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Abstract

Transport infrastructure investments are among the largest items on government budgets and their
effects on the spatial organization of economic activity are central to a host of public policy issues. Exist-
ing approaches to the evaluation of these investments typically involve quasi-experimental reduced-form
regressions, partial equilibrium cost-benefit analyses or mechanical input-output relationships combined
with assumptions about the evolution of macroeconomic variables. In contrast, we develop a quantitative
general equilibrium framework for the evaluation of transport infrastructure improvements. Our frame-
work is sufficiently rich as to capture first-order features of the data, such as many locations that differ in
characteristics and observed transport networks. Yet our framework remains parsimonious and tractable
enough to permit transparent model-based counterfactuals. We illustrate the applicability of our approach
with an analysis of the U5 underground line in Berlin that is currently under construction.
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1 Introduction

The organization of economic activity within cities is crucially dependent on the transportation of people.
To take just one example, the London Underground handles around 3.5 million passenger journeys per day,
and its trains travel around 76 million kilometers each year (200 times the distance between the earth and the
moon). Furthermore, the provision of this transport infrastructure within cities typically involves public policy
intervention, whether through the direct management of services, or through explicit or implicit subsidies for
the construction and operation of transport infrastructure. Indeed, funding for transport infrastructure projects
is often a major item in local government budgets. To continue with our example, Transport for London had
an annual operating expenditure of around £6 billion in 2014-15. Of this expenditure, around £1.7 billion was
funded through direct government grants, with most of the remainder funded by charges to transportation
users. While these figures relative only to operating expenditures, the investment program for Transport for
London equalled around £1.7 billion over the same period.’

Despite the large sums of public money involved, the economic evaluation of transport infrastructure im-
provements is subject to both theoretical and empirical challenges. From an empirical point of view, trans-
port infrastructure is not randomly assigned, and a growing empirical literature has sought to make use of
quasi-experimental variation to address this endogeneity concern. While this literature estimates local average
treatment effects of transport infrastructure on treatment relative to control locations, its focus on relative com-
parisons makes it hard to identify general equilibrium effects and to distinguish reallocation from the creation
of new economic activity. From a theoretical perspective, to develop tractable general equilibrium models
of cities, the existing literature typically makes simplifying assumptions such as monocentricity or symme-
try, which limits the usefulness of these models for empirical work. Consequently, theoretical evaluations
of transport infrastructure improvements often adopt partial equilibrium cost-benefit approaches or combine
mechanical input-output relationships with assumptions about the evolution of macroeconomic variables.

In this paper, we develop a quantitative framework for undertaking counterfactuals for the general equilib-
rium impact of transport infrastructure improvements. Our framework is sufficiently rich as to capture first-
order features of the data, such as many locations that differ in locational fundamentals. Yet our framework
remains parsimonious and tractable enough to permit transparent model-based counterfactuals. Locations dif-
fer in terms of their productivity, amenities, density of development (the ratio of floor area to ground area), and
access to transport infrastructure. Productivity depends on production externalities, which are increasing in
the surrounding density of employment, and production fundamentals, such as topography and proximity to
natural supplies of water. Amenities depend on residential extranalities, which are increasing in the surround-
ing density of residents, and residential fundamentals, such as access to forests and lakes. Congestion forces
take the form of an inelastic supply of land and commuting costs that are increasing in travel time, where travel
time in turn depends on the transport infrastructure network.

Our paper relates to the reduced-form empirical literature has examined the relationship between economic

The figures for the London Underground and Transport for London are taken from https://www.tfl.gov.uk/corporate/about-tfl/
what-we-do/london-underground/facts-and-figures, Transport for London (2013) and Transport for London (2014).
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activity and transport infrastructure, including Donaldson (2014), Baum-Snow (2007), Duranton and Turner
(2012), Faber (2014), Gibbons and Machin (2005), McDonald and Osuji (1995) and Michaels (2008). The main
focus of this line of research has been the use of quasi-experimental variation in transport infrastructure to
estimate the average impact on treated locations relative to untreated locations. In contrast, we use a structural
model of economic geography to highlight general equilibrium effects, reallocation versus the creation of new
economic activity and heterogeneous treatment effects among treated and untreated locations depending on
the structure of the transport infrastructure network.

The remainder of the paper is structured as follows. Section 2 introduces our theoretical framework. Section
4 shows how the model can be calibrated to the data. Section 5 uses the model to undertake counterfactuals for
transport improvements and shows how the results of these counterfactuals depend on the model parameters.

Section 6 concludes.

2 Theoretical Model

We use the model of internal city structure of Ahlfeldt, Redding, Sturm, and Wolf (2014) to develop a frame-
work for the quantitative evaluation of urban transport infrastructure improvements. In the model the internal
structure of the city is driven by a tension between agglomeration forces (in the form of production and resi-
dential externalities) and dispersion forces (in the form of commuting costs and an inelastic supply of land).?
The model allows for a large number of locations that can differ from one another in productivity, amenities
and access to transport infrastructure. Despite allowing for many asymmetric locations, the model remains
sufficiently tractable as to be amenable to quantitative analysis, and can be fitted to detailed data on the spatial
distribution of economic activity within cities.

