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Abstract: The movement of goods from origin to destination takes place over multiple modes of transportation.
Correspondingly, intermodal terminals play an important role in facilitating transportation over the multimodal
network. This paper studies multimodal transport networks and their impact on infrastructure investments. We
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transportation by embedding multimodal routes into a spatial equilibrium model with endogenous stochastic
route choice. We calibrate the model to US domestic freight flows using high-resolution geographic information
system information and detailed data on traffic along road, rail, and international ports. We estimate the
strength of intermodal port congestion from ship dwell times and its multimodal impact on railcar dwell times.
We then employ the model to evaluate the welfare effects of terminal investments across the United States. We
identify important bottlenecks in the US transportation system, with the reduction of the transportation cost by
1 percent in the most important nodes generating welfare gains equivalent to $US200-300 million of additional
GDP (in 2012 USD).

JEL classification: F11, R12, R42
Key words: infrastructure investments, multimodal transport, spatial equilibrium

https://doi.org/10.29338/wp2022-13

The authors thank Yuhei Miyauchi for his discussion of the paper and seminar participants at the 2022 University of
Rochester Ron Jones Workshop, the Becker Friedman Institute Junior Spatial conference, the 2021 Society for the
Advancement of Economic Theory conference, and the Southern Economic Association. They also thank the National
Bureau of Economic Research’s and the US Department of Transportation’s Economics of Transportation in the 21st
Century initiative for project support. In addition, they thank Benjamin Delgado and Philip Economides for excellent
research assistance. The views expressed here are those of the author and not necessarily those of the Federal Reserve
Bank of Atlanta or the Federal Reserve System. Any remaining errors are the author’s responsibility.

Please address questions regarding content Simon Fuchs, Federal Reserve Bank of Atlanta, 1000 Peachtree Street NE,
Atlanta, GA 30309, sfuchs.de@gmail.com.

Federal Reserve Bank of Atlanta working papers, including revised versions, are available on the Atlanta Fed’s website at
www.frbatlanta.org. Click “Publications” and then “Working Papers.” To receive e-mail notifications about new papers, use
frbatlanta.org/forms/subscribe.



1 Introduction

The movement of goods takes place over multiple modes of transportation, including highways,
railroads, oceans, and waterways. While trucks are mostly used to move US freight over shorter
distances, freight share by railroads and multiple modes increases steadily over longer distances.
For freight moved over longer distances of 1000 miles or more, rail and multiple modes of transport
accounts for one-third of freight by value (Figure 1) and more than half by weight (Figure A.1).
For freight moved over more than 2000 miles, more than half of freight value is transported via
rail and multiple modes. For context, the road distance between Los Angeles and Chicago is
roughly 2000 miles.

Correspondingly, intermodal terminals play an important role in facilitating how goods are
transported over this network. The economic returns from new technologies and infrastructure
investments in transportation can depend importantly on the level of integration across modes
as well as the presence of bottlenecks at intermodal terminals.

This project studies multimodal transport networks and their impact on the economic and
environmental returns to new technology and infrastructure investments. In particular, we focus
on how these outcomes will depend on the geography of the multimodal transportation network,
the placement of intermodal terminals that allow for switches between modes of transportation,
as well as the relative cost of transportation across modes. By incorporating these features we
provide a framework that allows us to realistically evaluate infrastructure policies taking the
complete domestic transportation network into account. In future work, this also allows us for
the first time to evaluate the environmental impact of infrastructure investments that stems from
modal substitution.

We first develop a quantitative spatial equilibrium model that incorporates transportation
across multiple transport modes. We provide a tractable way of describing the freight forward-
ing problem in a setting where multiple modes of transportation are available and where modal
switch is not restricted except for the geography of the modal transportation network and in-
curred switching costs. Extending the routing-based formulation of transport cost in Allen and
Arkolakis (2022) to allow for multi- and intermodal routing we show how to use the properties
of partitioned matrices to derive closed-form expressions for the expected transport cost despite
the increased dimensionality and complexity of the underlying transport network. The trans-
portation choice is then embedded into an otherwise standard economic geography model with

a constant elasticity import demand system over origin-differentiated goods with a multimodal



Figure 1. US Transport Mode Value Shares by Distance, 2018
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Notes: This figure plots the observed value share of cargo transported by different modes
across various distances. Multimodal indicates cargo movement that involves more than one
mode. Source: Freight Analysis Framework, US Department of Transportation, and authors’
calculations.

extension of the routing formulation of transport cost in Allen and Arkolakis (2022), in the
following referred to as AA2022. Crucially, we derive a simple set of equations that allows for
counterfactual experiments, and in particular allows us to evaluate the welfare consequences of
modal or terminal infrastructure improvements.

We motivate the model empirically in two ways. First we examine the impact of congestion at
intermodal terminals, both at the terminal and its spillover impact on the multimodal network.
Using vessel positioning data down to the minute interval, we estimate a elasticity of port con-
gestion by investigating ship dwell times and their responsiveness to port traffic. We then study
the impact of port traffic on the multimodal transport network by focusing on railcar dwell times
at local rail stations. Second, we study the double-stacking of intermodal containers in railroad
transportation. A unique data set, the Confidential Carload Waybill dataset maintained by the
Surface Transportation Board (STB), allows us to trace out the transport flows across the US
railroad infrastructure. Using this data we examine a large-scale infrastructure improvement,

the Heartland corridor, which improved railroad connections along the Virginia-Chicago corridor



in the Northeastern part of the US, and crucially, upgraded the infrastructure to make double-
stacking feasible. We examine to what extent this infrastructure measure diverted transport
flows towards the railroad system and provide suggestive evidence on diverted flows away from
road.

Next, we calibrate the model to fit and reproduce salient features of the US domestic trans-
portation network. We first build a graph representation of the US multimodal transportation
system drawing on high-resolution GIS data on road, rail and maritime linkages, as well as the
location of intermodal switching facilities. In combination with detailed road traffic and railroad
data the model can then be applied to evaluate infrastructure investments, taking the multimodal
nature of the US domestic transport system into account. We employ the model to evaluate and
compare the welfare impact of investing in different terminals across the country, thus improving
the intermodal integration of the primary and secondary transportation network. The analysis
points towards substantial and highly heterogeneous welfare gains across space. Investments that
would lower transportation costs in the most important nodes by only 1 percent would generate
an aggregate welfare gain equivalent to 200-300 million USD of additional GDP (in 2012 USD).

Our paper is related to a number of different strands of research. First, this paper contributes
to a rapidly expanding literature incorporating realistic transportation network into quantita-
tive spatial equilibrium models. The quantitative spatial economics literature has developed
extremely useful tools that can answer a range of questions taking the underlying spatial dis-
tribution of economic activity into account and that can be credibly mapped to dis-aggregated
data with a spatial dimension (see Redding (2020) for a recent survey). Within that literature,
there have been multiple efforts to merge the dis-aggregated network structure of transportation
infrastructure with a general equilibrium economic geography model. (Fajgelbaum and Schaal,
2017; Allen and Arkolakis, 2022). In particular, Allen and Arkolakis (2022) proposed a tractable
way of incorporating the optimal routing choice into an spatial equilibrium model, allowing
the authors to examine the general equilibrium implications of transportation improvements.
While much theoretical progress has been made, the literature has often focused on one mode of
transportation, approximating transport costs with either road or maritime transportation costs
(Wong, 2020; Ganapati, Wong and Ziv, 2021; Cosar and Demir, 2018; Brancaccio, Kalouptsidi
and Papageorgiou, 2020; Heiland et al., 2019). Our project adds to this literature by incorpo-
rating multiple modes of transportation as well as intermodal switching terminals and offering a

fully-fledged general equilibrium analysis of the US multi-modal transportation system.'

'Recent exceptions include Fan, Lu and Luo (2019), Fan and Luo (2020), Bonadio (2021) and Jaworski,



Second, our paper is related to a long-standing literature in transportation studies that exam-
ines route and mode choice both empirically and theoretically (McFadden, Winston and Boersch-
Supan, 1986; Rich, Kveiborg and Hansen, 2011; Beuthe, Jourquin and Urbain, 2014; Winston,
1981). The state-of-the-art in transportation studies solves high-dimensional traffic assignment
problems algorithmically accounting for both dis-aggregated heterogeneity in modal and route
choice.? We employ similar tools to those recently developed in transportation studies. Specif-
ically, we employ what the transportation literature calls a stochastic user equilibrium where
routes and modes are chosen subject to a stochastic perception error. However, we go beyond
the transportation literature, by fulling embedding the stochastic user equilibrium into a spatial
general equilibrium framework, where input and output markets across space clear and factor
and output prices are endogenously determined.

The remainder of the draft is structured as follows. Section 2 describes the US multimodal
transport network and our data. We then detail the multimodal routing model in Section 3 and
describe how we calibrate the model to US data in Section 4. We apply our model to evaluate

the welfare impact of terminal investments in Section 5 and conclude in Section 6.

2 US Domestic Freight Transportation and Data

In this section, we provide an overview of the US domestic transportation system and introduce

our data sources.

2.1 US Domestic Freight Transportation

As mentioned above, the movement of goods from origin to destination takes place over multiple
modes of transportation. While trucking is dominant along the shortest distances, alternative
modes and multimodal transportation becomes more important over longer distances, as can be
seen by the modal split over different distance bands for the US (Figure 1). The geography of the

US multimodal transport network includes rail, road, and waterways with intermodal switching

Kitchens and Nigai (2020) also explore the impact of multiple modes on domestic transportation costs. Fan, Lu
and Luo (2019) and Jaworski, Kitchens and Nigai (2020) focus on domestic road and highways while Bonadio
(2021) focuses on roads and road access to ports. Fan and Luo (2020) is a note which characterizes bilateral
transport costs and their elasticities with respect to transshipment costs.

2For a recent theoretical contribution compare Kitthamkesorn, Chen and Xu (2015) which solves for the
traffic assignment problem allowing for both endogenous route and mode choice. A recent applied quantitative
contribution in this literature (Li, Xie and Bao, 2022) models the multimodal linkages between the US and China
with endogenous route choice and congestion at port locations.



terminals playing a major role is facilitating the movement of goods between the transport
modes (Figure 2). Additionally, the dense road network plays an important role in facilitating
transportation at the start and end of the movement of goods. This is commonly known as the
first and last mile in freight transportation (Rodrigue, 2020; Ranieri et al., 2018).

Furthermore, the US domestic freight landscape has been changing rapidly. In the 1980s, the
top three modes of transporting freight in the United states are truck, railroads, and coast-wise
ocean shipping (Figure A.7). However, by 2017, ocean shipping shares have drastically declined
while the other two mode shares have increased. Trucking and rail both have been increasing
their overall shares by about 10 percentage points by 2017. In 1980, trucking and rail accounted
for 41 percent and 30 percent respectively. By 2017, trucking shares have increased to almost
50 percent while rail has increased to about 40 percent. On the other hand, ocean shipping has
been declining. Ocean shipping accounted for about 20 percent of US freight in 1980 but this
has declined to 4.2 percent by 2017. Inland waterway shipping shares started at 9.3 percent and
declined slightly to 7.4 percent. Since air freight shares are small throughout this period (0.15
percent in 1980 to 0.34 percent by 2017), we abstract away from this mode of transport in our
analysis.

With rail offering a cost- and energy-efficient alternative to trucking, it is widely expected
that rail continues to increase in importance. Since the rail network is not sufficiently dense
to directly reach final consumers, nevertheless trucking will remain as one of the only feasible
solutions to the last mile problem. This situation emphasizes the importance of understanding

the multimodal capacity of the US freight network, the key aim of this paper.

2.2 Data

This subsection introduces the different data sources that we use for our motivating empirical

analysis in this section, as well as for our structural analysis in Section 5.

2.2.1 AIS Vessel Traffic Data

We utilize automatic identification system (AIS) vessel traffic data from Marine Cadastre, a
joint initiative between the Bureau of Ocean Energy Management and the National Oceanic
and Atmospheric Administration. This data captures vessel location in US waters at 1-minute
intervals using 200 land-based receiving stations. We observe the vessel’s identifying information,

its longitude and latitude location down to the minute, speed, and navigation status. The vessel’s



Figure 2. US Multimodal Transportation Network
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Notes: This figure shows the combined US multimodal freight network. We obtain the original
GIS information from the U.S. Census Bureau’s Topologically Integrated Geographic Encoding and
Referencing (TIGER) Database. The red lines indicate the Class I multimodal railroad network. The
blue lines indicate the interstate highway system (IHS). Black diamonds indicate freight terminals that
are owned by Class I operators allow for road-to-rail or rail-to-road intermodal movements. The blue
circles indicate the top 18 ports.

identifying information includes its International Maritime Organization Vessel number (IMO).
The vessel’s navigation status captures whether the vessel is being propelled (under way using

3 Using information on the ship’s speed and

engine), or moored—held in position at a pier.
navigation status, we define a ship’s dwell time to be the time it spends being moored at a pier
and has zero speed. This is a conservative measure of ship dwell time at ports because (1) a ship
will spend time navigating within the port area as it prepares to moor at a pier and (2) a ship
can also end up waiting outside of the port area at anchor before navigating to the port (New
York Times, 2021). In future work we plan on investigating additional measures of dwell times,
including the entire time a ship spends within the port areas (not just when they are moored),
as well as the time a ship spends at anchor within or just outside of port areas.

In order to match these ships to the ports they are located at, we next require geographical

information of the ports. We use the Port Statistical Area shapefiles from the US Army Corps

3There are additional AIS navigational statuses than the ones described here, for example being propelled via
sail (under way sailing) or at anchor (held in position by an anchor but not at a dock). Future work will consider
utilizing additional statuses.


https://www.nytimes.com/2021/09/23/business/cargo-ships-supply-chain.html
https://www.nytimes.com/2021/09/23/business/cargo-ships-supply-chain.html

of Engineers and match these ships to the top 30 container ports in the US. These port polygon
areas also allows us to calculate the total amount of time a ship spends within the port region on
top of the time it spends moored at a dock. Additionally, in order to identify the cargo capacity
of these ships and their containership status, we match these ships to the Port Entrance and
Clearance dataset from the US Army Corps of Engineers using their identifying information and
when they are at these ports. The ship cargo capacity measures the volume of the ship that can
be used for loading cargo (also known as net tonnage of a ship). This cargo capacity measure
for each ship will contribute to our port traffic measure at each port every day.

We highlight two examples to show how we capture these ships and the time they spend at a
port. Panel (A) Figure 3 shows the path of containership CMA CGM Christophe Colomb as it
enters the Port of Los Angeles (LA) on May 2, 2022. It is a containership with a cargo capacity of
86,100 tons (13,800 twenty-foot equivalent unit containers (TEUs)) and is operated by container
shipping company CMA CGM. Panel (B) Figure 3 shows the path of containership Guthorm
Maersk entering and leaving the Port of Newark. Guthorm Maersk is a containership with a cargo
capacity of 57,000 tons (11,000 TEUs) and is operated by container shipping company Maersk.
The ship path entering the port is highlighted in the figure and the redder color indicates slower
speed. The darker region of both figures indicate the port polygon for both ports as defined by
the US Army Corps of Engineers.

Port Traffic Our measure of port traffic is defined as the sum of the net tonnage of each ship
moored at the port each day, multiplied by the percent of the day they spend at the port—
crucially including ships that arrived prior to that day but still remained moored at port. To be
more specific, if a ship remained moored at port all way without exiting, their contribution to
port traffic would be 100% of their net tonnage (100% of the time they spent at the port). If a
ship left at any point during that day, their net tonnage contribution would be less than 100%
and instead determined by the amount of time they spent moored at port that day.

With this daily port traffic measure, we calculate moving averages of the port-level traffic for
varying amounts of time. We have done this for 3, 7, 14, 21, and 28 days. We present the 28-day

moving average results and have included the rest in the appendix.*

41t is acknowledged here that this measure could be interpreted as an upper bound measure of the amount
of traffic at each port since using the net tonnage measure of a ship assumes that it is filled to capacity. Future
work will incorporate the draft information we observe for these ships which will allow us to infer net capacity
change. Additionally, an alternative lower bound measure of port traffic is a count of ships currently at the port
(since smaller ships would have equal weight as large ships).
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Notes: Panel (a) shows the containership CMA CGM Christophe Colomb at the Port of Los Angeles
while Panel (b) shows the containership Guthorm Maersk at the Port of Newark. The path of each
ship to and from the port shows its exact travel path. The darker regions at each port shows the port
polygons as defined by the US Army Corps of Engineers.

Summary Statistics Our matched dataset from 2015 to 2021 has 3,755 unique vessels with
1,444 containerships. The top 30 ports in our dataset account for around 95% of all US container
trade annually. Figure 4 plots the average of containership dwell times at the top 30 US ports
from June 2015 to December 2021. The average dwell time over this period is around 33.3 hours
per ship with a standard deviation of 5 hours. However, as seen in Figure 4, there is a significant

increase in the ship dwell times post 2021. The average ship dwell time after 2021 is 42.8 hours.



Figure 4. Containership Dwell Times at Port
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Notes: This figure plots the average of containership dwell times at the top 30 US ports
from June 2015 to December 2021. Weighted by ship net tonnage.

