involved careful measurement of actual quality-adjusted infrastructure
provision and its trends over time. For example, building on Small and Winston (1988) and Brooks
and Liscow (2023), Mehrotra et al. (2024) advance a method for estimating the cost function of the
US interstate highway system—that is, the discounted present value of public expenditures re-
quired to deliver a given quantity of flow (e.g. vehicle-miles) in every time period—from publicly
available data. This notion of costs appropriately includes not only operating expenses (such as
maintenance) and depreciation, but also the opportunity cost of the capital and land invested in
the system.?! One puzzle that emerges from this analysis is the dramatic increase (at least a dou-
bling from 1994 to 2008) in the price of building new lane miles in the US, which does not appear
to be the result of factors related to the location of new miles in increasingly challenging locations
(such as cities or environmentally sensitive domains). An intriguing possibility is that the political
economy forces described above place cost pressure on the routes that do get built, not just the
redistribution of who gets the benefits from where they materialize. Another fascinating study of
construction and maintenance costs, but across 99 low- and middle-income countries, is provided
by Collier et al. (2016). These authors document the striking cross-project variance (both within
and between countries) in such costs, as well as that costs tend to be higher in high-conflict and
high-corruption settings.

Moving beyond measurement, an area of natural interest is the actual process by which infras-
tructure projects get built. The details of highway construction and procurement have attracted
significant recent attention from economists with interests in auction design (Somaini, 2020), mar-
ket power estimation (Lamadon et al., 2022), and corruption enforcement (Olken, 2007). But to
the best of my knowledge the lessons from these approaches are not typically integrated into the

study of the costs and benefits of infrastructure projects.

21Likewise, recent work by Guerra et al. (2025) has quantified the total amount of land value that is occupied by
urban roads in the United States.
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12 Directions for Future Work

The primary goal of this chapter has been to survey existing work in transport infrastructure and
policy evaluation, but to do so through the lens of a particular framework. Inevitably this means
that a natural direction for future work is to deepen the connections that have been highlighted
here. For example, even in the basic case of the first-order (Hulten) effect in undistorted envi-
ronments, the discussion here has highlighted that the goal of ex-post evaluation is essentially to
arrive at an unbiased estimate of the weighted average treatment effect of the program on trans-
port productivity (averaged across all improved segments), with weights given by each segment’s
Domar weight in the economy. I am unaware of work that is presented as an attempt to arrive at
such an estimand via the application of modern program evaluation techniques.

Moving beyond the framework offered here, one clear and important omission is dynamics
(though see the chapter in this Handbook by Desmet and Parro, 2025 for more on this theme).
This seems especially relevant in the context of evidence for persistent (or even path-dependent)
impacts of many features of spatial economies, including the impact of transport infrastructure
(Bleakley and Lin, 2012). There is nothing inherently static about the general economy modeled in
Section 2, since the space of goods and factors can be broadly interpreted as differentiated by date.
However, virtually all of the applications referred to are essentially static. And the application of
sufficient statistic approaches (such as those of Hulten, 1978, based on Domar weights) in dynamic
environments will require the user to take a stand on any relevant Domar weights that are still in
the future at the time of data collection.?> Equally, many inherently dynamic settings invoke new
sources of potential distortion such as imperfect intellectual property rights, credit constraints,
and dynastic discounting.

Another major omission from this chapter has been the study of inequality. Whether this is
across types of people within locations, across people with heterogenous ties across locations, or
even to the intergenerational notion of equality of opportunity, the unequal consequences of pub-
lic policies and investments are of obvious concern. As discussed above, the sufficient statistics
for undistorted economies that we have exploited in this chapter are not applicable to other out-

comes of interest, such as inequality. On the other hand, the notion of a distortion used here has

22Impor’can’c recent progress on this issue has been made by Cosar et al. (2024).
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been broad enough to embrace situations in which (for lack of other policy instruments) the econ-
omy arrives at a point where relative marginal utilities of income across people are not equal to
some desired notion of social marginal utilities. The resulting gap between any such measures of
marginal utility can be treated as a “wedge” as above—as in, for example, Adao et al., 2023.
Finally, and in reflection of the literature, the work covered in this chapter has been primarily
focused on the spatial economics of relatively developed economies. Lower income environments
bring in a range of new phenomena, not only their distinct transport sectors, but also in the wider
distortions that are likely to be important (Atkin and Donaldson, 2022). The chapter in this Hand-
book by Bryan et al. (2025) offers numerous connections, as do Bryan et al. (2020) and Gonzalez-
Navarro et al. (2023), for those seeking to push forward our understanding of the economics of

transportation around the world.

13 Concluding Remarks

The ability to accurately forecast the impact of transport infrastructure investments and changes
in transport policies remains a core objective of spatial economics. The goal of this chapter has
been to offer a survey of the tools that spatial economists bring to the table when approaching this
challenge. A key message is that modern data and causal inference tools are poised to dramatically
expand the applicability of the theoretical insights that Fogel (1964) and others brought to their
seminal studies of major infrastructure programs.

Fogel’s template was elegant and profound. In essence, it amounted to three steps. First, quan-
tify the productivity improvements (caused by the infrastructure investment of interest) occurring
on each segment of the transportation network. Second, quantify the share of total income in the
economy spent (prior to the improvement) on transport flows along each improved segment and
multiply these by the productivity gains from Step 1. And third, quantify the changes in all flows
along improved segments that were the result of the improvements made in the system as a whole.
The literature surveyed here has advanced economists” abilities to execute all three of these steps
in undistorted (i.e. allocatively efficient) economies. Going further, researchers and practitioners
are increasingly aware of the wide range of contexts in which one can expect transport improve-

ments and pre-existing economic distortions—both within the transport sector and beyond—to
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interact in important ways. The augmented Fogel template described in this chapter, and its par-
tial implementation in the literature so far, highlights how in this way, too, Fogel’s insights can be

updated to the modern era.
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