We consider a city embedded within a wider economy. The city consists of a set of discrete locations or
blocks, which are indexed by ¢ = 1, ..., .S. The city is populated by an endogenous measure of /{ workers, who
are perfectly mobile within the city and larger economy. Each block has an effective supply of floor space L;.
Floor space can be used commercially or residentially, and we denote the endogenous fractions of floor space
allocated to commercial and residential use by 6; and 1 — 8;, respectively.

Workers decide whether or not to move to the city before observing idiosyncratic utility shocks for each
possible pair of residence and employment locations within the city. If a worker decides to move to the city,
they observe these realizations for idiosyncratic utility, and pick the pair of residence and employment locations
within the city that maximizes their utility. Population mobility between the city and the wider economy
implies that the expected utility from moving to the city equals the reservation level of utility in the wider
economy U. Firms produce a single final good, which is costlessly traded within the city and larger economy,
and is chosen as the numeraire (p = 1). *

Locations differ in terms of their final goods productivity, residential amenities, supply of floor space and

?A more detailed discussion of the model and the technical derivations of all expressions and results reported in this section are
contained in a separate web appendix.

*We follow the canonical urban model in assuming a single tradable final good and examine the ability of this canonical model
to account quantitatively for the observed impact of division and reunification. In the web appendix, we discuss an extension of the
model to introduce a non-traded good.



access to the transport network, which determines travel times between any two locations in the city. We first
develop the model with exogenous values of these location characteristics, before introducing endogenous

agglomeration forces below.

2.1 Workers

Workers are risk neutral and have preferences that are linear in an aggregate consumption index: Ujj,, = Cjje,
where Cjj,, denotes the aggregate consumption index for worker w residing in block i and working in block
j.* This aggregate consumption index depends on consumption of the single final good (c;;.,), consumption of
residential floor space (/;;.,), and three other components. First, residential amenities (B;) that capture common
characteristics that make a block a more or less attractive place to live (e.g. leafy streets and scenic views).
Second, the disutility from commuting from residence block i to workplace block j (d;; > 1). Third, there is an
idiosyncratic shock that is specific to individual workers and varies with the worker’s blocks of employment
and residence (2;j,,). This idiosyncratic shock captures the idea that individual workers can have idiosyncratic
reasons for living and working in different parts of the city. In particular, the aggregate consumption index is
assumed to take the Cobb-Douglas form:®
B 1-B

where the iceberg commuting cost d;; = "™ € [1, 00) increases with the travel time between blocks 4 and j

(7i;)- Travel time is measured in minutes and is computed based on the transport network, as discussed further
in the data section (Section ??). The parameter x controls the size of commuting costs. Although we model
commuting costs in terms of utility, there is an isomorphic formulation in terms of a reduction in effective
units of labor, because the iceberg commuting cost d;; = €™ enters the indirect utility function (3) below
multiplicatively. As a result, commuting costs are proportional to wages, and hence this specification captures
changes over time in the opportunity cost of travel time.

We model the heterogeneity in the utility that workers derive from living and working in different parts
of the city following McFadden (1974) and Eaton and Kortum (2002). For each worker w living in block ¢ and
commuting to block j, the idiosyncratic component of utility (z;j.,) is drawn from an independent Fréchet
distribution:

F(zijw) = e Tli%je T E; >0, e> 1, (2)

where the scale parameter 7; > 0 determines the average utility derived from living in block %; the scale
parameter £; determines the average utility derived from working in block j; and the shape parameter € > 1
controls the dispersion of idiosyncratic utility.

After observing her realizations for idiosyncratic utility for each pair of residence and employment loca-

tions, each worker chooses her blocks of residence and employment to maximize her utility, taking as given res-

*To simplify the exposition, throughout the paper, we index a worker’s block of residence by 7 or r and her block of employment
by j or s unless otherwise indicated.

*For empirical evidence using US data in support of the constant housing expenditure share implied by the Cobb-Douglas functional
form, see Davis and Ortalo-Magné (2011). The role played by residential amenities in influencing utility is emphasized in the literature
following Roback (1982). See Albouy (2008) for a recent prominent contribution.



idential amenities, goods prices, factor prices, and the location decisions of other workers and firms. Therefore
workers sort across pairs of residence and employment locations depending on their idiosyncratic preferences
and the characteristics of these locations. The indirect utility from residing in block ¢ and working in block j
can be expressed in terms of wages at the block of employment (w;), commuting costs (d;;), residential floor
prices (Q;), and the common (B;) and idiosyncratic (2;j,,) components of amenities:®
B-1

R ®)
where we have used utility maximization and the choice of the final good as numeraire.

Since indirect utility is a monotonic function of the idiosyncratic shock (z;j.), which has a Fréchet distri-
bution, it follows immediately that indirect utility for workers living in block ¢ and working in block j also has
a Fréchet distribution. Each worker chooses the bilateral commute that offers her the maximum utility, where
the maximum of a sequence of Fréchet distributed random variables is itself Fréchet distributed. Using these
bilateral and multilateral distributions of utility, the probability that a worker chooses to live in block ¢ and

work in block j is:
1-8\ "€ €
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Summing these probabilities across workplaces for a given residence, we obtain the overall probability that

T35 =

a worker resides in block ¢ (7g;), while summing these probabilities across residences for a given workplace,

we obtain the overall probability that a worker works in block j (my;):

1 Pij 1 9@
TR = Z T = — = > MG = Z T = L=l 70 . (5)

These residential and workplace choice probabilities have an intuitive interpretation. The idiosyncratic shock to
preferences z;,, implies that individual workers choose different bilateral commutes when faced with the same
prices {();, w;}, commuting costs {d;;} and location characteristics {3;, T}, F2;}. Other things equal, workers are
more likely to live in block ¢, the more attractive its amenities B;, the higher its average idiosyncratic utility as
determined by 7T}, the lower its residential floor prices ();, and the lower its commuting costs d;; to employment
locations. Other things equal, workers are more likely to work in block j, the higher its wage w;, the higher
its average idiosyncratic utility as determined by E;, and the lower its commuting costs d;; from residential
locations.