2.2.2 Rail Dwell Times Data

We obtain weekly rail station dwell times from the Surface Transportation Board (STB). Rail-
roads provide the STB with the average time a railcar resides at a station, measured in hours,
for their 10 largest stations in terms of railcars processed. This dwell time measure excludes cars
on through trains—trains that travels without stops en route. Since this dataset only captures
a subset of all rail stations (albeit the largest ones), we match the ports in the previous section
to their local rail stations. We do this by expanding the port polygon areas in 50km intervals.
The rail stations that are captured in the buffer areas of their closest port is be considered a
rail station in the vicinity of this port and is likely to service traffic to and from the port. Due
to their proximity, The ports of Los Angeles and Long Beach and combined into one port for
this exercise. We use a buffer area of 150km which captures 7 ports and 12 rail stations. We
test the robustness of this buffer area by increasing the interval in our analysis to 200km where
we capture 8 ports and 14 rail stations. Further increases to this interval result in more muted
responses of rail station dwell times to port traffic, as these rail stations are much further away.

Additionally, the rail dwell times dataset is reported at the weekly level. In order to match
this to our daily port traffic measure for analysis, we aggregate our port traffic measure up to
the weekly level. We start our week on a Monday since we observe in our data that most ships

tend to enter a port on Mondays.
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Summary Statistics Figure 5 plots the average of rail station dwell times from June 2015 to
December 2021. The average dwell time over this period is around 25.5 hours per station with
a standard deviation of 2.5 hours. However, there is also a large decrease in dwell times around

the start of the pandemic followed up a steep increase afterwards.

2.2.3 Rail Traffic Data

We have obtained access to confidential US rail traffic data from the Surface Transportation
Board. This is a stratified sample of carload waybills for all U.S. rail traffic submitted by those rail
carriers terminating 4,500 or more revenue carloads annually, covering 48 states (except Alaska
and Hawaii). The carload waybills report the origin location, origin rail station, interchange
stations, terminating station, and destination location of the freight commodities. The rich
geographical information in this confidential data set allows us to study the routing of these
commodities through the railroad network over this time period. Additionally, this data set also
contains commodity-specific information including number of car loads, weight, freight charges,
whether it is a domestic or international shipment, and its inter-modality—if the movement
of this commodity included other transport modes. Overall, the data covers 48 states (except
Alaska and Hawaii) and 39 STCC 2 digit commodities. Work is currently ongoing to merge both
the rail traffic data to the AIS vessel traffic data at ports.

3 Economic Geography Model with Multimodal Routing

In this section, we embed multimodal routing into a standard economic geography model. We first
set up the general framework, before we turn towards deriving an expression for the multimodal
routing problem that can then in turn be incorporated into the equilibrium conditions and gives

rise to a tractable characterization of traffic across modes.

3.1 Setup

This subsection describes a standard economic geography model with domestic trade between a
discrete number of locations and freely mobile labor reallocation across locations as in Allen and
Arkolakis (2014), Redding (2016), and Allen and Arkolakis (2022). In the next subsection we

then embed the multimodal routing choice into this model.

11



Figure 5. Rail Station Dwell Times
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Notes: This figure plots the average time a railcar spends at a rail station from June 2015
to July 2022.

3.1.1 Geography and Transportation

Let there be a number of locations that constitute nodes on the primary transportation network
(“Roads”), i.e. k,l € T = {1,...,N1}. Let there also be a number of locations that constitute
nodes on the secondary transportation network (“Multimodal”), i.e. £,I' € R = {1,..., No}. Lo-
cations on the primary network are either locations or intersections on the primary network. Lo-
cations on the secondary network constitute intersections or terminal stations. A subset of nodes
on the primary and secondary network are intermodal terminals which allow for switches between
the two transportation networks. Moving goods from origin 7 to destination j along route r, which
involves a series of links index from 0 to K, is indicated by vector r = {i = ro,r1,...,7rx = J} .
Since the primary road network is dense and all cities are located on it, we assume the common
assumption in freight transportation——that all routes originate and terminate on the primary
network (first and last mile by road). Routes can be either unimodal or multimodal. The set of
unimodal routes only use the primary network given by Rllj. The set of multimodal routes that
use both primary and secondary network, as well as the transition through intermodal terminals,

1,2

is given by R,

;i - Transport costs are multiplicative, and the total cost incurred along route r

from origin 7 to destination j is the product of the transport cost of each link along this route
Hszl tro_ 1. Figure 6 provides a stylized example of a graph with two distinct transportation

networks.

12



Figure 6. Multimodal Transportation Network

Notes: The figure illustrates a simplified multimodal transport network. Nodes without primes
are located on the primary road network, while nodes with primes are located on the secondary
multimodal network. Each link is associated with an (iceberg) transport cost. The mode-specific
transport cost of each link on either the primary or secondary network is given by ¢. The existence
of links between nodes on both networks allows for switching between the networks—intermodal
terminals (e.g. k and k' on the primary and secondary network respectively). The switching
cost of going through these intermodal terminals is s.

3.1.2 Consumption, Production and Trade

A representative agent lives in location j, supplies her unit endowment of labor inelastically,
earns a wage rate w;, and purchases quantities of a continuum of consumption goods, v € [0, 1].
She is endowed with constant elasticity of substitution (CES) preferences where the elasticity of

substitution is given by ¢ > 0. Her preferences are given by,

o

oo T
U= {Yar o)
v
where U; aggregates the quantities produced from all other locations 7. Furthermore, we define
aggregate income as Y, the total labor endowment as L, and average per capita income as the
numeraire, i.e. YWV /L = 1.

Each location 7 produces each good v € [0, 1] subject to a constant returns to scale technology
and transports it to each destination j along each of the feasible routes r € R}j URZZ’?. The set of
feasible routes combines unimodal and multimodal routes that connect locations on the primary
network. Each shipment is subject to idiosyncratic productivity shocks, capturing uncertainties

that may affect production as well as bilateral and route-specific transportation.” We assume

5Using bill of lading data for containerized imports combined with AIS vessel movement data, Ganapati, Wong
and Ziv (2021) finds substantial variation in international ocean shipping routes between the United States and

13



perfect competition which implies that the price of good v in destination j from origin ¢ along

route r is given by

where the marginal cost of production in 7 is Z—i, local wages are w;, and each worker can produce
A, units of goods. Trade cost is route-specific 7;; () and multiplicative over all links along route
r. In this context, it is assumed that individuals choose the good with the lowest price, i.e. they
choose the cheapest location-route combination. Following Eaton and Kortum (2002), we assume
that ¢;;, (v) is iid Fréchet distributed across routes and goods with scale parameter 1/A4;, where
A; captures origin-specific efficiency (the same A; as earlier) and shape parameter 6 regulates
the inverse of shock dispersion. Given the preference shocks, the probability that j purchases a

good from 7 using route r is given by,°

-0 K ,_
(ws/A) ™" (T 62,1,
—0 K ,-
Zke}\/ (wr/A) ZT’GR}chRi’f Hz:1 trge

/
_1:7

Tijr =

The expected transport cost from origin ¢ to destination j over the multimodal transportation

network 7;; is then given by,

Tij = / Ty (V)dr = /Tij’T(V)dT—f— / Ty (V)dr

1 1,2 1 1,2
RijUR; Rij Ri;

i (1)

01 K 0 K
=1 ( 0 ) Z tr;c—l’r;c + Z tr;e—l’r;c
-1 1

T’ER}]- k= r’eR}*? k=
N N J

- J/

TV TV
Paths on road network Paths on multimodal network

where we are able to write the expected transport cost as the sum of the paths on the road and
multimodal network because both of these sets of paths are made up of completely separable

sets. Notice that this implies transport mode shares that are a function of the agent’s route

each trading partner—providing empirical verification for this assumption. In the context of the transportation
literature, this assumption leads to the Stochastic User Equilibrium (cp. Boyles, Lownes and Unnikrishnan (2021)
for an exposition), where it is argued that instead of having perfect knowledge of the travel time across the whole
network, agents might have imperfect knowledge and might therefore deviate from the least cost travel path.
Stochastic deviations then reflect perceptions errors about travel cost rather than productivity or transport cost
shocks.

6See detailed derivations in Appendix A.1.
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choice. Specifically, we can define the share of goods transported over each mode as follows,

—0 K _ —0 K _
- <wl/A2) ZT’ER}C]- ( =1 t7‘£1ﬂ"1> 12 <wZ/Al) ZWGR}C’J.? ( =1 tTil,h)
T we/Ay) Y 5 S (/A "> st
keN \Wk/ Sk rert ury? Lli=1 % keN \Wk/ 3k rer URy? Lli=1 %,y

where w}j describes the probability that a good that is sourced from origin 7 and shipped to
destination j travels along the primary network only, while 7Ti2j describes the probability that the
good travels along the secondary multimodal network. This allows us to derive the trade flows

from 7 to 7 in terms of the amount of trade along the primary and secondary network, as follows:

() A () A
Sren T (/AT N i (/A

where F; is the total expenditure at location j, and the unimodal and multimodal transports

— 1 2

(3

(2)

expected transports can be defined as follows,

S

K % K
Ay (H) oy (H)

r'eRy; =1 TRt =L

We then combine the uni- and multi-modal transport costs resulting in overall transport costs

(r) ™ = () "+ (7) (3)

which implies that the transportation cost is additively separable between the uni- and multi-
modal transport cost. This setup extends the model in Allen and Arkolakis (2022) to allow for
a tractable description of mode choice. Mode choice in this setting simply arises because it is
implied by route choice. As in the original paper, the individual still chooses both a location and
route to source each good. However, since routes can now be either unimodal (i.e. only relying
on the primary network) or multimodal (i.e. tracing a path on both the primary and secondary
network), a route choice now also implies a transport mode choice. As we will show below, this
modeling choice retains the tractability of the problem, but allows us to consider considerably
more complex and realistic transportation settings where agents choose between multiple modes

subject to switching costs.”

"One drawback of the current setting is that the trade, route and mode choice elasticity are all pinned down by
the dispersion parameter, 6. In principle, this can be relaxed by introducing a nested choice and we are currently
working on such an extension.
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3.2 Market Access, Gravity and Equilibrium

Before defining and deriving the equilibrium conditions, we reformulate the expression for bilat-
eral trade flows (5) using market access terms (Anderson and van Wincoop, 2003; Redding and
Venables, 2004). We follow the standard procedure and impose firstly, that good markets clear,
i.e. total income in a location, Y;, is equal to its total sales, and secondly, that trade is balanced,
i.e. total expenditure, F;, is equal to total expenditures in each location: is equal to its total

purchases:

This allows us to rewrite the gravity equation using market access terms, i.e.

Y, B, a0
- X—,‘F(Ti’) X
HAQ F)j@ J

1

Y, E
e~ p
2 J

(]

XU = (7_1)—9 X

(5)

where the first term represents good flows on the primary network and the second term represents
flows utilizing a multimodal path. Furthermore, the producer and consumer price index are given

respectively by,

S

o+

i
S

1
N ~ 9 N -
I = <Z %ijPf) = ALY, T, P= (Z nﬁmf> (6)
i=1

To derive the equilibrium conditions, we impose welfare equalization, i.e. W; = %uj (Allen
J
and Arkolakis, 2014) and assume localized productivity (A;) and amenity spillovers (u;) that
depend on the density of workers in a locality, i.e.

A; = ALY, u; = ﬂz‘Liﬁ (7)
where A; is exogenous component of productivity at location i and a determines the extent
to which productivity is affected by the local population L; (productivity spillovers), @; is the
exogenous utility derived from living in location i and 3 governs the extent to which amenities
are affected by the location population (amenity spillovers).

To obtain the equilibrium conditions we impose balanced trade, welfare equalization, and we

combine the parameterization of the local spillovers (7), the expression for trade flows (5) and

the market clearing conditions (4). We then obtain the equilibrium condition:
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where we have written the equilibrium condition in terms of shares of world income in location
1, Y = }}/—JV, and shares of total labor in location i, [; = LL—W Furthermore, y = (L(—‘;VJF—/D)))H is an
endogenous scalar that is inversely related to the global welfare of the spatial economy.® The
equilibrium system is identical to the one in Allen and Arkolakis (2022), but distinguishes between
trade on the primary and secondary transportation system. Specifically, given the fundamentals
{fli, u;, Tij}, the system of 2V equations can be solved for the 2N endogenous equilibrium values,
{yi,l;}. Transportation cost is endogenous and depends on the agent’s routing choice which itself

depends on the underlying multimodal transportation network.

3.3 Multimodal Routing and Congestion

In this subsection we incorporate multimodal routing in a tractable manner into the spatial
equilibrium. To do so we proceed in three steps. In the next subsection 3.3.1 we use the
properties of partitioned matrices to obtain a tractable description of the transport cost on the
multimodal network. In the following subsection 3.3.2, we characterize the traffic on the primary
network, before turning towards traffic on the secondary network, and then specifying traffic at
terminal stations. In the final subsection 3.3.4, we characterize the equilibrium in terms of traffic

along the primary and secondary network.

3.3.1 Multimodal Routing and Transportation Cost

In the previous section, we outlined a route choice problem on a high-dimensional partitioned
multimodal graph. In this subsection we use results from matrix algebra to derive an analyti-
cally convenient characterization of the resulting transportation cost in terms of the underlying
adjacency matrices.” By explicitly enumerating all possible routes, equation (1) can be written

in matrix notation as follows:

8See Online Appendix B.1 for detailed derivations.

90ur characterization is consistent with, but extends the analysis in Fan and Luo (2020) by exploiting the
partitioned structure of the aggregate infrastructure matrix to find closed-form expressions for the flows on the
separate parts of the network. In Online Appendix B.3 we provide a more explicit comparison.
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where Ay = [a;;] = [t;je] is the N! x N' adjacency matrix for the primary transportation
network, Ag = [ay;] = [ti_,;)/} is the N? x N? adjacency matrix for the secondary transportation
network, and S = [s;#] is the diagonal matrix that represents linkages between the primary

and secondary transportation network. The first term in equation (10) summarizes paths that
originate on the primary road network at location ¢ and involve an arbitrary number of switches
between the primary and secondary network, while the final term summarizes path that utilize
the road network to reach the final destination j. These first and last terms capture the well
known first and last mile problem where the dense primary network is being used to achieve final
delivery in freight transportation (Rodrigue, 2020; Ranieri et al., 2018).

As long as the spectral radius of A; and A, is less than one (Jorgenson, Bear and Wagner,

1962; Bell, 1995), the geometric sum can be expressed as:

Y AF=(1-A)"'=B Y Af=(1-A,)'=C (11)
K=0 K=0
We can furthermore define the matrix that adjusts the transport cost along the secondary trans-

portation network for switching costs,

D=S (i A§<> s’ (12)

K=0

Applying these definitions to equation (10), we can simplify the expression and obtain,

;0 = (( 3 (BD)K> B) (13)

which can be more succinctly represented by invoking the recursive formula for the inverse of a

sum of matrices®

i (BD)*B=(B!'—-D)'=E (14)

0et A and B be conformable square matrices, then an application of the Sherman—Morrison-Woodbury (Horn
and Johnson, 2012) formula implies,

(A-B)'=A"1'+A'B(A-B)!
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where E = [e;;] is the inverse of the Schur complement of the partitioned infrastructure matrix.'*

We can therefore write,

Tij = €4;

S

(16)

Equation (16) directly relates the expected transportation cost that arises from the least-cost
route choice problem to the underlying transport infrastructure. Specifically, it provides an
analytical relationship between the primary, secondary, and switching cost matrix to the expected
bilateral transportation cost, {Tij}m. ca2> connecting all locations on the primary network.'?
While equation (16) is analytically convenient for us, particularly in terms of deriving a
tractable expression of the general equilibrium equation in terms of primary and secondary traffic
(see below), it is not directly interpretable. Applying the formula for the inverse of the partitioned
matrix directly to the matrix that represents the multimodal transport infrastructure'® gives a

more intuitive representation of the overall transportation cost, i.e.

7' =[B+BS(I-Q)/1-A;)) ' SB]

ij
= () )

where (I-€)/(I — A;) = (I—Az)—SBS’ defines the Schur complement of the matrix (I — Ag)

! (17)

in (I —€2). The expression intuitively decomposes the overall transport cost that arises from the

which has a recursive structure where we can solve for a geometric sum expression,

(A-B)' = i (A~'B)"A"!

HMore precisely (16) represents the expected transportation cost as the Schur complement of the identity minus
the adjacency matrix of the secondary infrastructure network in the partitioned aggregate infrastructure matrix,
i.e.

E=(B'-D) ' =(1-Q)/(I-A,) (15)

where (I —€2)/ (I — Ay) is defined as the Schur complement of the matrix (I — Ag) in (I — ).
12\While we have presented the problem with agents residing on the primary network, in principle similar
calculations would allow us to obtain the transportation cost from and to locations on the secondary network.
13We can construct a block matrix that represents the overall adjacency matrix of the multimodal network by
arranging the adjacency matrix of the primary and secondary network on the block diagonal and by incorporating
switching points between primary and secondary network by positioning the S matrix on the off-diagonal block,

ie.
A S
o=| 1
S A,
where as above Ay = [a;;] = [tfje] is the N' x N' adjacency matrix for the primary transportation network,
As =layj] = {t;,?,] is the N2 x N? adjacency matrix for the secondary transportation network, and S = [s;i/] is

the diagonal matrix that represents linkages between the primary and secondary transportation network. We can
obtain equation (17) by applying the formula for the inverse of a partitioned matrix (Horn and Johnson, 2012)
to the matrix (I — ).