As discussed above, although we interpret the idiosyncratic shock as affecting utility, there is an isomorphic
interpretation of the model in which the idiosyncratic shock applies to effective units of labor (since z;;,, enters
multiplicatively with w; in (3)). Therefore the endogenous sorting of workers across locations implies that
both residence and employment locations differ in the composition of workers in terms of idiosyncratic draws

for utility or effective units of labor. Residential locations with higher values of 7} have higher average draws

5We make the standard assumption in the urban literature that income from land is accrued by absentee landlords and not spent
within the city, although it is also possible to consider the case where it is redistributed lump sum to workers.



of utility (or effective units of labor). Similarly, employment locations with higher values of E; have higher
average draws of utility (or effective units of labor). To ensure that the general equilibrium of the model remains
tractable, and because we do not observe worker characteristics in our data, we abstract from other dimensions
of worker heterogeneity besides the idiosyncratic shock to preferences or effective units of labor.

These residential and workplace choice probabilities imply a gravity equation for bilateral commuting flows.
Conditional on living in block %, the probability that a worker commutes to block j is:

Tiits = SEj (wj/dij)* y
> o1 Es (ws/dis)

where terms in {Q);, T;, B;} have cancelled from the numerator and denominator. Therefore the probability of

(6)

commuting to block j conditional on living in block ¢ depends on the wage (w;), average utility draw (£};) and
commuting costs (d;;) of employment location j in the numerator (“bilateral resistance”) as well as the wage
(ws), average utility draw (F;) and commuting costs (d;s) for all other possible employment locations s in the
denominator (“multilateral resistance”).

Using these conditional commuting probabilities, we obtain the following commuting market clearing con-
dition that equates the measure of workers employed in block j (H/;) with the measure of workers choosing

to commute to block j:
S

E; (w;/di;)°
Hygj = 1 \Wi%G) gy ()
M ;zflmws/dis)ﬁ "

where Hp; is the measure of residents in block ¢. Since there is a continuous measure of workers residing in

each location, there is no uncertainty in the supply of workers to each employment location. Our formulation
of workers’ commuting decisions implies that the supply of commuters to each employment location j in (7)
is a continuously increasing function of its wage relative to other locations.’

Expected worker income conditional on living in block ¢ is equal to the wages in all possible employment
locations weighted by the probabilities of commuting to those locations conditional on living in i:

5 E (ws/dis>€
E s | = Ss 3
el ; Zf:l E; (wr/dir)ew ®

Therefore expected worker income is high in blocks that have low commuting costs (low d;s) to high-wage
8

employment locations.
Finally, population mobility implies that the expected utility from moving to the city is equal to the reser-

vation level of utility in the wider economy (U):
s s . 1/e
E [u] =7 Z Z T, Es (drsQi_ﬁ) (Brws)e = U, )

r=1s=1

"This feature of the model is not only consistent with the gravity equation literature on commuting flows discussed above but also
greatly simplifies the quantitative analysis of the model. In the absence of heterogeneity in worker productivity, small changes in wages
can induce all workers residing in one location to start or stop commuting to another location, which is both empirically implausible
and complicates the determination of general equilibrium with asymmetric locations.

8For simplicity, we model agents and workers as synonymous, which implies that labor is the only source of income. More generally,
it is straightforward to extend the analysis to introduce families, where each worker has a fixed number of dependents that consume
but do not work, and/or to allow agents to have a constant amount of non-labor income.



where E is the expectations operator and the expectation is taken over the distribution for the idiosyncratic

component of utility; ¥ = I' (<=%) and I'(") is the Gamma function.

2.2 Production

We follow the canonical urban model in assuming a single final good that is costlessly traded within the city
and the larger economy. Final goods production occurs under conditions of perfect competition and constant
returns to scale. For simplicity, we assume that the production technology takes the Cobb-Douglas form, so

that output of the final good in block j (y;) is:
yi = AjH Ly, (10)

where A; is final goods productivity and Ljy; is the measure of floor space used commercially.

Firms choose their block of production and their inputs of workers and commercial floor space to maximize
profits, taking as given final goods productivity A;, the distribution of idiosyncratic utility, goods and factor
prices, and the location decisions of other firms and workers. Profit maximization implies that equilibrium
employment is increasing in productivity (A;), decreasing in the wage (w;), and increasing in commercial floor

space (L z;):

1
aAj\ -«
Hyj = <j> Ly, (11)

W
where the equilibrium wage is determined by the requirement that the demand for workers in each employment
location (11) equals the supply of workers choosing to commute to that location (7).
From the first-order conditions for profit maximization and the requirement that zero profits are made if
the final good is produced, equilibrium commercial floor prices (g;) in each block with positive employment

must satisfy:

a\Ta T
¢ =1-a) w—j A (12)
Intuitively, firms in blocks with higher productivity (A;) and/or lower wages (w;) are able to pay higher com-

mercial floor prices and still make zero profits.

2.3 Land Market Clearing

Land market equilibrium requires no-arbitrage between the commercial and residential use of floor space after
taking into account the tax equivalent of land use regulations. The share of floor space used commercially (6;)

is:
9; =1 if g > &Q,
g =0 if g <&Q, (13)
0; €10,1] if ¢ =&Q;,

where &; > 1 captures one plus the tax equivalent of land use regulations that restrict commercial land use
relative to residential land use. We allow this wedge between commercial and residential floor prices to vary

across blocks.



Therefore floor space in each block is either allocated entirely to commercial use (g; > £;Q; and 6; = 1),
allocated entirely to residential use (¢; < &;Q; and ; = 0), or allocated to both uses (¢; = £;Q; and 6; € (0, 1)).
We assume that the observed price of floor space in the data is the maximum of the commercial and residential
price of floor space: Q; = max{q;, @;}. Hence the relationship between observed, commercial and residential

floor prices can be summarized as:

Qi = qi, g > &Qi, 0; =1,
Qi = qi, qi = &Qi, 0; € (0,1), (14)
Qi = Qi g < &Q;, 0; = 0.

We follow the standard approach in the urban literature of assuming that floor space L is supplied by a
competitive construction sector that uses geographic land K and capital M as inputs. Following Combes,
Duranton, and Gobillon (2014) and Epple, Gordon, and Sieg (2010), we assume that the production function
takes the Cobb-Douglas form: L; = M!'K 11 ~# .9 Therefore the corresponding dual cost function for floor space
isQ; = u (1 — u)*(lfﬂ)]P’“Ril_“, where Q; = max{g;, Q;} is the price for floor space, P is the common
price for capital across all blocks, and R; is the price for geographic land. Since the price for capital is the same
across all locations, the relationships between the quantities and prices of floor space and geographical land

area can be summarized as:

Li = oK, " (15)

Q; = xR; ¥, (16)

where ¢; = M!" captures the density of development and y is a constant.

Residential land market clearing implies that the demand for residential floor space equals the supply of
floor space allocated to residential use in each location: (1 — 6;) L;. Using utility maximization for each worker
and taking expectations over the distribution for idiosyncratic utility, this residential land market clearing
condition can be expressed as:

E [ws|i] Hp;
Qi

Commercial land market clearing requires that the demand for commercial floor space equals the supply of

E ;)] Hri = (1 - 5) = (1-106;) L. (17)

floor space allocated to commercial use in each location: 6;L;. Using the first-order conditions for profit

maximization, this commercial land market clearing condition can be written as:
1
<<1 _qj‘) Aj) " Huy = 0,1, (18)
When both residential and commercial land market clearing ((17) and (18) respectively) are satisfied, total

demand for land equals the total supply of land:

(1—0;) Li + 0;L; = Li = ¢ K} . (19)

Empirically, we find that this Cobb-Douglas assumption provides a good approximation to confidential micro data on property
transactions for Berlin that are available from 2000-2012.



2.4 General Equilibrium with Exogenous Location Characteristics

We begin by characterizing the properties of a benchmark version of the model in which location character-
istics are exogenous, before relaxing this assumption to introduce endogenous agglomeration forces below.
Throughout the following we use bold math font to denote vectors. Given the model’s parameters {a, 3, u, €,
K}, the reservation level of utility in the wider economy U and vectors of exogenous location characteristics
{T,E,A,B,p, K, 1}, the general equilibrium of the model is referenced by the six vectors {mps, TR, Q,
g, w, 6} and total city population H. These seven components of the equilibrium vector are determined by
the following system of seven equations: population mobility (9), the residential choice probability (7g; in (5)),
the workplace choice probability (mys; in (5)), commercial land market clearing (18), residential land market

clearing (17), profit maximization and zero profits (12), and no-arbitrage between alternative uses of land (13).

Proposition 1 Assuming exogenous, finite and strictly positive location characteristics (I; € (0,00), E; €
(0,00), ¢; € (0,00), K; € (0,00), & € (0,00), 735 € (0,00) x (0,00)), and exogenous finite and non-negative
final goods productivity A; € [0, 00) and residential amenities B; € [0, 00), there exists a unique general equilib-

rium vector {wpg, TR, H, Q, q, w, 0).
Proof. See Ahlfeldt, Redding, Sturm, and Wolf (2014). m

In this case of exogenous location characteristics, the distribution of workers and residents across loca-
tions is determined by exogenous differences in productivity A; and amenities B; combined with the model’s
dispersion forces of commuting costs, diminishing marginal returns to commercial land use, and diminishing
marginal returns to residential land use. These dispersion forces ensure the existence of a unique distribution
of economic activity.