19



least cost routing choice into two distinct terms that mirror the decomposition in equation (3).
The first term, B;; = (T}A)fa, summarizes the universe of unimodal paths and therefore simply
reflects the travel cost that would arise if the agent only considered the primary network as in

Allen and Arkolakis (2022). The second term, (BS (€/(I — Ay))7! S’B)Z.j = (7_;]}2)76 traces out
the additional multimodal paths that originate and terminate on the primary network but per-
colate through the secondary network. The expression calculates the cost of transitioning at any
feasible point to the secondary network then routing along the secondary network and possibly
transitioning back and forth between primary and secondary network and finally transitioning
back to the primary network to terminate the trip in a specific location. The transitioning
between secondary and primary network is embodied in the Schur complement.!* The overall
transport cost is then lowered by having the additional option of utilizing the secondary trans-
portation network. The extent to which this is possible depends on the feasible set of routes
and is determined by both (1) the extent to which the topology of the primary network allows
access of the secondary network - characterized by the adjacency matrix A; and the availability
of switching terminals as given by S and (2) by the topology of the secondary network - charac-
terized by the adjacency matrix As. In the extreme case where between location ¢ and j there

are no possible routes along the secondary network, then the formula gives exactly the same

transport cost as in Allen and Arkolakis (2022).

3.3.2 Modal Traffic Flows

We proceed by deriving the implied traffic flow along different parts of the network. In this
subsection we will re-iterate the derivation of the traffic on the primary network as in Allen
and Arkolakis (2022) before then turning towards novel results, i.e. the traffic on the secondary
network and the traffic at terminal stations. The purpose of deriving these objects is to introduce
traffic and congestion in the equilibrium conditions (8) and (9). Specifically, we will be interested

in introducing switching costs that depend on the throughput at any given terminal, thus creating

14Tf switching costs are sufficiently costly to make routes with multiple switches between the first and secondary
transportation network prohibitively costly, then this expression can be simplified and we can replace the Schur
complement with the transportation cost on the secondary network, and equation (17) becomes,

7l = [B L BSI—Ay)" s’B]

B -0
= (733) ¥ <Ti1j’2)

where now the multimodal transport cost simply depends on the access to the secondary transport network and
expected transport cost along the secondary transport network.

K (18)
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bottlenecks in the multimodal transportation system.

Traffic on the Primary Network. We begin by characterizing the traffic on the primary
network.!> We follow AA2022 and characterize the number of times a link (k,1) is used in trade
between (i, 7), ijl, which we refer to as link intensity. To obtain the link intensity we construct
the probability that a route i to j is used and the number of times that a route passes through

a particular link (k,[) and sum over all possible routes across the network. We obtain,

okl = }: Tij,r nk 4+ 2: Tij,r nkl
T - T T
! ZT’E’RI URL2 Tig,r! Zr'eRl uRL2 Tig,r!
ij = Vg ’ rERL’-Q ij 2 Vg ’

reRzlj

Compared to the original paper we can distinguish between traffic on the primary network that
arises due to unimodal and multimodal routes. Since multimodal routes utilize a combination
of links both on the primary and secondary network, they also generate traffic on the primary

network which needs to be accounted for. Using some matrix manipulation we obtain the same

0
Kl Tij
A Y 19
i (Tiktlez‘j> (19)

where 7;; is the expected transportation cost across the multimodal transport system as defined

expression as AA2022,

in (16). We can then use these derivations to characterize traffic on the primary network,

Sk = Z Z Z Tijenn By = Z Z 4 Xij, (20)

ieN jeN r/eR}juR}f ieN jeN

Combining the market access (5) and the link intensity expression (19) allows us to derive the

expression for equilibrium traffic,
En =t x P x I1° (21)

Equation (21) is a gravity equation for traffic on the primary network. The expression connects
traffic flows to inward, P_ 9 and outward market access measures, HZ’G. Both market access

measures depend on the transportation cost across the multimodal transport network.

5Detailed derivations for traffic on the primary and secondary network as well as traffic at terminal stations
is given in Appendix A.3.
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Traffic on the Secondary Network. We proceed by characterizing the traffic on the sec-
ondary transport network. We define Wf;l/ as the link intensity of a link £'l” on the secondary

transportation network, which is given by,

" Tij.r 11
ijl = Z (Z ] )nfl (22)

/ 1 1,2 7T’L' ',r/
re’R}f re€R;UR;; J
which can be written using matrix algebra as,

[%
2l 7—
() 23)
TikeSkk! Tk SUITLj

The difference between (19) compared to (23) consists in tracing out the importance of linkages

along the secondary network relative to the overall average transport cost between ¢ and j. It
is important to note that this not only depends on the transportation cost along the secondary
network between &’ and I, but also on the switching cost to the secondary network at node k and

[. Using this expression for link intensity we can characterize traffic on the secondary transport

=2 =Y % g =3 K
Sy = T Ty Ej = 7Tij Xw‘,

ieN jeNTGR;? ieEN jeN

infrastructure, i.e.

Combining the market access (5) and the link intensity expression (23) allows us to derive the

expression for equilibrium traffic on the secondary transportation network,
=2 _ —0_—0_—0 -6 -6
St = S Trr Sy X B < 7, (24)

Equation (24) is the natural counterpart to equation (21) for the secondary network. It also
reflects a gravity equation and connects traffic flows to market access measures. Crucially, bilat-
eral traffic here depends on the transportation cost on the secondary network and the switching

costs incurred when transitioning from the primary to the secondary network.

Traffic at Terminals. Finally, we turn towards characterizing traffic at terminals where
switches between the primary and secondary network occur. Since a terminal is represented
by a link on the partitioned graph, we can simply follow the same steps as before. For the link

intensity between a node on the primary network k& and a node on the secondary network &',
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kK’

T, 1s as follows:

’ Tij.r ’
ﬂ_f;jk = § J ’I’Ll:k
Zr’e’Rllj UR,? Tig,r!

1,2
TERU

With some matrix calculus we obtain,

0
/ Tij
b (_a) (25)
Tik’skk’Tk’j

We can characterize equilibrium flows,

Ekk’ = Z Z Z ﬂij’rnfklEj = Z WZ-IC/XU, (26)

ieEN jeN reRif ieN jeN

Combining with the market access gravity equation, we obtain,

B = (swv) " X PO x Y maps T, (27)

B = (swr) " X T0 X Y mols B, (28)
l

Equations (27) and (28) differ slightly to the previous traffic equations in that they feature an
additional summation term. This summation term is a higher order market access term that
reflects the fact that in- and outgoing traffic at a terminal depends on the sum of traffic that
is generated by nodes that can be reached via that terminal along the secondary network. This
higher order market access term is also a natural measure of the centrality of the terminals in
terms of connecting primary and secondary network and thus - in a sense - their capacity to
become a bottleneck to the overall transportation network.

Taking stock, equations (21) and (24) characterize traffic on the primary and secondary

network, while (27) and (28) characterize equilibrium traffic at terminals.

3.3.3 Congestion

In a final step before turning towards adjusting the equilibrium equations to reflect traffic, we
incorporate congestion on the primary network and at terminal stations.!'® The motivation and

parameterization for congestion on the primary network follows Allen and Arkolakis (2022). We

16While in principle it is possible to extend the framework to allow for congestion on the secondary network, in
this current iteration we only incorporate congestion on the primary network and at terminal stations. The intro-
duction of an additional margin of congestion on the secondary network would substantially reduce tractability.
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assume that the direct cost of traveling over a particular link on the primary network depends

on the amount of traffic that travels through that link. Specifically, we assume,
_ —1 \ A1
ler =t (:kl) ; (29)

where )\; determines the strength of congestion on the primary network, and T = [f] is the
infrastructure network for the primary network and Zj, represents the traffic on the primary
network. Intuitively, as long as A; > 0, this expression increase transport cost as traffic on a link
increases. While somewhat different to the more commonly used Bureau of Public Roads (BPR)
function (Boyles, Lownes and Unnikrishnan, 2021), it is both analytically convenient and can
be micro-founded in a simple model where transportation costs are log-linear in travel time and
speed is a log-linear function of traffic congestion as shown in Allen and Arkolakis (2022). This
expression allows us to derive equilibrium traffic flows in terms of the fundamental transport cost

of each edge. First note, that transport cost is now a function of the market access terms, i.e.

1 2 RS
_ Fitexy 1+6X1 T+6X1
tr = tkl X Pk X Hl

Y

Combining this with the expression for equilibrium traffic flows on the primary network (21), we

obtain,
0

=k = E,;;% X P,;ﬁ x I, 77 (30)
where now overall traffic depends on the inward and outward market access terms, the funda-
mental transport capacity of each link, as well as the strength of the congestion externality,
A1. Intuitively, as better market access improves traffic flow on each link this also increases
congestion. Therefore the impact taking congestion into account is somewhat muted.

Secondly, we introduce congestion at terminals. We assume that the direct cost of transiting

through a terminal depends on the overall traffic at the terminal, i.e.
_ —92 A2
Skk! = Skk/ (Zkk/) ) (31)

_ —2 \\
Sk'k = Sk'k (Zi/k) ’ ) (32)

where )\, determines the strength of congestion at terminals, and S = [y is the switching ma-
trix that connects primary and secondary network and Z%,, represents the traffic at the terminal

location that is transitioning from the primary to the secondary network, and =%, represents
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the traffic that is transitioning from the secondary to the primary network. The first equation
determines the transport cost of traffic from the primary to the secondary network, while, sym-
metrically, the second equation determines the transportation cost for routes that at location
k transition from the secondary to the primary network. Intuitively, as long as Ay > 0, this
expression increases transportation cost as traffic at the terminal location increases.

Combining both (31) and (32) with the expression for equilibrium traffic at terminal stations,

(28) and (27), we obtain the expression for equilibrium switching costs at terminals, i.e.

__22
T+6Xg

1+9A 1+9>\ —6
Sk'k = Sk'k‘ 2 >< 2 ( g Tk’l’sl’l P ) (33)

Ao
1 _ g JREE2Y
= +0A 1+6X 2 : —0 —0171—0
Skk/ — Skk/ 2 X pk 2 X Tk/l/sl/l Hl (34)
l

which implies equilibrium traffic flows on the secondary transportation network, given by,

0Xg 2y
0 T I+ 0 EREN2Y
—_ T 150N, 1+€)\ 0 — T 150N 1+0)\ —0 —
“kl =Sy ’ E :Tk’l’sl’l H XSyt ’ E :Tl’ks’sk’kH X Ty
(35)
as well as equilibrium traffic flows at terminals, i.e.
142029
14+6Xo
_ HT 9 § : —0
‘—‘kk’ - Skk’ 2 ERE2 Tk’l’sl’l H (36)
142679

0 14+6Xo
— 1+9)\ 1+9)\
=2 = = 5., 2 x II, 2 E Tk,l,Sl, (37)

Taking stock, (30) develops the traffic that arises once congestion on the primary network is
taken into account, while (35), (37) and (36) characterizes traffic on the secondary network
and at terminal stations once congestion costs at terminals are taken into account. Traffic is
generally increasing in market access which is properly to be understood as market access across
the primary and secondary transportation network. Terminals can become important bottlenecks
and congestion at terminals can lower the attractiveness of multimodal paths and thus traffic on

the secondary network, as is apparent by equation (35). Changes in switching costs therefore

81nEil _ 8
81n§kk’ - 14+0Xo

imply modal substitution and the elasticity is given by where the net effect is

determined by the counter-acting forces of congestion (\y) relative to the strength of route (and
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therefore modal) substitution (0).

3.3.4 General Equilibrium with Road and Rail Traffic

In a final step, we re-consider the equilibrium equations (8) and (9) which pin down income,
welfare and labor densities as a function of the transportation cost. Our framework determines
transportation cost endogenously as a function of the routing (and therefore mode choice) of
the agent, subject to congestion forces along the primary network and at terminal stations.
In this section we combine the equilibrium condition with the expression for the endogenous
transportation cost (16) and perform a matrix inversion to obtain the equilibrium in terms of

primary and secondary traffic'”. This matrix inversion gives the following equations:'®

1+0X1+0 —0(1+a+6X{(a+p)) 0o 1+6X1+60 6(8—1)
1+6X11 l 1+6Xx o A — 1+6Xx1 l1+9)\1
i ~ = XA U y; i
S T T\ — 10 ‘913-2& *_1+ZA lrgg —Gl(igf)
[EN7DY .. 1 14+6X1 o 1 1 1 1
XY (1 L) Al AL Ty (38)

J
28 0Ny

_ —p,—0(B-1)
E : 0 10 1+0 0(1+a) 70 100, TH0x
+ S“ Tl’]’sj/]A lj Az lz y

7

_0-Xy) 0(1—B—0X;(atp)) 00 _00-Xx) O(atl)
1F6X; e o 10 — 1F6x; 7 1460
Z. l. = A%y, L,
28 N 0 _g-%M 0 0 6(1-8) _ _ @
150N, _“_ 1\~ 1+6XN; 1+9)\1 —0 — 1+9)\1 1+6X1 1+0Xq
+ x M E (tﬂL ) LA, u;u; ¥ Y, (39)
J
22 OX1(146)
le l 0(1"’0‘)14-9&1 11—(%1
+ ]j z’Szzu y] Y

Equations (38) and (39) describe the equilibrium distribution of economic activity as function
of the underlying {y;,[;} as a function of the model parameters, {a,,6,\}, geography and
underlying {f_l,-, ﬂi}, as well as the fundamental transportation infrastructure, i.e. the primary
transport network, T = [f4], the terminal transport network connecting primary and secondary
network, S = [gkk/}, as well as the secondary transport network T = [ty].

While the introduction of multimodal transportation on a segmented transportation system
introduced added conceptual complexity to the problem, the equilibrium system remains as

tractable as the system presented in Allen and Arkolakis (2022). Specifically, the convenience

"Detailed derivations in Appendix A.4

8For simplicity we do not yet substitute at this point for how switching costs depend on traffic at terminal
locations as mirrored by equations (28) and (27). We will do so in the next step when deriving the counterfactual
equilibrium.
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of the additive separability of the inverse of a partitioned matrix allows us to derive a similar
equilibrium system as the original one, with the only alteration being an added summation term
in each equation that traces out the spatial variation in access to the secondary transport system.
The spatial distribution of economic activity is then jointly determined by the topography of the

primary and secondary transport system.

3.4 Counterfactuals

To evaluate the welfare impact of infrastructure investments along either the primary, secondary

network or terminal locations in a setting where agents make complicated routing and mode

choices while also allowing for a rich characterization of congestion across the multimodal trans-

port system as outlined in 3.3.3. To do so we first adjust the equilibrium conditions, (38) and

(39), to reflect the congestion forces outlined above. We then follow Dekle, Eaton and Kortum

(2008) and employ 'Hat Algebra’ to express the equilibrium in terms of changes of the endogenous
7

variables. In the following we denote with hats changes in variables, 4; = %.19 The proposition

below describes the resulting system of equations that determines the counterfactual equilibrium.

Proposition 1 (Counterfactual Equilibrium) Consider an economy in equilibrium with pri-
mary transport network, T = [t], and a terminal transport network connecting primary and
secondary network, S = [Skk/}, as well as the secondary transport network T = [ty]. Consider

any change either in the underlying infrastructure network denoted by fkl, or any change in the

switching cost, Spw. Given observed traffic flows (E}j,E?,j,), economic activity in the geogra-
phy (Yi, E;), and parameters {«, 3,0, 1, Ao, v}, the equilibrium change in economic outcomes

<g}i, lAZ-, )2) is the solution of the following system of equations:

=00 4ator;(atB) 1+0A;+0 E: 1407140 9(B—1)
l T+6X Q 1+6x] )A( i ?3 T+6X] Z1+9A1
7 7 - —1 —2 7 %

E; + Zj —ij + Zj —ij
2 Hzly 2 1+§)\ _19453:1) 1?9&
+ >“<1+9>\1 t 1l 1 g 1
L\ErsE 5 ’
2
267, 07 (A1 —A2)

1\ GF0r)A+0x3) =2 6, =Z0(atl) _0+1
=, 9)\ ~—027 TH0xy ] 1400y ~T+0X
_A'_X1+9)\2 (ylﬁ ) 1 2 } : E+Z ~1]+Z - + 27—Zj98]j+ 2l + 2y]+ 2
- i j =i 3 =i
J J

_ 9 _ O
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= /l/ b l a1 n il —0 14622 ’l’ A_o lﬂ 1 —0 14622
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Detailed derivations are provided in Online Appendix C.1
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Proposition (1) indicates that given observed traffic flows on the primary network, bilateral

20 =1 =2
flows on the secondary network®, (Z;;, =5,

/) as well as knowledge of the model parameters,
{a, 5,0, A1, A2, v}, we can employ the model to evaluate infrastructure improvements along the
primary network or at terminal stations, thus improving the connectedness of the primary and
secondary transport network. The proposition provides a straightforward extension of equa-
tion (28) and (29) in AA2022. The only difference is the presence of the additional summation
term at the end of each equation, which mirrors the presence and importance of the secondary
transportation system. This adjustments adds a novel channel towards evaluation infrastructure
improvements. In this setting, the impact of improving transportation infrastructure has the
same direct and general equilibrium effect as in AA2022 where route choice is impacted, conges-
tion can be alleviated, input and output markets can adjust and where all this adds up to welfare
gains. In our setting, additionally, we also feature a direct interplay between the primary and sec-
ondary network. Mode-specific infrastructure investments can lead to modal diversion and thus
alleviate congestion on the alternative transport network. The extent to which this might occur
depends on the cross-sectional variation in the access to the secondary transportation system,
which is reflected by variations in the weights on the final term across space.