We establish a number of properties of the general equilibrium with exogenous location characteristics in
the web appendix. Since the support of the Fréchet distribution is unbounded from above, all blocks with strictly
positive amenities (B;) attract a strictly positive measure of residents (H g;), and all blocks with strictly positive
wages (w;) attract a strictly positive measure of employment (,7;). Therefore, if all location characteristics
{T, E, A, B, p, K, & 1} are exogenous, finite and strictly positive, all locations have positive residents and
employment, and are incompletely specialized between commercial and residential land use. Furthermore,
assuming that all other location characteristics {T', E, ¢, K, §, T} are exogenous, finite and strictly positive, a
necessary and sufficient condition for zero residents is B; = 0. Similarly, a necessary and sufficient condition
for zero employment is w; = 0, which in turn requires zero final goods productivity A; = 0. Therefore the
model rationalizes zero workplace employment with zero productivity (A;) and zero residence employment

with zero amenities (B;).

2.5 Introducing Agglomeration Forces

Having established the properties of the model with exogenous location characteristics, we now introduce
endogenous agglomeration forces. We allow final goods productivity to depend on production fundamentals

(a;) and production externalities (). Production fundamentals capture features of physical geography that



make a location more or less productive independently of the surrounding density of economic activity (for
example access to natural water). Production externalities impose structure on how the productivity of a given
block is affected by the characteristics of other blocks. Specifically, we follow the standard approach in ur-
ban economics of modeling these externalities as depending on the travel-time weighted sum of workplace

employment density in surrounding blocks:!°

S
Hhys
Aj=a;T),  Ty=) e <M> . A>0,6>0. (20)

s=1 K
where H)s,/ K is workplace employment density per unit of geographical land area; production externalities
decline with travel time (7;) through the iceberg factor e~97is € (0, 1]; § determines their rate of spatial decay;
and \ controls their relative importance in determining overall productivity.!!

We model the externalities in workers’ residential choices analogously to the externalities in firms’ produc-
tion choices. We allow residential amenities to depend on residential fundamentals (b;) and residential exter-
nalities (£2;). Residential fundamentals capture features of physical geography that make a location a more or
less attractive place to live independently of the surrounding density of economic activity (for example green
areas). Residential externalities again impose structure on how the amenities in a given block are affected by the
characteristics of other blocks. Specifically, we adopt a symmetric specification as for production externalities,
and model residential externalities as depending on the travel-time weighted sum of residential employment

density in surrounding blocks:

S
Hpgs
B; = b0, O, = Ze_p”s <KR> , n>0,p>0, (21)

s=1
where Hpy/Kj is residence employment density per unit of geographical land area; residential externalities

decline with travel time (7;5) through the iceberg factor e~ #7is € (0, 1]; p determines their rate of spatial decay;

and 7 controls their relative importance in overall residential amenities.

3 Data

We implement our quantitative framework empirically using a remarkable dataset that we have assembled for
Berlin. These data include the four key pieces of information required to take the model to the data structurally:
land prices, employment by workplace, employment by residence and bilateral travel times. Berlin also provides
an empirical setting in which a major new underground line is under construction (the U5 line through central
Berlin from Honow in the East to Jungfernhelde in the West). Hence we can use our quantitative framework and
data from before the line’s construction to evaluate its impact on the spatial distribution of economic activity

within Berlin.

"“While the canonical interpretation of these production externalities in the urban economics literature is knowledge spillovers, as
in Alonso (1964), Fujita and Ogawa (1982), Lucas (2000), Mills (1967), Muth (1969), and Sveikauskas (1975), other interpretations are
possible, as considered in Duranton and Puga (2004).

""'We make the standard assumption that production externalities depend on employment density per unit of geographical land area
K; (rather than per unit of floor area L;) to capture the role of higher densities of development ; (higher ratios of floor space to
geographical land area) in increasing the surrounding concentration of economic activity.
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Data for Berlin is available at a number of different levels of spatial disaggregation. The finest available
disaggregation is statistical blocks (“Blocke”). In 2006 the surface of Berlin was partitioned into 15,937 blocks,
of which just under 9,000 are in the former West Berlin. These blocks have a mean area of about 50,000 square
meters and an average 2005 population of 274 for the 12,192 blocks with positive 2005 population.'? Blocks can
be aggregated up to larger spatial units including statistical areas (“Gebiete”) and districts (“Bezirke”).

Our measure of employment at the place of work is a count of the 2003 social security employment (“Sozialver-
sicherungspflichtig Beschéftigte”) in each block, which was provided by the Statistical Office of Berlin (“Sen-
atsverwaltung fiir Berlin”) in electronic form. We scale up social security employment in each block by the
ratio of social security employment to total employment for Berlin as a whole. To construct employment at
residence, we use data on the population of each block in 2005 from the Statistical Office of Berlin and scale
the population data using district-level information on labor force participation.'®

Berlin has a long history of providing detailed assessments of land values, which have been carried out
by the independent Committee of Valuation Experts (“Gutachterausschuss fiir Grundstiickswerte”) in the post-
war period. The committee currently has 50 members who are building surveyors, real estate practitioners and
architects. Our land price data for 2006 are the land values (“Bodenrichtwerte”) per square meter of geographical
land area published by the Committee on detailed maps of Berlin which we have digitized and merged with
the block structure. The Committee’s land values capture the fair market value of a square meter of land if
it was undeveloped. While the Committee does not publish the details of the valuation procedure, the land
values are based on recent market transactions. As a check on the Committee’s land values, we compare
them to confidential micro data on property transactions that are available from 2000-2012. As shown in the
web appendix, we find a high correlation between the land values reported by the Committee for 2006 and
the land values that we compute from the property transactions data. Finally, the land value data also includes
information on the typical density of development, measured as the ratio of floor space to ground area (“GFZ”).*
To convert land prices (R;) to floor prices (Q;), we use the assumption of a competitive construction sector with
a Cobb-Douglas technology, as discussed in subsection 2.3 above.

Travel times are measured in minutes based on the transport network available in each year and assumed
average travel speeds for each mode of transport. To determine travel times between each of the 15,937 blocks
in our data, i.e. nearly 254 million (15,937 x 15,937) bilateral connections, we distinguish between travel times by
public transport and car. As described in more detail in the web appendix, we construct minimum travel times
by public transport for the three years using information on the underground railway (“U-Bahn”), suburban
railway (“S-Bahn”), tram (“Strassenbahn”) and bus (“Bus”) network of Berlin in each year. We use ArcGIS to

compute the fastest connection between each pair of blocks allowing passengers to combine all modes of public

"“There are a number of typically larger blocks that only contain water areas, forests, parks and other uninhabited areas. Approxi-
mately 29 percent of the area of Berlin in 2006 is covered by forests and parks, while another 7 percent is accounted for by lakes, rivers
and canals (Statistical Yearbook of Berlin 2007).

PEmpirically, labor force participation is relatively constant across districts within Berlin.

*Note that the Committee’s land values are completely different from the unit values (“Einheitswerte”) used to calculate property
taxes. The current unit values are still based on an assessment (“Hauptfeststellung”) that took place as early as 1964 for the former
West Germany and 1935 for the former East Germany. In contrast, the Committee’s land values are based on contemporaneous market
transactions and are regularly updated.

11



transport and walking to minimize travel time. We construct minimum driving times by car in 2006 using an
ArcGIS shape file of the street network of Berlin. We measure overall travel times by weighting public transport
and car minimum travel times using district-level data on the proportion of journeys undertaken with these
two modes of transport.

In addition to our main variables, we have compiled a number of other data, which are described in detail
in the web appendix. First, we have obtained data on observable block characteristics, including the location of
parks and other green spaces, proximity to lakes, rivers and canals, proximity to schools, average noise level,
the number of listed buildings, the extent of destruction during the Second World War, and urban regeneration
programs and government buildings post reunification. Second, we have obtained survey data on individual

commuting decisions in Berlin for 2008.

4 Model Calibration

We now calibrate the model so that it exactly replicates the observed data on land prices, workplace employment
and residence employment as an equilibrium. We use the calibrated model to recover the implied bilateral

commuting flows and distributions of income by workplace and residence in this initial equilibrium.

4.1 Parameters

To calibrate the model’s parameters {«, 53, , €, K, A, 3, 1, p}, we use central values from the existing empirical
literature. We set the share of consumer expenditure on residential floor space (1 — 3) equal to 0.25, which is
consistent with the estimates in Davis and Ortalo-Magné (2011). We assume that the share of firm expenditure
on commercial floor space (1 — ) is 0.20, which is in line with the findings of Valentinyi and Herrendorf (2008).
We set the share of land in construction costs (1 — u) equal to 0.25, which is consistent with the estimates in
Combes, Duranton, and Gobillon (2014) and Epple, Gordon, and Sieg (2010) and with micro data on property
transactions that is available for Berlin from 2000-2012, as discussed in the web appendix.

We use the estimates of the model’s commuting parameters {¢, x} from Ahlfeldt, Redding, Sturm, and Wolf
(2014). We set the Fréchet shape parameter that determines the heterogeneity in workers’ commuting decisions
(€) equal to 6.83. We assume that the semi-elasticity of commuting costs to travel times () is 0.01. Together
these parameters imply a semi-elasticity of commuting flows to travel times (ex) of 0.07.1

We consider a range of values for the model’s production and residential externalities parameters {}, 9,
n, p}. As summarized by Rosenthal and Strange (2004), “doubling city size seems to increase productivity by
an amount that ranges from 3-8 percent,” and studies that control for worker sorting find estimated spillovers

towards the lower end of this range, as in Combes, Duranton, and Gobillon (2008).1° We explore the role of

>The use of reduced-form gravity equations for commuting flows has a long tradition in urban and regional economics, as reviewed
in McDonald and McMillen (2010). Fortheringham and O’Kelly (1989) argue that the consensus in the literature is that a semi-log
specification provides the best fit to commuting data within cities. A recent contribution to this literature using a semi-log specification
and travel times is McArthur, Kleppe, Thorsen, and Uboe (2011), which finds a similar semi-elasticity of commuting flows with respect
to travel times similar to the estimates of Ahlfeldt, Redding, Sturm, and Wolf (2014) for Berlin.

'“In a recent meta-analysis of estimates of urban agglomeration economies, Melo, Graham, and Noland (2009) report a mean estimate
of 0.058 across 729 estimates from 34 studies, consistent with Rosenthal and Strange (2004).
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these agglomeration parameters in determining the economic impact of transport improvements.