As a corollary we can also characterize the change in the equilibrium traffic flows along the

primary and secondary transport system.

Corollary 1 Given the equilibrium change in economic outcomes (gji,[i,f(), observed traffic
flows (:U, :fj ), economic actiity in the geography (Y, E;), and parameters {a, 5,0, A\, Ao, v},

the resulting change in the traffic flows can be computed using the following formulae:

20Notice the slight abuse of notation here. While =} refem to the edge-specific traffic along the primary network,
=2 ;+ instead refers to rail flows between 7/ and j' along the secondary network and is therefore not edge-specific.
However, =2, /;» summarizes railroad traffic in the sense that it refers to any flows between i’ and j’ no matter their
origin or destination on the primary network. This is convenient - as we will argue below - since this is the data
moment that is directly observed in the rail traffic data.

28



%) _ 6

)
A~ 1 ~ TLo\. ~ - +
E}cl =X ™ <tkl) T (?)kllfil> e <la+1yz > o (40)

T+ox —2 T I+
=2 a= 1+0>\ —*1+9A 1+0A2 1+9A2 P -0 “k/l’ A —07F =K' ~—0A—0 P
“kl =S S P H Thrpr E —3 Tk’l’sl’l H E , =2 T Su P
4 ‘_'k’l’ I U =K'l
(41)

Corollary 1 allows us to account for the changes in the observed traffic flows. This can be a

convenient tool to analyse the implied environmental impact of infrastructure investments.

3.5 Simulated Example

To illustrate the impact of multimodal transportation, we provide a stylized simulation whose
results are indicated in Figure A.6. We simulate an economy with 25 locations arranged on 5 x
5 grid. All locations are identical and connected via a grid of roads. Furthermore, we also allow
for a secondary transportation system that connects the vertical axes of locations at the center
of the system. Panel (a) presents the initial equilibrium. The coloring of the edges indicates the
traffic intensity both along the primary and the secondary network with darker colors indicating
higher levels of traffic. The coloring of the nodes indicates the population levels going from the
colder towards the warmer part of the color spectrum, with higher levels being indicated by
warmer colors. In panel (b) we increase the intermodal switching cost. The direct effect is that
this decreases the traffic along the vertical axis on the secondary transportation network. It also
decreases the attractiveness of locations with access to the secondary transportation network
with loocations both on the vertical axis and right next to it decreasing their population levels.
There is also modal diversion happening with more traffic flowing along the road routes adjacent

to the vertical axis. Overall, welfare is substantially reduced.

4 From Theory to Data

We now quantify our model so that we can employ it to evaluate the welfare impact of mul-
timodal infrastructure improvements. As in Proposition 1, the counterfactual equilibrium cru-
cially depends on the model parameters, in particular the strength of the congestion forces on
the primary network and at terminals (A;, Ay). While our calibration broadly follows Allen and
Arkolakis (2022) who provide an estimate for the strength of congestion on the primary net-

work, we have introduced a new parameter that pins down congestion at intermodal terminals,
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Ao. In this section we present how the relationship between dwell times at intermodal facilities
and throughput can be used to estimate the strength of congestion and the magnitude of this
parameter. We pin down this parameter in two steps. First, in Subsection 4.1, we examine ship
dwell times and their responsiveness to port traffic. In Subsection 4.2, we then investigate the
impact of port traffic on the multimodal transport network, specifically focusing on dwell times
at local rail stations. The sum of these elasticities inform the overall strength of congestion at
any intermodal facility. Lastly, to motivate the key channel in our model - modal diversion - we
illustrate modal diversion in the context of a large infrastructure investment project that lowered

transportation costs on railroads between Virginia and Chicago, called the Heartland Corridor.

4.1 Estimation of Port Congestion

In this subsection, we measure port congestion by estimating an elasticity of ship dwell time with

respect to port traffic. We estimate the following regression (Column (3), Table 1):

In Ship Dwell Time,,,,, = 81 In Port Trafficpamy + damy + Qspm + €spamy (42)

where Ship Dwell Time is the number of hours ship s spent at port p on day of the week

spdmy
d month m and year y, Port Trafficp4,, is the 28-day moving average amount of port traffic at
port p ending on day d month m and year y, dg4m, is day-month-year fixed effects, and o, is
ship-port-month fixed effects. The key parameter of interest, 31, captures the elasticity of ship
dwell times with respect to port traffic. Standard errors are clustered at the port level.

The day-month-year fixed effects control for aggregate events that affects all ships. The
ship-port-month fixed effects control for fixed and time-varying characteristics at the ship-port
level. Fixed ship-port characteristics include time-invariant comparative advantage differences
for different ports that result in larger ships being received at these ports which mechanically take
longer time to unload, for example ports with deep natural harbors. It also includes fixed ship
characteristics like size and fixed port characteristics like its geography. Time-varying ship-port
characteristics account for potential technology changes over time that ports can undertake that
might affect ship dwell times, for example technology upgrades over time to accommodate larger
ships.

We find that a one percent increase in port traffic results in a statistically significant increase in
ship dwell times by 0.13 percent (Column (3), Table 1). This elasticity is robust to specifications
with ship fixed effects and port-month fixed effects separately (Column (1), Table 1) as well as

30



with ship-port fixed effects and port-month fixed effects separately (Column (2), Table 1). In
order to account for the extraordinary pandemic period, we include an indicator for the pandemic
period (post March 2020) in order to estimate separate elasticities for port congestion. We find
that our pre-March 2020 estimate is within one standard error of the baseline results (Column
(4), Table 1). As expected, our estimate post-March 2020 is slightly higher in magnitude but
not statistically different from the pre-period elasticity. Additionally, the West Coast ports have
a history of port strikes and slowdowns. These events necessarily result in longer dwell times for
ships that are servicing these ports. We exclude all West Coast ports in a robustness check and
find that our estimate, while lower in magnitude, is within one standard error of our baseline
estimate.

The baseline results use a 28-day moving average of total daily net tonnage at the port.
Using a shorter period of the moving average calculation, we find that the elasticity of port
traffic with respect to ship dwell times decreases in magnitude. With a shorter period of moving
average calculation, the ship dwell times respond less to changes to the average tonnage at the
port. Column (1) reproduces our baseline results using the 28-day moving average from Table 1,
Column (2) presents the 21-day moving average, Column (3) presents the 14-day moving average,

and Column (4) presents the 7-day moving average.

4.2 Multimodal Impact of Port Congestion

In this subsection, we study the effect of port congestion on the multimodal network. In partic-
ular, we focus on how port traffic affects the amount of time a rail car spends at t rail station

that is local to that port. We estimate the following regression (Column (2), Table 3):

In Rail Dwell Time,pymy = B2 In Port Traffic,umy + Ywmy + @rpm + Erpumy (43)

where Rail Dwell Time,,; is the average number of hours a rail car spends at a rail station r
that is in the vicinity of port p for week w month m and year y, Port Trafficy,,, is the total
amount of port traffic at port p for week w month m and year y,%* Yy, is week-month-year fixed
effects, and ¢,,,, is week-month-year fixed effects. The key parameter of interest, 35, captures
the elasticity of rail dwell times with respect to port traffic. Standard errors are clustered at the

port level.

21This measure, as mentioned from the previous subsection, is at the daily level. In order to match the rail
dwell time dataset, we aggregate it up to the weekly level. We start our week on a Monday since we observe in
our data that most ships tend to enter a port on Mondays.
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Table. 1. Elasticity of Port Traffic with respect to Ship Dwell Times
(1) 2) (3) (4) (5)

Port Traffic 0.129 0.123 0.133 0.111
(0.0404) (0.0394) (0.0401) (0.0390)

Port Traffic x Before Mar 2020 0.131

(0.0421)
Port Traffic x After Mar 2020 0.137

(0.0418)
Day-Month-Year FE v v v v v
Ship-Port-Month FE v v v
Port-Month FE v v
Ship-Port FE v
Ship FE v
Without West Coast Ports v
Observations 59551 59551 59551 59551 44920
R? 0.65 0.73 0.81 0.81 0.72
F 10.23 9.76 10.94 5.70 8.17

Notes: Robust standard errors in parentheses are clustered by port. All variables are in logs.
Port traffic is the 28-day moving average of total daily net tonnage at the port. Weighted by
ship net tonnage.

The week-month-year fixed effects control for aggregate events that affects all rail stations.
The rail-port-month fixed effects control for fixed and time-varying characteristics at the rail-port
level. Fixed rail-port characteristics include time-invariant comparative advantage differences
across ports that result in larger capacity trains servicing the rail stations close to these ports
which mechanically take longer time to unload. It also includes fixed rail station characteristics
and fixed port characteristics that take into account their geography. Time-varying rail-port
characteristics account for potential technology changes over time that ports can undertake that
might affect rail station dwell times.

We find that a one percent increase in port traffic results in a statistically significant increase
in rail dwell times by 0.03 percent (Column (2), Table 3). This elasticity is robust to specifications
with rail station fixed effects and port-month fixed effects separately (Column (1), Table 3). As
mentioned previously, the West Coast ports have a history of port strikes and slowdowns. These
events necessarily result in longer dwell times for ships and these delays can potentially also
spillover to the multimodal network and increase dwell times at rail stations. We exclude all
West Coast ports in a robustness check and find that our estimate is within one standard error

of our baseline estimate (Column (3), Table 3). Additionally, we match local railroads to ports
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Table. 2. Elasticity of Port Traffic with respect to Ship Dwell Times

(1) (2) 3) (4)

Port Traffic 0.133 0.105 0.0911  0.0373
(0.0401) (0.0322) (0.0253) (0.0177)
Day-Month-Year FE v v v v
Ship-Port-Month FE v v v v
Moving Average (Days) 28 21 14 7
Observations 59551 59551 59549 59520
R? 0.81 0.81 0.81 0.81
F 10.94 10.71 12.97 4.45

Notes: Robust standard errors in parentheses are clustered by port. All variables are in logs.
Column (1) estimates the elasticity using the 28-day moving average of total daily net tonnage at
the port and is replicated from the baseline results in Column (3) Table 1. Column (2) presents
the 21-day moving average, Column (3) presents the 14-day moving average, and Column (4)
presents the 7-day moving average. Weighted by ship net tonnage.

by extending the port area in our dataset. The buffer area we used in our baseline result is 150km
which captures 7 ports and 12 rail stations. As a robustness check, we extend the buffer area
around the ports to 200km which captures 8 ports and 14 rail stations. We find that our estimate
is within one standard error of our baseline estimate (Column (4), Table 3). The magnitude of
this estimate is smaller, due to the impact of port traffic being more muted on rail stations
that are further away. Subsequent increases to the buffer area correspondingly result in even
smaller estimates. In order to account for the extraordinary pandemic period, we again include
an indicator for the pandemic period (post March 2020). We find that our pre-March 2020 is
within one standard error of the baseline results (Column (5), Table 3). Again as expected, our

post-March 2020 estimate is higher in magnitude.

4.3 Railroad Infrastructure Improvement: Heartland Corridor

In order to illustrate the main channel of our model, i.e. modal diversion, we present preliminary
empirical evidence on the impact of a large infrastructure improvement that is mode-specific
on US regional rail traffic flows. The Heartland Corridor is a $150 million infrastructure plan
to increase capacity of rail lines by increasing height clearance in tunnels/bridges to allow for
double-stack intermodal trains. This new route saves double-stack trains 230 miles (up to 2 days)
between Norfolk & Chicago (Board, National Academies of Sciences and Medicine, 2017).

Using waybill rail data, we estimate the evolution of rail shipment flows as a result of Heart-
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Table. 3. Elasticity of Rail Dwell Times with respect to Port Traffic

(1) 2) (3) (4) (5)
Total Port Traffic 0.0267 00268  0.0273  0.0245
(0.00517)  (0.00518) (0.00662) (0.00641)

Total Port Traffic x Before Mar 2020 0.0258
(0.00886)

Total Port Traffic x After Mar 2020 0.0305
(0.0134)

Port Buffer Area 150km 150km 150km 200km 150km

Week-Month-Year FE v v v v v

Rail Station-Port-Month FE v v v v

Port-Month FE v

Rail Station FE v

Without West Coast Ports v

Observations 4087 4087 3361 4813 4087

R? 0.81 0.81 0.81 0.81 0.81

F 26.79 26.87 17.01 14.65 23.10

Notes: Robust standard errors in parentheses are clustered by port. All variables are in logs.
Local railroads are determined by a 150km buffer area around the ports.

land Corridor:
2014

Yoar = Z B ADygly + Aot + 044 + Distanceog + €oar
#/=2001\2007

where Y, is the trade flows from origin o to destination d at year t, AD,4 is change in log shortest
rail distance between o and d before and after the Corridor, indicator 1, equals one for year ¢/, A\,
is origin-year-level fixed effects, 04 is destination-year fixed effects, and Distance,q is the distance
between origin and destination. The key parameter of interest, f;, is the cumulative Heartland
Corridor impact on the trade flows outcome by each year. Corridor construction started in 2007
and is the base year for outcome changes. Preliminary results show that the Heartland Corridor
has resulted in an increase of rail traffic immediately in origin-destination pairs that have been
impacted more after its implementation, after which they accumulate more slowly but continue
to rise (Panel (B), Figure 7).

This large improvement on rail network can potentially have spillover effects onto other modes
of transportation. Utilizing the Commodity Flow Surveys (CFS, Bureau of Transportation Statis-
tics), we present suggestive evidence on the modal diversion effects of the Heartland Corridor
on road traffic. The CFS is published every 5 years and so we utilize the 2002, 2007, 2012, and
2017 volumes. Due to data limitations on earlier CFS volumes, we present goods movement

t.22

between US states via road transpor For each state pair, we calculate their shortest rail

22The 2002 CFS does not publish goods movement data at the CFS area by transport mode level. Instead this
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Figure 7. Impact of Double-Stack Infrastructure Improvement
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Notes: The Heartland Corridor started in 2007 and was completed in 2010. Robust standard errors both Panels
are clustered by origin and destination. Source: Authors’ calculations using confidential rail data from the Surface
Transportation Board.

distance before and after the Corridor. Figure 8 compares the road shipments between pairs
that have a decrease in rail distance due to the Corridor to pairs that do not. Only state pairs
that report non-missing road shipment observations for all 4 CFS volumes are included. Panel
(A) presents the road shipments measured in value while Panel (B) is measured in tons with
both normalized to their 2002 values. We find that for pairs that would potentially benefit from
the Heartland Corridor, the amount of shipments transported by road increased about 40% from
2002 (3.1 billion dollars in 2002 to 4.4 billion dollars in 2012, dashed blue line in Panel (A) Figure
8). Comparatively, pairs that do not have a decrease in their rail distance due to the Corridor
see their road shipments almost double over this period (4 billion dollars in 2002 to 7.8 billion
dollars in 2012, solid blue line in Panel (A) Figure 8). We see similar patterns using the weight
measure—almost no increase in weight shipments for pairs that are impacted between 2002 and
2017 compared to an increase of about 25% for pairs that are not (Panel (B) Figure 8).%
While the CFS also report shipments by multiple modes, this variable has many missing
observations particularly in the earlier volumes.?* We focus on one state pair where we have con-
sistent data for these road and multiple transport shipments—Illinois and Virginia. As mentioned

earlier, the Corridor saves double-stack trains 230 miles between Norfolk & Chicago (Board, Na-

information is only available at the state level.

233.1 million tons in 2002 to 3.2 million tons in 2017 for impacted pairs, 8 million tons in 2002 to 10 million
tons in 2017 for the unimpacted pairs.

24The CFS defines multiple mode shipments as shipments which uses two or more of the following modes of
transportation in addition to parcel delivery/courier/US parcel post shipments: truck, railroad, water, pipeline,
and air. We acknowledge that this is a noisy measure of multiple-mode shipment since we are unable to disag-
gregate this measure further due to lack of observation.
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Figure 8. Comparison of Road Shipments for Locations Impacted by Double-Stack Rail Improvement
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Notes: The Heartland Corridor started in 2007 and was completed in 2010. Source: Authors’ calculations using
Commodity Flow Survey (Bureau of Transportation Statistics).

tional Academies of Sciences and Medicine, 2017). This translates into time savings of up to
2 days. Figure 9 plots the share of shipment between road and multiple modes for Illinois and
Virginia. For both value and weight, we see an increase in shipment via multiple modes over this
time period coupled with a corresponding decrease in road shipment share. These figures present
suggestive evidence on the modal diversion effects of a large-scale infrastructure improvement on

one transport mode.