4.2 Wages and Implied Bilateral Commuting Flows

We now use the observed data on workplace employment (H ,7;), residence employment (H ;) and travel times
7;; to solve for implied wages and bilateral commuting flows. The commuting market clearing (7) provides a
system of equations that can be used to solve for unique values of adjusted wages for each location (up to a

choice of units in which to measure wages):

S ~ .
(/e )
HMJ = S - B CHRiv
'LZ:; Zs:l (ws/em—”)

6wj) capture both (i) wages (w;) in employment location j and (ii) the Fréchet

/

where adjusted wages (w; = EJl
scale parameter that determines the average utility (or effective units of labor) for commuters to that employ-
ment location (Ejl/ ). These variables enter the commuting market clearing condition isomorphically and hence
only their composite value can be recovered from the data. We choose units for adjusted wages such that they
have a geometric mean of one across locations.

In Figure 3, we display net commuting for each block within Berlin, defined as observed residence employ-
ment minus workplace employment. Surpluses (light colors) correspond to blocks that are net exporters of
commuters, where deficits (dark colors) correspond to blocks that are net importers of commuters. As appar-
ent from the figure, blocks close to the main central business districts (CBD) in Berlin - in Mitte in East Berlin
and the area along the Kudamm (“Kurfiirstendamm?”) in Charlottenburg and Wilbersdorf in West Berlin - tend
to be net importers of commuters. In contrast, outlying residential neighborhoods - such as Marzahn and
Zehlendorf - tend to be net exporters of commuters. More striking is the remarkable degree of heterogeneity
in commuting patterns across neighboring blocks. Even in central districts such as Mitte, blocks that are net

exporters of commuters alternate with blocks that are net importers of commuters.

4.3 Productivity and Production Fundamentals

We now combine the observed data on floor prices and workplace employment together with our solutions
for adjusted wages to determine adjusted productivity and production fundamentals. Floor space is assumed
to be allocated between commercial and residential land use to arbitrage away differences in commercial and
residential floor prices net of the tax equivalent of land use regulations. Therefore observed floor prices (Q;)
equal commercial floor prices (g;) if a block is completely specialized in commercial activity; they equal resi-
dential floor prices (Q);) if a block is completely specialized in residential activity; and they equal commercial

floor prices and a multiple of residential floor prices for incompletely specialized blocks:

Qi = Cmiqi = CriQi, (22)
Cavi = 1, iE{SMUQS},
CRi = 17 1€ %Ra
Cri = & i€ Jg.
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where (); and (p; relate observed floor prices to commercial and residential floor prices respectively; &; is the
tax equivalent of land use regulations that introduce a wedge between commercial and residential floor prices;
S is the set of locations specialized in commercial activity (6; = 1); Sg is the set of incompletely specialized
locations (6; € (0,1)); and S is the set of locations specialized in residential activity (6; = 0).

From observed land prices and adjusted wages, profit maximization and zero profits (12) determines the
value that adjusted final goods productivity must take in an equilibrium with positive production (up to the
choice of units in which to measure land prices and adjusted wages):

@

Q=(1-a) <?) o Are, (23)

Wj

o1 _a 1
where adjusted final goods productivity (A;_“ = E;(lfa) Ajl_”) captures both (i) final goods productivity
(A;) and (ii) the Fréchet scale parameter that determines the average utility (or effective units of labor) for

commuters to that location (E;“ia) )

. These variables enter the zero profit condition isomorphically and hence

only the composite value of adjusted final goods productivity can be recovered from the data. Adjusted final

good productivity (and hence adjusted wages) are zero for all locations with zero workplace employment.
From our specification of productivity (20), adjusted productivity {/Nlj} can be further decomposed into

production externalities (T;‘) and adjusted production fundamentals (a;):

S
S e
K, |’

s=1

a; = AT, Y=

where adjusted production fundamentals (a; = Ef / “a;) captures both (i) production fundamentals (a;) and (ii)
the Fréchet scale parameter that determines the average utility from commuting to an employment location
(B / ). These variables both enter adjusted final goods productivity isomorphically and hence only the com-
posite value of adjusted production fundamentals (@;) can be recovered from the data. In the special case of
exogenous productivity (A = 0), adjusted final goods productivity (fl]) equals adjusted production fundamen-
tals (@;). Adjusted production fundamentals (and hence adjusted final goods productivity and adjusted wages)

are zero for all locations with zero workplace employment.

4.4 Amenities and Residential Fundamentals

We now combine the observed data on floor prices and residence employment together with our solutions
for adjusted wages to determine adjusted amenities and residential fundamentals. Choosing units in which
to measure expected utility such that (U / ’y)6 /H = 1, adjusted amenities (B;) can be recovered from the
residential choice probabilities (5) using expected utility (9):

S —€ ~ €
Hpgi = Z (dis@Tﬁ) (Bz'ﬁ)s> ; (24)
s=1
where adjusted amenities (B; = BiTil/ EC}%;B ) capture both (i) residential amenities (B;), (ii) the Fréchet scale

parameter (Til/ ‘) that determines the average utility (or effective units of labor) for commuters from location
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i, and (iii) the relationship between observed and residential floor prices (legl_-ﬁ ). These variables enter the resi-
dential choice probabilities isomorphically and hence only the composite value of adjusted residential amenities
(B;) can be recovered from the data. Adjusted residential amenities must be equal to zero for all locations with
zero residence employment.

From our specification of amenities (21), adjusted amenities (Bi) can be further decomposed into residential

externalities (2]) and adjusted residential fundamentals (b;):

b = BiQ; ", Q; =

S
—oT; }ij?s
pT’LS
> e 7 ] : (25)
s=1

where adjusted residential fundamentals (b; = biTil/ 6(11%;6 ) include both (i) residential fundamentals (b;), (ii)
the Fréchet scale parameter that determines the average utility (or effective units of labor) for commuters

1/6)

from location 4 (1)’ "), and (iii) the relationship between observed and residential floor prices (C]lggﬁ ). These

variables enter adjusted amenities isomorphically and hence only their composite value can be recovered from
the data. In the special case of exogenous amenities (n = 0), adjusted amenities (B)) equals adjusted residential
fundamentals (i)z) Adjusted residential fundamentals (and hence adjusted amenities) are zero for all locations

with zero residence employment.

5 Counterfactuals

We now show how the system of equations for equilibrium in the model can be used to undertake counterfactu-
als for the impact of transport infrastructure improvements on the spatial equilibrium distribution of economic

activity. The counterfactual equilibrium can be determined from the following system of equations:

~ s A1-R —€ /4 \€
H;j = <dijQi ) (wj> ; (26)
~ s s oA1-B\ € (2 \€
HpiHpi = (disQi ) <w5> His, (27)
s=1
~ S ~ ,\175 —€ S €
HMiHMi:Z<dri ; ) (M) Hi, (28)
s=1
Y = HY LA, (29)
Y;
Wy = ——, (30)
Hyy;
S
WriWri =Y | Histis Histiss, (31)
s=1
Qi = Wi, i € Qg, (33)
A 1—)ViY; + (1 — B)WriWri
Q= Sl 0= PVl i€ Ss. (34)
7
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Ly =1, i € Su, (35)

L =1, i €S, (36)
2 ~ 1— ié}g -
Lyl = - (1-a) < L;, i € Jg, (37)
(1 - a)Y;Y; 4+ (1 = B)WgiWr;
2 ~ 1— i i i ~
LriLp; = (A B)Wr WRA L;, i € g, (38)
(1-)Y;Y; + (1 — B)WgiWhg;

A = [i zsj (4@ 7) " () H] . (39)

r=1 s=1
6 Conclusions

Determining the economic impact of transport infrastructure improvements is an important public policy issue.
Evaluations of the economic impact of such transport improvements face a number of theoretical and empiri-
cal challenges. We develop a theoretical framework for undertaking counterfactuals for the spatial equilibrium
impact of transport improvements. Our framework features a rich spatial structure, with locations differing in
productivity, amenities and access to transport infrastructure. Nonetheless this framework remains tractable
and amenable to quantitative analysis. We find substantial effects of empirically plausible transport infrastruc-

ture improvements on land rents, internal city structure and aggregate city economic activity.
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Figure 1: U5 Extension Plan
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Parameter Definition

Value

(1-p) Consumer expenditure residential floor space 0.25
(1—-a) Firm expenditure commercial floor space 0.20
(1 —p) Share of Land in Construction Costs 0.25
v Semi-elasticity Commuting Flows and Travel Times 0.07
€ Fréchet Shape Parameter Commuting Decisions 6.83
Parameter Definition Value
A Production Externalities Elasticity 0.05
1) Production Externalities Decay 0.05
n Residential Externalities Elasticity 0.05
p Residential Externalities Decay 0.05

Table 1: Assumed Parameter Values

Counterfactual / Actual

Percentage Increase Exogenous Endogenous
Utility 0.22% 0.33%
Net City Employment 0% 0%
Value Total City Income 0.02% 0.11%
Value Total City Land Rents 0.02% 0.11%
Total Factor Productivity 0.03% 0.13%
Sum of Absolute Changes Exogenous Endogenous
as Percent of Aggregate

Workplace Employment 0.70% 0.92%
Residence Employment 0.36% 0.44%
Output 0.58% 0.78%

Table 2: Aggregate Effects (Immobile Population)

Counterfactual / Actual

Percentage Increase Exogenous Endogenous
Utility 0% 0%

Net City Employment 0.55% 1.06%
Value Total City Income 0.46% 1.01%
Value Total City Land Rents 0.46% 1.01%
Total Factor Productivity 0.03% 0.18%
Sum of Absolute Changes Exogenous Endogenous
as Percent of Aggregate

Workplace Employment 0.58% 1.06%
Residence Employment 0.55% 1.06%
Output 0.49% 1.01%

Table 3: Aggregate Effects (Mobile Population)
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Variable Exogenous Endogenous
Berlin GDP (2012 1,000s Euro) 105,148,850
Increase GDP (2012 1,000s Euro) 479,421 1,056,767
Increase Land Rents (2012 1,000s Euro) 39,952 88,064
NPV Increase GDP (60 year, 3%) 13,747,679 30,303,380
NPV Increase GDP (60 year, 5%) 9,554,528 21,060,609
NPV Increase GDP (60 year, 10%) 5,257,890 11,589,726
NPV Increase Land Rents (60 year, 3%) 1,145,640 2,525,282
NPV Increase Land Rents (60 year, 5%) 796,211 1,755,051
NPV Increase Land Rents (60 year, 10%) 438,157 965,811
Construction U5 (2012 1,000s Euro) 650,000
Operating U5 (2%, 2012 1000s Euro) 13,000

NPV Total Cost (3% discount rate) 1,022,782

NPV Total Cost (5% discount rate) 909,081

NPV Total Cost (10% discount rate) 792,573

Table 4: Aggregate Effects (Mobile Population)

23