5 Welfare Impact of Infrastructure Investments in a Multi-

modal Transport Network

We apply our multimodal economic geography framework to evaluate the welfare impact of small
improvements in the operation of intermodal terminals, taking into account both the primary

and secondary transportation network.

5.1 The Welfare Benefit of Investing in Terminals

While previous papers have focused on estimating the welfare effects of improving individual
segments of the US road network, and in particular of the US highway network, less is known
about the welfare impact of improving the degree to which the US multimodal transport net-
work is interconnected. In order to evaluate this, we will use the counterfactual equations of

Proposition (1) to estimate the aggregate welfare impact (W = {~7) of a small (1%) improve-

ment to the switching cost, s;, at each intermodal node across the system. This procedure
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Figure 9. Road and Multiple-Mode Shipments between Illinois and Virginia

.6
.

Share of Value
5
Share of Tons
4
L

o
2002 2007 2012 2017 2002 2007 2012 2017

Road

Road
(a) Value (b) Weight

Notes: The Heartland Corridor started in 2007 and was completed in 2010. Source: Authors’ calculations using
Commodity Flow Survey (Bureau of Transportation Statistics).
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requires three ingredients: (1) As in AA2022, we will need data on road traffic {=},} and income
{Y: = E.}; (2) data on bilateral railroad traffic {Z,,,} and (3) knowledge of the model parameters
{a, 5,0, 1, \2}. In what follows we describe our data sources, data construction and calibration

of key parameters.

5.1.1 Road and Rail Network

We follow AA2022 for the income and road traffic data and refer to their paper for details. In
a nutshell, their procedure proceeds in three steps: First, they create a sparse graph representa-
tion of the underlying road network by collapsing the high-dimensional geo-spatial information
contained in the original shapefiles and only preserving nodes that are either endpoints or inter-
sections. Furthermore, core-based statistical areas (CBSAs) are represented by a singular node
along the network. Their resulting graph consists of 228 nodes and and 704 edges. Second,
they construct a weighted graph by including traffic data. To do so they obtain the average an-
nual daily traffic (AADT) from the the 2012 Highway Performance Monitoring System (HPMS)
dataset by the Federal Highway Administration and allocate it to individual links by construct-
ing a length-weighted average of AADT. Third, they append income and population data to
the graph. Income and population is allocated to individual nodes by summing the population
and reporting the median income of cities within 25 miles of the node. The raw geo-spatial
information is presented in panel (b) in Figure A.2, while panel (b) in Figure A.3 demonstrates
the traffic data and panel (b) in Figure A.5 presents the resulting graph. We augment the infor-

mation regarding the road network by providing additional information on the rail network. We

37



proceed in three steps:

First, we use detailed geo-spatial information from the U.S. Census Bureau’s Topologically
Integrated Geographic Encoding and Referencing (TIGER) Database to construct a graph rep-
resentation of the US intermodal rail network. To do so, we subset the original network to those

% and are compatible with multimodal transporta-

segments that are owned by Class I carriers
tion. We create a sparse graph representation by collapsing the geo-spatial information and only
preserving nodes that are either endpoints or intersections of the network. Crucially, intersec-
tions might also represent terminal stations where a transfer from rail-to-road or road-to-rail is
possible. In order to isolate those nodes, we include information from the National Transporta-
tion Atlas Database (NTAD) maintained by the Department of Transportation (DOT) on the
location of intermodal freight facilities. The raw geo-spatial information for the rail network only
is presented in panel (a) in Figure A.2, while the combined information is presented in panel (a)
in Figure A.5. The resulting graph representation is indicated in panel (b) in the same figure.

Second, we enrich this graph by appending the rail traffic data presented in Section 2.2.3.
In a first step, to illustrate the data we subset to intermodal traffic, and impute the shortest
routes between origin, interchanges and destination. This allows us to assign total tonnage to
individual rail segments along the rail network. The resulting flow map is presented in panel (a)
of Figure A.3. For the counterfactual exercise, we need to obtain information on bilateral flows
along the secondary network, {=%,,}. To calculate these flows from the rail traffic data and match
them against the railroad network, we match the origin and location railroad station against the
nodes in our graph representation of the network and sum total flows for each bilateral origin
destination pair.

Third, we append data on container volumes at the top US ports. In order to do so we
find the closest node to each port on the primary network. The geo-spatial data is obtained
from the US Army Corps of Engineers and the container volumes have been collected from the
Port Performance Freight Statistics Program maintained by the Department of Transportation

(DOT). The data is visualized in a geographic bubble map in Figure A .4.

25Class I railroads are the largest carriers operating on the US railroad system. They were originally in 1992
defined to be those carriers above $ 250m dollars of revenue, a cutoff that has been adjusted for inflation since.
In 2021 the threshold stands at approximately $943m. There are currently seven class I carriers and they make
up the large majority of the domestic rail freight market.
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Figure 10. Welfare Gains
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Notes: The figure visualizes the welfare impact of lowering the transshipment cost in each node
by 1 percent. The larger the dots, the larger the welfare gains. The blue lines indicate the graph
representation of the primary road network. State boundaries are included.

5.1.2 Calibration

In a last step before conducting the counterfactual analysis we discuss our choice of the model
parameters {«, 3,0, A1, \a}. The calibration of the first four parameters follows AA2022. They
in turn follow the literature and in particular the seminal contribution by Ahlfeldt et al. (2015)
in setting 6 = 6.83, « = —0.12 and § = —0.1. They also provide an estimate for A\; by regressing
the observed speed on individual highway segments against a measure of instrumented traffic.
Their implied value for the primary network congestion parameter is A\; = 0.092.

Finally, we leverage our analysis of port and rail station dwell times to inform our calibration
of the strength of congestion at intermodal facility. We follow the transportation literature and
conceive of intermodal facilities as a multi-stage process where - in the case of ports - quay
operations proceed stack crane operations before truck and rail handling operations transition
individual container out of the intermodal facility (Roy, De Koster and Bekker, 2020). Each
step in this operation might be subject to congestion that arises due to capacity constraints and

queues that might be generated. The total congestion elasticity, Ay, is therefore given by the
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Table. 4. Ranking: Welfare Benefit of Investing in Terminal Operations

CBSA_ Name originid Welfare benefit

1 Houston-Sugar Land-Baytown, TX 142 0.0015 287.10
2 Minneapolis-St. Paul-Bloomington, MN-WI 166 0.0013  241.95
3 Chicago-Joliet-Naperville, IL-IN-WI 248 0.0011  205.63
4 Denver-Aurora-Broomfield, CO 82 0.0010 191.97
5 New York-Northern New Jersey-Long Island, NY-NJ-PA 561  0.0009 174.07
6 Philadelphia-Camden-Wilmington, PA-NJ-DE-MD 548  0.0008 147.61
7 Cavalier, ND 118  0.0007  137.90
8 Omaha-Council Bluffs, NE-TA 131 0.0007  125.16
9 Fargo, ND-MN 126 0.0006 112.79
10 Portland-Vancouver-Hillsboro, OR-WA 17 0.0006 110.13

Notes: The table shows the ten terminals where a one percent reduction of the transportation cost
generates the highest benefit. Column (2) indicates the CSBA name of the node. Column (4) indicates
the welfare change in percentage points and finally Column (5) indicates how much US GDP would
need to increase in order to match the overall welfare gain indicated in the previous column. For an
extended version see Table A.1.

composite of the quay side and the rail station congestion. We therefore calibrate the congestion
parameter to the sum of the elasticities presented in Section 4.1 and Section 4.2 respectively.?S

We therefore obtain as the total congestion elasticity, Ay = 1 + B2 = 0.1363.

5.1.3 Results

Given the observed road traffic data, railroad traffic, port traffic’” and calibrated parameters,
we calculate the aggregate welfare elasticity to a 1% reduction in iceberg transportation costs
at terminal nodes, i.e. dlns;z = 0.01. The results are visualized in the map in Figure 10 and
the top 10 highest impact nodes are listed in Table 4. Nodes that are highly central to the
transportation system have the highest impact and represent bottlenecks on the US system. The
implied welfare benefit of alleviating congestion or equivalently lowering transportation cost in
some of the most central nodes could represent a welfare gain equivalent to increasing US GDP

between 200-300 million USD (in 2012 USD).

26While we obtain these elasticities in the context of port operations, conceptually inland intermodal facilities
operate symmetrically and face similar multi-stage processes with sequential queuing dynamics.

27In Online Appendix D.1 we show how the equilibrium conditions can be extended to allow for international
imports and exports at coastal ports.
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6 Conclusion

The movement of goods from origin to destination involves multiple modes of transportation, in-
cluding highways, railroads, oceans, and waterways. Correspondingly, intermodal terminals play
an important role in facilitating how goods are transported over this network. We study multi-
modal transport networks and their impact on the economic and environmental returns to new
technology and infrastructure investments. In particular, we focus on how these outcomes will
depend on the geography of the multimodal transportation network, the placement of intermodal
terminals that allow for switches between modes of transportation, as well as the relative cost of
transportation across modes. By incorporating these features we provide a framework that allows
us to realistically evaluate infrastructure policies taking the complete domestic transportation

network into account.
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Tables and Figures

Figure A.1. US Transport Mode Weight Shares by Distance, 2018
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Notes: This figure plots the observed weight share of cargo transported by different modes
across various distances. Multimodal indicates cargo movement that involves more than one
mode. Source: Freight Analysis Framework, US Department of Transportation, and authors’
calculations.
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Table. A.1. Ranking: Welfare Benefit of Investing in Terminal Operations

CBSA_ Name originid Welfare benefit

1 Houston-Sugar Land-Baytown, TX 142 0.0015 287.10
2 Minneapolis-St. Paul-Bloomington, MN-WI 166 0.0013  241.95
3 Chicago-Joliet-Naperville, IL-IN-WI 248 0.0011  205.63
4 Denver-Aurora-Broomfield, CO 82 0.0010 191.97
5 New York-Northern New Jersey-Long Island, NY-NJ-PA 561  0.0009 174.07
6 Philadelphia-Camden-Wilmington, PA-NJ-DE-MD 548  0.0008 147.61
7 Cavalier, ND 118  0.0007  137.90
8 Omaha-Council Bluffs, NE-TA 131 0.0007  125.16
9 Fargo, ND-MN 126 0.0006 112.79
10 Portland-Vancouver-Hillsboro, OR-WA 17 0.0006 110.13
11 St. Louis, MO-IL 193 0.0005 99.98
12 Sioux Falls, SD 123 0.0005 93.27
13 Los Angeles-Long Beach-Santa Ana, CA 21 0.0004 82.09
14 Green Bay, WI 246  0.0004 74.64
15 Baton Rouge, LA 196  0.0004 66.74
16  Dallas-Fort Worth-Arlington, TX 102 0.0003 64.23
17 Kansas City, MO-KS 148 0.0003 63.54
18  Davenport-Moline-Rock Island, TA-IL 191  0.0003 57.06
19  Evansville, IN-KY 276 0.0003 54.21
20  Memphis, TN-MS-AR 213 0.0003 54.05
21  Cleveland-Elyria-Mentor, OH 382 0.0003 53.87
22 New Castle, PA 419  0.0003 53.52
23  Shreveport-Bossier City, LA 168  0.0003 52.57
24  Charleston, WV 402 0.0003 50.05
25 Indianapolis-Carmel, IN 288 0.0002 47.01
26 Duluth, MN-WI 179 0.0002 46.65
27  Fort Wayne, IN 309  0.0002 46.32
28  Seattle-Tacoma-Bellevue, WA 40  0.0002 46.14
29 Miami-Fort Lauderdale-Pompano Beach, FL 497  0.0002 44.64
30 Cincinnati-Middletown, OH-KY-IN 322 0.0002 43.98

Notes: The table shows the thirty terminals where a one percent reduction of the transportation
cost generates the highest benefit. Column (2) indicates the CSBA name of the node. Column (4)
indicates the welfare change in percentage points and finally Column (5) indicates how much US GDP
would need to increase in order to match the overall welfare gain indicated in the previous column.
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Figure A.2. US Domestic Freight Transport System
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(b) Interstate Highway System (IHS)

Notes: Panel (a) shows Class I railroad network in the US. We obtain the original GIS information from the
U.S. Census Bureau’s Topologically Integrated Geographic Encoding and Referencing (TIGER) Database. We
subset to the segments that are owned by Class I carriers and are compatible with multimodal transport. Panel
(b) shows the interstate highway system (IHS).
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Figure A.3. Traffic along the US Domestic Freight Transport System
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(b) Traffic along the Interstate Highway System (IHS)

Notes: Panel (a) shows the routed traffic along the multimodal Class I railroad network. We use the rail traffic
data described in 2.2.3, subset to intermodal traffic, and impute shortest routes between origin, interchanges and
destination to assign total tonnage to individual rail segments along the multimodal network. Panel (b) presents
the traffic along the graph representation of the interstate highway system, depicting data from the 2012 Highway
Performance Monitoring System (HPMS) dataset by the Federal Highway Administration.
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Figure A.4. International Trade at US Ports
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Notes: The figure presents a geographic bubble chart where ports are represented by a bubble and
the size of the bubble is proportional to the total twenty foot equivalent units (TEUs) that are being
handled by each port. Source: US Army Corps of Engineers, Port Performance Freight Statistics
Program
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Figure A.5. Graph Representation for US Freight Network
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(b) Rail and Road Undirected Graph

Notes: Panel (a) shows the combined US multimodal freight network. We obtain the original GIS informa-
tion from the U.S. Census Bureau’s Topologically Integrated Geographic Encoding and Referencing (TIGER)
Database. The red lines indicate the Class I multimodal railroad network. The blue lines indicate the interstate
highway system (IHS). Black diamonds indicate freight terminals that are owned by Class I operators and allow
for road-to-rail or rail-to-road intermodal movements. The blue circles indicate the top 18 ports. Panel (b)
shows the graph representation of the road (blue) and rail (red) network. Nodes are either population centers or
intersections. Details for the construction of the graph are given in Section 5.1.1.
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Figure A.6. Simulation: A System of Cities with Multimodal Transport
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(a) Low Switching Cost Equilibrium

Switching Cost: 1.400000
Chi: 2.012000

Road emissions: 25.946606
Rail emissicns: 0.850671
Total emissions: 26.897277
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(b) High Switching Cost Equilibrium

Notes: The figures show a simulated economy with 25 cities arranged on a 5 x 5 grid. The cities are connected
via a primary road network on the grid and a secondary rail network on the vertical axis.
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Figure A.7. US Modal Freight Shares
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Notes: This figure shows the US modal freight shares going back to 1980.
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A Appendix: Derivations

This appendix presents derivations for the results in Section 3. Additional derivations are presented in
Online Appendix D.1.

A.1 Section 3.1.2: Route, Mode and Trade Shares

Conditional on the consumer knowing the expected transportation cost across all modes, the consumer
faces a distribution of prices.

Wi Tij,r

Eijr (V)

€ijrm(v) is a random variable drawn from a Frechet distribution with cumulative distribution given

by

pij,rm(y) =

Fz‘jrm(e) = e_TijT(e
Location ¢ presents location nwith a distribution of prices,
WiT
Gijr(p) = Pr(Pyr <p) =1— Fijr <lpm>

-1 e*TijT(wiTij,r)_Gpg

Lowest price will be less than p, unless each source’s price is greater than p. So Gj.(p) = Pr (Pijr < p)
is,

Gijrm(p) =1 — H (1—Gijr(p)
-1_ H e*Tijr(wz‘Tz‘j,r)_Gpe

—1— e_(bijrpe
where,
—0
Q5 = E Tir (w;Tijr)
i

If pni () = p then the probability that ijrm is the lowest cost supplier is:

[I PrlPym=pl= ] [1-Giy]

i Fi ' F£r i FEi,r! £
= H e~ Tigr(wiTij ) ~°p’
i #Eir!£r
_ 6_(2” Ti]’r(wiﬂ'j,r)ig)pe

Probability that country ¢ and route r provides a good at the lowest price in country n is,
[e.9]
Tijr = / H [1 = Gijr] dGijr(p)
0 EZREE TR

_ oo Ty (wij,r) P
N e
0 i Fir! £

A9



Replacing with dGZ‘jr(p) = [Tz‘jr (’U)Z'Tijﬂ«)_e 9p971:| e*TijT(wi"'ij,r)_f’pedp

oo
H T o 0,6
7T1,]7' :/ e T’L]’V‘(sz’LJ,T) p dGZ_]’I’(p)
0 i FEi,r! £

> s )00 _ i )00
— / H e_TZ]T‘(wlT'LJ,'!‘) p |:T‘1]T (wiTij,T) 00p9_1:| e_Tmr(wszj,r) p dp
0 i #Ei,r!Er

o
—0 _T.. [ —0,.0 -
= Tijr (WiTij ) / | | o~ Tigr(wiTijr)~’p [9p9 1} dp
0 @,

79 o 7(2 Ti‘r(win'r)_e)pe 0—1
= Tijr (WiTijr e\ DT, [ep }dp
0
e P

)
9 o0
= Tijr (WiTijr)~ /
0
)

1 0 oo

. i
= Tijr (wiTijr [ e TP }

Dijr 0

0

_ Tijr (wiTij,r)
D

—®4jrp’ [Qpafl} dp

Replacing with @ = >, Tir (’wiTij’r)_e, we obtain,

Tijr (wiTijr) "
Sijr Tigr (witig ) ™"

Tigr —

6
replacing with 7, Z] .= (Hl 1 trt ) ,,]), defining T, = (i) , and distinguishing between unimodal and
multimodal routes,

(wi/Ai)~ (Hz 1t M,)
Shen (wi/AR) " Eprery orr2 it

1171

7[-1;]'77« =
as stated above.

A.2 Section 3.3.1: Multimodal Routing and Transportation Cost

Define the (N7 + N3) x (N1 + N3) matrix A = [aij = ti_je]. Notice that this adjacency matrix forms a
block partitioned matrix, i.e.
A S
A=
S A,

where A1 = [a;;] = {t;ja} is the adjacency matrix for the primary transportation network, Ag = [ai/j/] =

[t;,]e,] is the adjacency matrix for the secondary transportation network, and S = {s h ] is the diagonal

matrix that represents linkages between the primary and secondary transportation network. We can
write 7;; from equation (4) by explicitly summing across all possible routes of all possible lengths. To
do so, we sum across all locations that are traveled through all the possible paths as follows:

00 (N1+N2) (N1+N2) (N1+N2)

Tij = Z Z Z Z Qjky X Qky kg X oo X Ak g kpe_q X Qkge_qj

K=0 ki=1 ka=1 kx_1=1
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explicitly recognizing that this sum across all locations through all possible paths can be partitioned
into unimodal paths on each transportation network and an arbitrary number of switches between
transportation modes, we have,

N N N [e's) 00

-6 __ K —0 —0 K

=2 D 0 ([ DD Al | ks s | D Al
t1=1ta=1 ts=1 K=0 K=0

which in matrix notation can be written as,

E(EA) C(E)*)) (E)

To simplify this expression let us first define the Leontief inverse for each infrastructure matrix
separately, i.e.

> A =(I-A)'=B
K=0
Y AF=(I-Ay)'=cC

K=0
We also define - for convenience - the sandwich matrix that adjusts the transport cost along the

secondary transportation network for switching costs and therefore traces out the option value of having
access to the secondary transportation network,

S <Z A§> S'=D
K=0

From matrix calculus we can restate the following result that relates the inverse of the Schur com-
plement of the partitioned infrastructure matrix to the geometric sum of matrix operations, specifically,

i B'D)*B'=B-D)'=E
K=0

applying this result we can write,

i (T— A (ST—Ay) ') 1—Ay)!
K=0

(I—Ay)—S(I— Ay s’]

—0
i

-1

v

therefore we can write,

Tij = €45

ES

Furthermore, the Woodbury matrix identity (see e.g. Horn and Johnson (2012)) states,

(A+UCV) ' =A'—A'U(C +VAT'U) ' VAT!

All



which implies

' = [ Ay -sa-ay)7s]

[B +BS(A/A;)" S’B} )
ij
= [T A) T+ @A) TS (A/A) TS @AY
ij
where A/A7 := (I— A1) ' —S(A/A;1)"'S defines the Schur complement of the adjacency matrix
A. The expressions corresponds to the expression given in the main text and intuitively decomposes
the transport cost into a component that originates from the unimodal paths and another component
that originates from the multimodal paths. This result can also directly be obtained by applying to

the partitioned matrix A the formula for the inverse of block-partitioned matrices (see e.g. Horn and
Johnson (2012)).

A.3 Section 3.3.2: Modal Traffic Flows

We characterize equilibrium traffic at different nodes of the transportation network. First, we reiterate
the characterization in AA2022 for the primary network in A.3.1. Second, we characterize traffic between
origin and destination nodes on the secondary transportation network in A.3.2. Finally, we characterize
traffic at terminal stations taking congestion at the terminal into account in A.3.3.

A.3.1 Traffic on the Primary Network

To begin, we characertize the expected number of times in which link (k,7) is used in trade between

(4,7), ﬂ'fjl, which we refer to as link intensity. Summing across all routes from ¢ to j the product of the

probability a particular route is used and the number of times that route passes through link (k, 1), n*

(as some routes may use a link more than once:

okl — Z i, nH
i = .. T
ZweR}j UR /2 g’

reRLUR?

Beginning with this equation,
Kl Tig,r kl
T = E ny <

v 2
’ 1 1,2 T !
rejoURl’Z T ERijURij )

ij
(Hl 1 t.’ )
= TI—1,7T1
ijl = E nk!

Z HK t—9 r
reR}juR}f rER;; I=1"T1-1,71

K
kl 0 —0 kl
=15 > (H tn-wz) oy,

reRLUR? N=1

—

For each route in r € Rilj U Rzlj’z , the value H{il t;gl’mnlﬁf is the transportation costs incurred
along the route multiplied by the number of times the routes traverses link{k,(}. To calculate this, we
proceed by summing across all possible traverses that occur on all routes from 7 to j. To do so, note for
any r € Rzlj U Rllf of length K (which we denote as Rllj K or RllfK for unimodal or multimodal routes

of length K respectively), a traverse is possible at any point B € [1,2,..., K — 1] in the route.
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Defining A = [ay] = [tl;le] and B = [b;;] = [750} as above, we can write:

)

K-1 B K-B-1

00
kl __ 1
g = bf Arp—1,rn X gl X Arn—1,rn

" K=0 B=0 1 1,2 p=1 1
r€R YR g " reER BURZ] 5

This can in turn allow us to explicitly anumerate all possible paths from ¢ to kof length B and all
paths from [ to j of length K — B — 1:

T K—1 [(N1+N2) (N1+N2) (N1+N2) (N1+N2)

kl

T = bf E E E .. E Aing X .o X Qppg_qk | XApI X E c. E Ay X oo X Anp—B—1,j
K K=0 B=0 TL1:1 nB,1:1 TL1:1 TLK,B,1:1

which can be exporessed more succinctly as elements of matrix powers of A:

1 oo K-1
o= L AB % ayg x AK-B1
bij
K=0 B=0

A result from matrix calculus is for any N x N matrix C we have:
co K-1 00 K-1
Z > APCARET =) <Z ABCAK—B—l) =I-A)'ca-A)!
=0 B=0 K=0 \B=0

Define C to be an N x N matrix that takes the value ay; at row k and column [ and zeros everywhere
else. We obtain:

k. Dikagibij

7'('1] = bw
—04—0._—6
w Tik trl T
okl — [ik TR LG
ij = =0

(]
We now derive the gravity equations for traffic over a link. For trade, we sum over all trade between
all origins and desitnations, and all routes taken by that trade, to get:

frm) kl
S 35 S DRI

iEN JEN reRrl JURL?

= kl
= X st

ieN jeN
—0
t 07~ Y: E
Tik kl lj -0 1q
=YY < e
ieN jeN ij
Y; E
= 40 79 —0
Skl =Ty DI =
ieN i JEN J

Recalling the definition of the consumer and producer market access terms,

Z 7.,"E; P! = ALY, °
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=

N

—0 0
Pi= (> 7'V
i=1
we get,
= -0 -0 -0
Sk =Ty XPk XHZ ,

Combining with the functional form for congestion,

] i J
1 _ (251 (251
RN 110X 1105,
t =1, P, I
Replacing,
2v _exg N 0
Sy = <tlil+9)\l x P, RS2V I, 1+9>\1> % Pk,(; y H;Ga
o 00X OX10
T Ton T+67; T+0x;
- tkl Pk Hl
8 0 )
— RN P TIFon I =
kl l
therefore,
8 0 0
B = tkl1+9,\1 p_TF Hl TFox;
replacing the market access terms
1 _
P = uil] Y]

_ _ 041
I = ALY, °

we obtain,

[ 0
——f 1 _ T1F0n; _ _ 041\ T 1¥0N
=1y, 0 x <WakL§j 1Yk> X <AlLll+aYl 0 >

1
,HZA [ (atpB)0\ 1402 1 0 __6 _6B-1) _60+x) __6  (+6)
_ I 1 T A 146X = 146X 1+6X 1+6X 14+6X 14+6X
=ty W—o L1Fox A, Uy b l % Y
+§A 1 0 6 _0B-1) _0(0+x) __o  (1+0)
I 1 1+9)\ — 1+9)\ 1+6X 1+6X 1+6X 14+6X
= tkl X 7 A T, l L k !
. . o ( -H?)@
where in the last line we use the definition xy = Llet? . We have,
1+§/\ _ /] 0 _9B-1) _0(14+a) @ (1+0)
_ T 1 1+9A — 7 TFON 1+4+6X 1+6X 1+6X 1+6X
Er =ty g b l Yk Y

A.3.2 Traffic on the secondary network

To begin, we characterize the expected number of times in which a route between (k’,1’) is used in trade

between (7, ), 7

U, which we refer to as, secondary mode intensity. Summing across all routes from 7 to

7 the product of the probability a particular route is used and the number of times that route passes
through the secondary network (k/,1’),
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171 TG4 171
ﬂ_zkjl = § : Js nf l
1o \ LRy URE? il

TERZJ

Beginning with this equation,
KU Tig,r k'
ij = Z — Ny
Zr’eRl.UR?’.Q Tig,r!
il ij ij
(M40

1 =1"r—1,1 171

7rzl€j U_ Z k'l

K -0 "
rer;:? Zr'eR;}juRgf (lel tn_l,n)

K
Kl _ 0 —0 k'l
Tij = Tij | J e
rer;:?

T

rer:?

—

I=1
To calculate ij, l/, we proceed by summing across all possible traverses across the secondary network
between k' and I’ that occur on all routes from 7 to j. To do so, note first that this can be written in
terms of two sets of routes. First, the routes that originate in ¢ and reach k' by exclusively utilizing
the primary network, and similarly the routes that for the final leg between I’ and j exclusively use the
primary network. Second, the routes that use a multimodal path for either the first leg (from i to &)
or for the last leg (from I’ to j). Finally, note that to do so for any route r € R%j U Rzlf of length K
(which we denote as R;j i), a traverse is possible at any point B € [1,2,..., K — 1] in the route, which
requires us to sum over all possible traverses at any point B, i.e.

B
Z Z H Arp_1,rn | X QKK

=0 rERY, BUR;I;QB n=1

1 oo K-1
Ko L

Tij =y

B

Y K=0

0o L

X § : E : H a"’nflﬂ’n X ay

— 1,2 —
L=0reRr}? UR2, , n=1

K-B-1

X z : H arn—lyrn
n=1

1,2 1
TE€Rk—p_1YR; k—B_1

where in the middle bracket we have enumerated all the multi- and unimodal paths along the sec-
ondary network that traverse between k' and I’ and has any possible route length between 0 and oo.
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Explicitly enumerating all possible paths,

K—-1 [(N1+N2) (N1+N2)

1 oo
kv %
Ty = b Qi ny X Qpg k|
Y K=0B=0 \ ni=1 np_1=1
00 (N1+N2) (N1+N2) (N1+N2)
X At X E E E E Q' |y X Ay g X oo o X Qlpe o kgeq X QeI X ajn
L=0 k1=1 ko=1 kr_1=1
(N1+N2) (N1+N2)
X E E Aipg X oo X App—B—1,5
ni1=1 ng-p-1=1

which can be exporessed more succinctly as elements of matrix powers of A:

co K-1

k’l/ K—-B-1
= E E A’Lk X Qffr X E Ak’l’ X ajpr X Al]

ZJK 0 B=0

A result from matrix calculus is for any N x N matrix we have:

oo K-1
Y APCAK P =(1-A)'CI-A)
K=0 B=0

Recall that
Z Ak’/l/ = I — A)_l = F

and define the transportation cost along the secondary transportation network as,
1

Ty = fk/le

Define C to be an N x N matrix, C = [cy] = [s,;,f,ﬁ;,ﬁsl_,la] row k and column [ and zeros everywhere

else. We obtain:

—0.-6_—6.-0_-0
v Tik Sk TRy S Tl
i = 9

Tij

We now derive the gravity equations for traffic over a link. For trade, we sum over all trade between
all origins and desitnations, and all routes taken by that trade, to get:

= =2 kl
S =8 = E E E Tij,r My Ej —

ieNjeNTGRL_Z

=2 =Y kX e

ieN jeN
6 —6_—0

—2 Tik Skk’Tk’l’Sl’l 71 0 Y Ej
k= Z Z — *Tij [0 po

ieEN jEN ZJ i J
52— g0 -0 o Vi —0_Ej
Skl = Skl T i § : Tik H_e § : 715 P_e’

ieN JEN J
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Recalling the definition of the consumer and producer market access terms,

|
EN.

N
W= (> 7,'E;P)| =ALY, °
j=1

=

(Z TGYHG) _

we get,
=2 _ —0_—0_—0 -0 -9
S = Sp Tep Sy X P < 1077,

replacing the market access terms,

1 -
P = = uil] Y,
= ALY, w

we obtain,

2 0_—0 -6 1 s\’ AT T
=2 0. =0~ T o o
Skl = Sk Ty Sy X W“kLk Yi x| ALY

I (atB)0\ a1y
_—0_—0 -6 —0-—0;—0(8—1);—0(1+a) —g (1+0)
= Skr T Sin < W0 LA a7l l, “ Y Y

_ ~1),-0(1 _o (140
_Skke’Tk’l’Sl’lXLAe el 0(p )ll (+a)yk63/z(+)

L(Oc+3

where in the last line we use the definition y = . We have,

-2 17 7—0-—0,—0,—0. —0, (146)
=kl = Skk’Tk’l’Sl’lX LA L0y y,

A.3.3 Traffic at terminals

To begin, we characterize the expected number of times in which a route between (k’,1) is used in trade
between (i, 7), ijl, which we refer to as, secondary mode intensity. Summing across all routes from i to
7 the product of the probability a particular route is used and the number of times that route passes
through the secondary network (k,1’),

’ Z T i, ’
ﬂf]k - Z ) 1,2 T445 ¢/ nfk
rERGUR U

1,2
’I‘ERZ-]-
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Beginning with this equation,

’ T4 ’
kR Z ij,r i

ij ..
Zr’ejouRgf Tig,r!

1,2
re’Rij

—

k! Z (Hl 1t 17”) ki
T = n

i 0 r
reRW Zr’eRl,.UR1,’.2 (Hl:l trl—lzrl)

kk' __ kK’
Mg = (Htm M“z)
ER
k/

To calculate ij , we proceed by summing across all possible traverses across the secondary network
that through the terminal station {k,k’}. This in turn requires characterizing all possible routes that
use the secondary transportation network along the path from i to j and traverse through terminal node
{k,k'} with any possible end point along the secondary transportation network. To do so, note first
that this can be written in terms of two sets of routes. First, the routes that originate in ¢ and reach &’
by exclusively utilizing the primary network, and similarly the routes that for the final leg between any
I’ and j exclusively use the primary network. Second, the routes that use a multimodal path for either
the first leg (from 4 to k') or for the last leg (from I’ to j). Finally, note that to do so for any route a
traverse is possible with any multimodal route that has an arbitrary end point on the secondary network
(I") where we have to explicitly sum over all possible end points. As before, for any route r € R}j U 7?,11]’2
of length K (which we denote as R;; k), a traverse is possible at any point B € [1,2,..., K — 1] in the
route, which requires us to sum over all possible traverses at any point B, i.e.

K-1

o) B
kk/ 1
CREDY S e | o

7
J K=0 B=0 reRl, sURLZ, n=1
Ny 00 K—-—B-1
g g g H Qr, 1 rn X apy X E H Arpy 1,70
U= L= 1,2 2 1 1,2 =1
0 OreR, i URE "= r€R; kYR k-1

where in the second line, in the curly brackets, we sum explicitly over all possible end points I’ that
the multimodal path might along the secondary network might take. Explicitly enumerating all possible
paths,

K—1 [(N1+N2) (N14+N2)

00
Lk’ 1

T = bf E E E E Aj.nq o X Qpg_q .k | X Qgk!
2]

0 B=0 ni= 1 np—1= 1

E § E , O/ oy X Oy kg X« o X Qe o kg1 X Qhope_q,l/

( N1+N2) (N1+N2)  (N1+N2)

I'=0 L=0 k‘l 1 k‘2 1 k‘L 1= 1
(N1+N2) (N1+N2)
X app X e E Aipg X oo X App—B—1,j )
ni=1 ng-p-1=1
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which can be exporessed more succinctly as elements of matrix powers of A:

K-1
7Tk/ll i 3 Z AB; X A X i AK x 8" x .AKiB*1
ij b — L i — .
= = = /j
oo K-1

1 Z S AL < ag x ((I A xS % AK*Bfl)k/j

”K 0 B=0

defining Y"%_ A, = (I-A)"l =F,

oo
P - bi Z AL x ap x (F xS x AK_B_l)k,j

again in summation formulation,

K—-1 [(Ni+N2) (N1+N2)

oo
Lk 1
7rij = bf Z E E Qi .ny X Apg_ 1k X Akk!
1

J K=0 B=0 ni=1 ng_1=1
(N1+N2) (N1+N2)

No
E fk’l’ X apy X E e E Al n, X ... X Gpg—B—1,5
I'=0

ni1=1 ng-p-—1=1

A result from matrix calculus is for any N x N matrix we have:
co K-1
YOS APcARFT =a-A)lc(I-A)T!
K=0 B=0
Define C to be an N x N matrix that results from a matrix multiplication, C = GH, where G is a
diagonal matrix where the off-diagonal elements are zero and the diagonal elements correspond to the
switching cost, i.e. G = [gxr/] = [s;,f,], and where H = [hy] = [Zl Tk,l,Sl,l un ] finally, the matrix C is

then given by, C = [c;] = [s,;,f, (Zl Tk_,f,sl_,le;e)] We obtain:

-0 —0_—0
ke Tik Skk’ (Zl Tk’l’sl’l T )

ij —0
i

;

We now derive the gravity equations for traffic over a terminal station. For trade, we sum over all
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trade between all origins and desitnations, and all routes taken by that trade, to get:

—2 kK’
Skl = Z Z Z 7Tij7rnr E] <

iENjEN TERL-Q

=2, =3 Y X, e

ieEN jeEN
—6_—9
Tk Skk’ (Zl Tk’l’sl’l T ) Y, E;
-2 6“1 J
Skk! — 0 X Tij H_e 7—9 <
iEN jEN Tij i 1
— _ Y o _ E;
B = Stk Z ’ Z Tk’ﬁsl/lngj jev
ieN i je/\/ l J
St =l S e Sl (%) o
—kk' — °kk’ Tik H [ vl lj P79’
ieN jEN J

Recalling the definition of the consumer and producer market access terms,

S

0 —
0= (> 7,°E;P, = ALY, ©
j=1

=

P; = ZT_QYHG

we get,

=2, =35 70 70s7,0 (T )—
L_Jkk_ / _ 177 ’ b
kkE:zkH §:klll§: lj P

ieN JEN
= Skkz’P ’ Z Tk/l’sl’l H_e
l
—2 -0 -0 N R I
S = (sk) ™ X P77 % ZTk’l’Sl’l I,
l
Substituting with the functional form for congestion,

Skk = S [Bw]? =

A2
- —0 —0 —0 ,—0y7—0
Skk! = Skk’ <3kk’) X Pk X E TS Hl <~
Ao
1 60Xy 11055
— 146X T 140X
Skk! = Spps 2 x P 2 E Tk/l/sl/l
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Replacing,

Ay -0
1 _xy T105g
—2 _T1+6X 1+0X —0 _—017—6 —0 —0 _—0
S = | Sp 2 X Py 2 X E TSy 1 X P % E TSy 1
0o
e 00X _1+0>\2+1
_ = 146X T+0XAy —0 —O017—0
= Skk x By X E :Tk’l’sl’l I
1
0 100,

= I+6xg 1+0/\2 -0
= S X Pk X E Tk’lfsl’l H

therefore,
1
146X
_ +e,\2 x P 1+0>\2 % GH—G :
Sow = Sk:k’ Tk:’l’sl’l !
l
Deriving symmetrically for traffic flows into the opposite direction,
Kk _ Tig,r Kk
T = S T
reR}f rERUR S U
Following the same steps as above we obtain,
—0_—0_—0 —0_—0
Wk (Zl T S Tl’k/> SkkTkj
Tij = —0
Tii
Summing over all trade and substituting,
—2 k'k
S = Z Z Z Tij,rTy Ej <~
z'eNjeN,,eRL?
‘_'k'k = Z Z 7Tk kXU <~
1EN JEN
—-0_.—-0_—0 —0,_—0
—2 (Zz Tt Sw Tl’k/> Sk'kThj o Yi E;
Ze=2_2 0 T g pt
iEN jEN Tij i
-2 —9 E] }/:L
Sk = Sk/k; Z Z T Sll’ Tl’k;’ 0
JEN j zEN l i
-2 —6' E i
S = Sk’k 5”/ Tl’k’ 97
JEN J ieEN

Recalling the definition of the consumer and producer market access terms,

Sy

0= (Y n,E;P)| =ALY, °
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=

N
C_ AR R4
J = E :Tz’j Y1
i=1
we get,
=2 _ 0 L —0\ Yi
Sk = Sk’k Tk -0 Sll’ Tl’k’ Til m
JEN J ieEN i
_ 0 0
= Sk’ka E :Sll’ Tl’k’P
—2 9
Skk = (Sk’k:) X Hk X E :511/ Tl’k’
Substituting with the functional form for congestion,
_ = = A2
Skl = Sk (k) =
A2
_ -9 - Z —0_—0 p—0
Sk'k = Sk'k (Sk‘/k) X Hk X sll’ Tl/k/})l <~
l
Ao
GAQ 146X
71+9>\ T 140X -0
Skl = Sk’k 2 % Hk: E S”, Tl’k"
A2
1 LY T+0xg
_TF6x T+OX 0 _—0p—0
Sy = 8y 2 x Hl 2 x E skk’Tk’l’Pk
k
Replacing,
Ao -
2 T+6Xxy
-2 _ _1+9)\2 T TT0N, -0 —0 —0
Sk = | Spy © x 10, X E s”, Tl,k, x II7 % E s”, Tl,k,
29
__6_ 00%y “Troag T
_ = 1+6xy T+0Xy —0_—60 p—0
= Sprg x 1T, X E :Sll’ un ey
l
1
0 _ ) 1+6Xo
= T+0x 1+60X9
= S X Hk X E Sy Tl,k,P
l
therefore,
1
0 _ 8 fEN
_~TTox R
SHE =Sy x1L X E :511/ Tz/k/P
l
1
0 T+0rg
_T 116N 1+9A —0
B = =5, X Hz ? § :Skk’Tk’l’
1
0 __ 0 T+62
—2 _ T 116X 1+6X 2: —0 —0y7—6
‘—'kk’ = Sk‘k?' 2 X Pk 2 X Tk/l,Sl,l Hl
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and replacing the equilibrium flows on the secondary transportation infrastructure,

=2 _

=kl —

in

Hkl =

(Skk/)_e Tl;,f, (Sl/l)_e X PIJQ X H;e,

Ao —0 Ao —0
0Xo T+0xr5 0o T+0rg
_1+9)\2 T 1¥0xg -0 -0 _1+0)\2 T+0xg .9
S - X P X Tk,l,sl, H Ter | S X Hl X E Skk'Tk’l’ X P
!
@)\2 (2D
) (L2 T I+0y 00Xy T 140y
_ T T¥0x, TF0rng -0 1+9)\2 R Z 0 _—0p—0 -0
Skk x Py § :Tk/l/sl’ X Sy I, x Syt T P X Ty
k
2% 0o
6 T 140Xy ) T 140Xy
= 1T0x 1+9A2 —0 1+0A2 T+6xy —6,_—6 p—0 -0
Sk X Pk E :Tk’l’sl’l X Sy x 11 E :Skk’Tk’l’Pk X Tperpr
k
summary, equilibrium traffic flows are given by,
1
__0 __ 0 T+0Xxo
—2 = T+ox I+0X 2 : —0 —0y7—0
‘:'kk’ = Sk‘k' 2 X Pk 2 X Tk/l,Sl,l Hl
l
1
__0 __ 96 T+0Xxo
—_9 _ " 1t6x I+6X 2 : —0
Sk = Sk‘/k 2 x Hk 2 x 3”, Tl’k"
_ 0 __0X
0 T+0xg 0 __ 0 1402
— 140Xy 1+9)\2 —0 — 1+6Xxo 1+6Xo 0 _—0 »—0 -0
Skk X Pk E :Tk’l’sl’l XS x 11, x E :skk’Tk’l’Pk X Ty
k

And equilibrium switching costs are given by,

Ao
1 Y 1107,
_11ox T+0X —0_—0 p—0
Sk'k = Spip, 2 Hk: 2 x E S Tl’k’]Dl
l
Ao
_ 0o 146X
,1+9>\ 1+6X —0 _—0y7-—0
Skk' = S - X Py X E :Tk’l’sl’l I
l

A.4 Section 3.3.4: General Equilibrium with Traffic

Start with equation 8,

Note that multimodal routing implies that the transportation cost is given by, Ti;G = [(I — A1) —-SI—-Ay) 'S |

A 0 1+9l_9 (14a)

1
XZT uy]Hel 0(B—1)

where Ay = [a;;] = [ti_jﬂ is the adjacency matrix for the primary transportation network, Ay = [ai/ j/] =

—0
0

is the adjacency matrix for the secondary transportation network, and S = [s;] is the diagonal

matrix that represents linkages between the primary and secondary transportation network. We can
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write,
) ; (a+B8)0
10, 1+0,-0(1+a)] _ L o 140,0(5-1)
_A. Y | =9 ><|:’7'Zj:| [uy l }<:>
(<o 140,-0(+a)] LA 1 1+6,0(8—1)
ATy = S < [T A =S AT Ag) S| x [afy Y]
where _A 6)yHel 0(1+a)] and { L+6,0(8 )} are column vectors. Taking a matrix notation and
converting back to summation notation
(a+p)0
(1= A1) =S (T Ay) 7' S| x [A70y 000 = LWG aly O =
N N (1o L(a+B)o
|:A 0 1+0l (1+ ):| A. [A 9y1+9l (1+ ):|—|:S (I—A2) S/:| |:A Gyl-i-@l 9(1+ )i| [u9y1+9l ( ):| —
(a+p)0
0 4=0,1+0;~0(1+0) _ L 140,0(8-1)
TZ'J/SJ/JAJ il R ;O

g0, 1+0;—0(1+a) 0 1+9 —6(1+a) -0
A7y Zal]A l — Z S

J
where in the last line we used the definition, 7, ]9, =[I- Ag] i . The second equilibrium condition,
equation 9, can also be written as a matrix multiplication, where [u Y; al 6(1-5 >] and [Ae 0 (O‘H)]

are row vectors. Applying the same matrix inversion, we get
[(atB)6 N
ZT—GAO —ole(a+1) s

ui—e i—e f(
I, (at+B)0 y [Aeyfglg(a+l)} « [Tﬁo} —

0(1-8)] _
[“ i 'l }_ Wo
(a+B)0 o _
a0y = 2 (Al Y] [(1-AT) - ST (1-AD) TS|
__9 _0,0(1-p) T T 71 Lleth)o 0 —0,0(a+1)
[y ) < [ AT) = ST (1= AD) S| = T (A OY]
g g1 __ o —0,0(1— LEABY vy glat
[ 2 eli( 6)] [jeyj l( )]XAT [ by el( ﬁ)} [ST(I_A;F) S] — [Aeyi eli( +)] —
B Llat+B)o _ o
ﬂz—e —el (1-8) Z“U?g —el o)) Z “971,]9/5],?@]9 —0,01-5) _ 7 o el?( +1)
J
Recalling that, a;; = tZ] , we have,
(a+8)0
-0 146,-0(+a) L 1+9 (8-1) 056 1+9 —0(1+a) ) 1+9 —0(1+a)
Ayl = 1% +Zt A; L —i—Zsu T s LA IOl
J
(a+8)0
—o —0,00-8) _ L 70 —0,0(a+1) 9_79 79 (1-8) 0-—— 0 9 6(1-p)
; I = Y l —I—Ztﬂ : l —I—Zsﬂmj,ﬂsm u; [
From the section on equlibrium traffic we have,
281 281
1+9>\1 P]; T+6X7 % H;m

i =1y,
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Converting from price indices,

We obtain,

tij = t”“l X (Bp) T (ITy) e

I 1 _ T 140X _ _ 641\ T 140X
R = x (A;Liey; 0
J Wt Jod
Simplifying we obtain,
Ay —0

1 J—(ap)o\ THOXT o\ 6h M=) _0NU4a) 00 A (14+6)
tfe_ ff)‘l 1+6X1 A T+6Xx] — 1+9)\1l 1+0X I 10X T+0N]  1+0X;
ij = ij W j U i j Yi Yj

We obtain,

(a+B )
7—0 146,-0(1+a) _ L 1+0 0(6-1) Z —0 716 1+0 —6(14a) Z 0 1—0 1+0 —0(14-a)
Ai yl ll = W l + t.. A l + ‘ Siz TZ’]’SJIJAJ l

+
-0, 10 -00+a) _ LT o6
i Y 7 Wg u;y
Ay —0
- é) [—(a+B)0\ THoxT o0y 6N _OA(B—1) X (A4a)  0x]  A1(1+6)
T..TA1L) oM 17 146X - 146X T+6Xx T+0Xx T+0X, 140X
+Z (t”L ) W0 4 i L L Yi Yj
0 6 —H9 —0(1+a)
+Zs“ TZ,],S],]A lj
+6)6
0,140,001 +) _ L(e+P) alyl 000D
i Yi oY _7W9 i Yi
281
__6 7 9\ T+ox 0 oA 0 oA 146 0(1+a)
f“i/\l 1+6X; L(a+'3) 1A*1+0A1 _91+9i1 19(5*1)1%&1 91+9§1 1+§A1 li T+6X
+Z ij W g U; i Yi Y; j

0 7-6 1+9 —0(1+a)
+ E 8.5 Tz,J,S],]A] l
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140X +0 —0(1+a+0X 1 (a+B)) L(OH"B) 140X +0 0(8—1)

110N, 110N, B 9 9 1+9A1 TR
1
E(OH_B)@ 1+0A1 1+9/\ 0 e 0 1-g9 _0(+a)
_71
I 0 (t L/\1> 1 Ae 7 /\1A 1+9A1yj1+ A TN
2N ox
(1) g %M
0 1+0)\1 T+6X; 0 0 1+9 —0(14a)
- <Ailz’ Z Tz’J’SJ’JAJ J l
J
14071 +6 —0(1+a+6X; (a+B)) 14071 +0 0(8—1)
110N, 110N, L 70-0. T1F0xy ;140%
i L = XA; 4 y; l;
LI T FA 1+9A1 0 91+2)\ 1+Z)\ 1553 91&;_;)
T+6x; T v 1 1 1 1
+x g (tUL ) Aju A Y; L
J

flel_e(ﬁ 1)13»1 1+9x1 —0 10 1+el 0(14+a)
+ | Aily Yi ZS TZ']'SJ'J J

For the second equilibrium condition,

_ I,(e+B)0
I—L*ny@l@(l 5)

10,010+ 050,000
i YL 70 ———Ajy la —I-Ztﬂ : el 6—1—25 /THSHU ngl( )

notice that we have,

A1 —0
1 [-(a+B)0\ THOAT 0\ 0\ M- 0MU4a) 00 A (+0)
tfe_ f‘f)\l 1+6Xx1 A 1+6X7 — 1+9A1l 1+6X1 l 1+6X 1+6X1  1+6Xq
I L Twe i Uj j i Yj Yi
substituting,
a+3)0
G 0u0100-0) _ L5 A0,,-070(+1)
i Yi Y = Ty Yl
A1 —0
~ 1 [-(a+p)0\ TFoxT 0\ 6N M(B-1) M (te) 6N A (146)
+Z (f'-LM)HGM A TN T THON T TROA T 10N y 1+ex1y 140X
Ji W—o i j j i j i
——0 0(1-p)
XUy l.

_ 0,0(1—
+Z j]/T//S yj l( 18)

(a+B)0
__g _g,00-8) _ L 10y 00+
ul yl 1 ‘17

22N

_YA1
7 o\ 1T+ox 281 0 0(1-8) 2 0 _0A1(1+6)
(at+B) 1 g 0(14+a) Trghy — 17 o

__0_
I Z (t_ﬁ-ZAl) T+0X] % T Az TF0N ﬂj T1Fox l N l v; ys

97—9 —0;0(1-5)
+ZSJJ’T”S UjY; lj
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0(1—X1) 0(1—B—0X;(atB)) 0(1—=X1) 6(at1)

RS I 1+0X :X/_leﬂeyi 1+0X l~1+m1
K] K] K]
L. A 1+9A 1 9)\ 5 6(10ﬁ) )
- = _0_ " T¥0xy ; 1+OX 110N
+X1+9>\1§ (tjiL 1) IA + 1ufuj + 1l + lyj +0X1
J
—9(1-‘1—&) (28] OX1(146)
9 TH0N; 1405 —0_—0 —0. 0(1-8)
+ | @;l; Y; E S TirirSirg Uj yj l
J
In summary we obtain,
14601 +6 —0(1+a+6Xq (a+8)) 1467140 0(8—1)
O TH0x; —XAG*(’ TFOX] | T+0A
7 7 - ) 7
2% 1+9)\ 0 0 1+6 0(1+a)
72 T 7 _ 9
4 TFOA (tijL)‘l) IAG 1+ >\1A [ yj1+9>\1l 11O
J
2 2N
Z ~0(8-1) 115y —O755%
0 0 1+9 —0(14+a) 70 T+, TH0N|
+ S Tl’]’sj’]A] l A l Y;
_6(1=Xy) 6(1—B—6X(a+B)) _6(1-X1) 6(atl)
SO T+0M, :xﬁeﬁey LFOX)  THOX]
i 1 Y1 Jg %
o A 1+9A -0 00,\ 5 B
T 7 1 _0 " TFOry ; 110X
+ x TN E (tjiL 1) IA + 1u?uj + ll + lyj T+6X

r

0xp 0AL(146)
_ 0(1— 0(1+a) o
+§ :S]J/T,/S 07 9 Gl( -8~ 9l RO ) TR

7
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B Additional Derivations

This section provides additional derivations for the equilibrium equations in Section 3.3, the derivations
for the regression design as well as a comparison with Fan and Luo (2020).

B.1 Section 3.3: Equilibrium for Economic Geography Model with
Multimodal Routing

Start with the market clearing condition defined as,

N
j—l

Y; = ZT_Q’UJ_GAHE P! =

A9w = ZT_QE P9

Using overall productivity equation A; = fLL? and total income Y; = w;L;

—w = ZT*"E P =

ZT—"E P!

ATOL1-00y0+1 = Z Ow; L; P!

G

With welfare equalization where W; = %uj — P, = %uj and overall amenity equation u; = u_ij
J J

this becomes:

A 9L1 —ab 9+1 Z < u]Lﬁ) —
]
0rl-af 0 1 0780
ATOL 00T Z w; Lyw§uf LW =

A 9L1 ab 9+1 Z j9+1ﬂ§L?9+1W_0-

Now defining, share of total income in location i y; = YY‘}'V = Y"{V and share of total labor in location

ily =%
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A 9L1 ab 0+1 ZT 0+1 HLBGJer_Q

~ ~ YW 0+ N YW 0+
Ai—elg—aeﬁ—ae <yz _ ) _ ZE‘;@ <yzlj ) afo(’“W_e —
=1

I;L
Ai—eylﬁlli—e(lw)ie(ua) (YW)9+1 (YW)'9+1 92 1+9l -1
0 1+0,—0(1+a) —0, 1+0;0(8-1)
A7y = W9 Z " 7Y; l

_XZT uyHel -1)

Similarly for the balanced trade condition,
N
E;, = Z X ji <
j—l
E; = Z 7w P AYE P
Z T w] GAGLC“Q.
Assuming welfare equalization,
Wow a0 L = Z i w P ALY
Defining income and labor shares as above,

N
0, —0——07r—B0 __ -0, .—0 30 1 ab
Wow;  u; " L; 77 = Zrﬁ w; Aij —

w —f N w —f
o [ UiY __0,—BOF—B0 —o (YY 10700 7 0
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B.2 Regression design for modal diversion

We are interested in deriving a regression that studies the impact of secondary network traffic in a
specific MSA with regard to plausibly exogenous changes in the primary network (road) transportation
cost in the same location. Consider an MSA located at node k. We will make an additional assumption
that there exists some localized primary network fully contained within the MSA that any unimodal
route originating or terminating in k£ needs to transition through before accessing the national primary
road network. Let this localized network be represented by the transportation cost t;. We are therefore
interested in running the following regression,

dlnEkk/ = CM—FBk X dlnfk + €k’

where Zj refers to the amount of traffic at the intermodal station in k& and represents traffic from
the primary to the secondary network in that location and dInt; refers to changes in transportation
cost of the localized primary network.

Given the assumption above we can simplify the expression for the unimodal transportation cost
(Equation XZ), i.e

K
—0
=y (H)
re i =1

R!
—0
( trl 1:7’l>

which factorizes out the transportation cost associated with the localized network, t;e, since it is
assumed to be used on all routes.

In order to derive the regression we start from equilibrium traffic at terminal stations (Equation XZ),
i.e.

FET
_ +e,\2 x P 1+0>\2 % GH—G :
Hkk’ = Sk:k’ Tk:’l’sl’l l
l

and we examine the responsiveness of traffic flows with regard to changes in the price index, d1n P,
which implies,

__0
dInEpy =dln P, T

we then differentiate the price index and examine the responsiveness of the price index with regard
to changes in the transportation cost,

1
0o
1+0)\2 . —Ov 170
§ 0V

0 o5, !
TI¥en; 0_—6 110 70
dP, H% <;YH1 T ) x Zi:}ﬁﬂldnk

1 . 0
dln P, T i dlnt;?
EENOYY: Z SN oy



Instead of considering arbitrary changes to the primary road transportation network instead focus
on changes in the transportation cost at node k only. Totally differentiating the expression for unimodal
transportation costs (Equation XZ), we obtain,

dIn (75) " = —0d ItV

Combining we obtain,

N

o 9 7 0y
dinP, 772 = —— — dlnty, Y o dnT;’
k b . b
L+ 06X ; ity T Vil Z
0
= —— 7 _dnt
T+ on

we have,
__0
dInEpy =dn P, T

combining we have,

0
dln=p = ————dlInt
=k 146X H bk
Furthermore, we have,
1 _ (251 _ (251
ty = t—;l-ke/\l % Pk TFOAL o Hl 110X
which implies,
1 _
dlnty = ———dlInt
N1k 1+0)\1 N1k
plugging in, we finally obtain,
1 1 _
dln Ekk’ =—0 dlntk#

14+0X1+6)

which implies that the structural elasticity depends on the separate congestion forces on the primary
and secondary network as well as the strength of substitution between routes and modes.
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B.3 Comparison with Fan and Luo (2020)

Our project studies multimodal transport networks and their impact on the returns to new technology
and infrastructure investment. In particular, we focus on how these outcomes depend on the geography of
the multimodal network as well as the intermodal terminals which allows for switches between transport
modes. To this end, we develop a quantitative spatial equilibrium model by extending the routing-based
formulation of transport cost in Allen and Arkolakis (2022) to incorporate transportation across multiple
transport modes and possible mode switching conditional on the geography of the multimodal transport
network, including the location of intermodal terminals, and incurred switching costs. Employing the
properties of partitioned matrices, we derive closed-form expressions for the expected transport cost over
the multimodal transport network despite the increased dimensionality and complexity of the underlying
network. This tractable model of routing allows for counterfactual experiments which allows us to
evaluate the welfare consequences to new technology and modal or terminal infrastructure improvements.

In what follows, we demonstrate that our results are consistent with the transportation cost derived
in Proposition 1 in Fan and Luo (2020). Fan and Luo (2020) is a note which presents a model of
transshipment building on Allen and Arkolakis (2022) and Fan, Lu and Luo (2019).

We first restate our expected transport cost from origin ¢ to destination j over the multimodal
transportation network below for convenience (equation (16) from our theory section):

Tij = €5

S

where E = [e;;] refers to the inverse of the Schur complement of the Laplacian of the partitioned
infrastructure matrix for the multimodal transport network and is defined as follows,

E=(B'-D)"

=S(Q)!
where B = (I — Al)_1 is the geometric sum of the primary transport network matrix A; and D =
S (Z?(O:O ALK ) S’ is the geometric sum of the secondary transport matrix A that is inclusive of inter-
modal switching linkages between the primary and secondary transport network S.

To do so, instead of deriving the matrix representation from the explicit numeration and recursive
formula as in the main text, we instead employ the inverse of the Leontief matrix of the underlying
infrastructure matrix

Ty = lim 7N

S () (S ))

S

_F(9—1> B +BS (S(Q)_l) S'B BS (S(Q)_l)
a 0 S(Q)~1)SB S(Q)!
(5©)7) (s |,
where N is maximum number of edges each ij pair can have, and S(2) defines the Schur complement
of the Laplacian of the partitioned infrastructure matrix, as above.

If the freight shipment originates and terminates on the primary network, commonly known as the
first and last mile in freight transportation, we can then express bilateral transportation costs more
succinctly below as a decomposition of the transport costs that arise from (A) the universe of unimodal
transportation over the primary network, and (B) the additional multimodal transportation over the
primary network that traverses through the secondary network taking into account the possible linkages
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between the two networks:

70— B + BS(S(©Q))S'B = ()" + (r-lfz)_e (44)

Unimodal costs over
primary network

. Multimodal costs over
primary & secondary networks

ij
which corresponds to equation (17) in our draft and is an alternative expression that is equivalent to
equation (16). The first and second terms in the equation above corresponds to items (A) and (B)
respectively.

If we abstract from this first and last mile assumption—that freight shipments originate and termi-
nate on the primary network—then we can trace out the sum of paths that might either originate or
terminate on either network. In matrix notation this corresponds to the following:

0

=

=T (9;) e B+BS (S(Q)7')S'B BS(5(Q2))

(5(Q)"')sB (S

1,

where the second line above corresponds to the expression for transportation costs in Proposition 1 Part
(a) of Fan and Luo (2020), but where the first line utilizes the block matrix structure to make explicit
the underlying decomposition that we are introducing in our framework.

S

=T (T) : _[A1A2] T-) !
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C Proofs

This section presents the proof for Proposition 1.

C.1 Proof of Proposition 1: Counterfactual Equilibrium

We proceed in two steps. In a first step we derive the change in the equilibrium conditions in terms of market
access terms before then substitution the model specific elements.

C.1.1 Preliminaries

We can write equilibrium trade flows as,

o _ i d;
i "o X po
J

K2

where 7; and §; are comulative flows out of an origin and into a destination, respectively, and 1I; and P;
are origin and destination market access terms. Given the multimodal routing formulation, trade costs can be

represented as:
1

o0 = {(I— A —S(I-Ay)'s]

ij ij

For both models we have,

Yi = ZXij
J

5i=> Xji
J

Starting with the first equilibrium condition:

i :ZXij —
J

_ Z 6 i d;
Yi = Tij X er X 7Pf‘9 <~
J g J

%—:Z{(I—Al)—S(I—Az)*ls’]__1 « iy i
J

- (I—Al)—S(I—A2)_1S’} « i

3

I
o,
=M
—

((1 —Ay) - S(I- Ay s’) 0 = S s

!

<.

=]

-0 __ i —Oy1—0 —0_—60 —0y7—0
070 = 55+ ) 0+ sl syt
F j 7
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Continuing with the second equilibrium condition,

51' = Zin <
J
_ Vi 9
0j = ZTJ o pi
J J v
S x ol =
1T
J
PO=Y (M- A -SI-A) 7S] x =
j 7 i
-1 - Yi
((I—Al)—S(I—Az) S’) Pt = H_e =
B P +Z ]J'T]WS_GP_
Expressed in changes,
~ g P(Si" o;
= ) Bl
3 Vi

—077—0
t11
+ J —“’H—
Z P(_Sie —9 ) i 7_/ ,8 ,GH—O)

J J g J
-0 —O77—
Siir Tllj/s 1L 5020 =07~
+ —9 “or—0 | Siv Tl’J'SJ’]H
j 7 "ig 7 iz Tz’ ’S i’ H
and:
’Yq‘,e R
. I, 5
i = 0 0p—0 | 7—0
H_9+Zj t P +Z S”/T//S/P 1I;
t_gP_g A
+ E : 7 i | i By
7 n—"+zj ti Py +Z s”,THs,P
STOT?G,STQP.’Q A B BB
+ Z ] 77 | S Tj,i,Sj/ij
— \ +Zj 0P’ +22; s“,THs,P

Multiplying both the numerator and denominator by their appropriate market acccess term,

T—6 6i Sz
i = 011—0 p—0 611—0 =
i 6+ 2ty WP+ 3 s TZ,J,s],]H] Pt P?
t._.QH._‘gP_ Y aa
+2 3 —re—ip=a | i 1
7 6+ >t P’ +22; 55,7 TZ/],S i P’
—8 01760 p—0
+Z 8. TZ/J/SJ/]H P~ .
=\ 0+ 2t P+ sy s P W
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. 5 5 = s
Hlfg _ i _ b i + 2] tiQHfG
’ o+ B+ 2,5 ) PO EJ: 0+ B+ 5 )

%

=2
2 S A

+ — — /

i

ij
and:

i
St P+ s s PO

Vi
Vi + I;°
—0 p—077—0
Z >0 bl 9 f‘_iep_e
i to Py +ZS,T,,3,P Jed
j <’ )

J i
879774,879P-_9H7

+2;
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~ '—*1

A— Vi i A0 P—0
p? = - _ IR i-9p:
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? J
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Finally deriving the change of equilibrium switching costs,

Ao
0Xo TF6rg

_T ex BRE2YY
Sk'k = S Ic+k 2 XHk 02 X E Sll’ Tl'k’P
l

Ao
(2% TF6rg

— —1+9k2 T THONs -6 —077—0
Skk' = S - X By x § :Tk’l’sl’l I
Forming time ratios,

-0 —0p—0
-0 _ Ty S B ~—0 o—0 p—0
3 ’ T/ / —T/ IS 7
i lk: 05—0 kS 1l
Zz Tz'kfsz'z P

Sk A0 A—0 H—0
= E : lfz Ty S By
ISk

Similarly,
087 H_ Y Y
E :Tk’l’sl’len ‘= E , b l/l —01—0 k’ﬁsl’lenl ‘
II;
2 Tk/l’sl’l

S A A /]
= E : k~l2 TSy H
V=R

where in the second line we multiplier in both the nominator and denominator by the appropriate market
access terms and switching costs si/;y and substitute with flows along the secondary network. We obtain the
expression for changes in the equilibrium switching costs,

Ao
=2 T+oxg
71+9)\ 1+9A Skl A—0 A—0 D—

Skik = Spry, © X H 2 X = =3 TS P,

l l/ i—‘l/k//
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LY
=2 TForg
9)\ 1+9>\ =kl ~—0 ~—0y7—0

Sk =Sy 2 x B T E :%lz TS

l/ i—‘k/l/
notice that depending on whether the transport cost is backward or forward oriented different market access
terms matter. Substituting in the expression for iceberg trade costs along a link,
28] 281

o 1+9>\1 T+0X] 7 1+0N
tij = 1;; X P x II;

substituting,
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and multiplying each equation by the other market access term,
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C.1.2 Additional assumptions from the Model

For the economic geography model, we have the following definitions for the fixed effects:
51’ = Ea

Vi =Y;
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Welfare equalization implies:
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Also recall that we define,

which implies

Substituting into the equilibrium conditions, we get,
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To summarize the economic geography model, one can write the equilibrium system of equations (10) and
(11) in changes as:
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D Extensions

D.1 International Trade and Ports

Let there by a number of locations that constitute nodes on a tertiary transportation network (“Ports”), i.e.
p,u € P = {1,...,N3}. Ports can be accessed via the primary transportation system only. The total level of
international imports and exports at each port is fixed and given by {E{”, . ,EJAQ[S, EX, ..., E])\gg } Adjusting the
market clearing condition, and distinguishing between ports and domestic locations along the road network,

Ny N3
Yi=Y Xij+ Y Xy
j=1 p=1
N
}/i — Tigew_eAeE P9 + Z ~—0 feAfE;(Pg —
j=1

2770E PO Z GEXPO

A 9L1 af 9+1 2770E P0+ZT79 79EXP9

11’1’1

where in the last line we have used the fact that transporting to a port implies the usual cost of transporting across
—60.—6

the domestic transportation system plus incurring additional switching costs at the port side, i.e. T; pe =Ty Sp -

Since the price index also incorporates the switching cost all the port site, i.e. Ispg = ng , the term cancels
out in what follows. With welfare equalization where W; = Hu; <= P; = £u; and overall amenity equation
J J

u; = u_ij this becomes:
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Now defining, share of total income in location i y; = YY‘}, = Ig,é, and share of total labor in location i, [; = %
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Defining income for port and non-port locations as follows,

y; Vj#P

we obtain,

N
A;9y3+9l;0(1+a _ Z -0 9 1+9l (8-1) i

Similarly, we develop the expression for the balanced trade condition,
N N3
= =1
N
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Assuming welfare equalization,
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Defining income and labor shares as above,

—0
Wow 'L = ZT w; P ATLYY + Z ('yp> AVLo0y 0 =

-0 N W — -6 w —0
0 y Y _—0,—BOF—BO _ —o (YiY 10700 T 0 % 0700 [ YiY
w < 3 > a7 L = 7 Ajzj L Z AL s —
K3 j:1
N N -0
—0.0(1=p5) _— 7F0(a —0 —0:0(a+1) ¢ o — a A
Weyi ali( B)U’i 0 (YW) 89 — (YW) Lo( +1)Z7—ji9yj alj( + )Ag ( Le( +1) ZTP'L ( ) v, 912( “)Ag .
Jj=1 p=
I (etB)0 (e +B)0
af —9 (1-8) -0 70 —9 0(a+1) 9 —070(a+1) 76
a7y Z Ay ¢ T ( ) 010t A9

(at8)0 N B E(aw)e N EM _

o _gp(1-p) L —0 70, —6;0(a+1) —o [ Lp —070(a+1) 70

Ui " Y; li - Wwe Tji Ajyj lj + Wweo Tpi Yp Yp ll’( AP
j=1 p=1

We obtain,

:o 795 1-8) _ XZT eAe 91 (at1) +XZ —0 p —9lg(a+1)Az
Defining income for port and non-port locations as follows,
y;? Vi #P
g ¥ = / EX
J <1+é>y.‘9 VjeP
Yj J
we obtain,

aply 7Y = XZT AT i

Following the same steps as above, the same counterfactual equilibrium condition holds, but simply replacing
the income and expenditure terms appropriately.
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