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Perspective

Urban areas are beset by economic externalities:

• Unpriced traffic congestion squanders time during morning and
evening rush hours.

• Agglomeration drives up productivity in dense urban areas.

• Unemployment rates for unskilled workers in densely populated
metropolitan areas often exceed national averages.

Road pricing deals with the externalities of traffic congestion, but it also
impacts unemployment and urban agglomeration.
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Jobs and Unemployment in Belgium
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Commuting and Traffic Congestion in Brussels
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The Model

We formulate a model which introduces the three features characteristic of
urban and regional economies:

• regional labor markets for skilled and unskilled workers,

• traffic congestion and commuting delays,

• compensating wage differentials,

• unemployment among unskilled workers, and

• external economies of scale and agglomeration effects.

These factors have implications for effectiveness of congestion taxes and
the return to investments in transportation infrastructure.
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Key Findings

We calibrate a numerical version of our model to the city of Brussels and
use the model to assess the extent to which second-best optimal pricing
departs from first-best rules of thumb.

A congestion tax for commuting towards the urban area widens
urban-rural wage gaps and unemployment differentials. Wages of skilled
workers in the urban center rise as a toll restricts the supply of skilled
labor in the city. Urban GDP falls, increasing unemployment.

White collar commuters, however, do not necessarily bear the burden of
the tax, as it is shifted to less mobile factors of production in the urban
area, including unskilled labor, land and capital. We demonstrate the
usefulness of our model for assessing the returns to road network
investments.
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Excise Taxes in a Marshallian Framework

Definition: An excise tax (or a specific tax) is an amount paid by either
the consumer or the producer per unit of the good at the point of sale.
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Tax incidence

Definition: tax incidence on consumers is the amount by which the buyer
price, PD , rises over the non-tax equilibrium price, P∗, ; the tax incidence
on producers is the amount by which the seller price, PS , falls below P∗.

The total tax wedge equals the sum of the tax incidence on the buyer and
on the seller. The shares depend on the elasticities of demand and supply.
The tax incidence is larger in the less elastic side of the market.
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Tax incidence in extreme cases

When supply is perfectly elastic, the tax incidence falls solely on the
consumer; and when supply is perfectly inelastic, the tax incidence falls
solely on the producer.
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The Model

• Hourly and salaried workers are distinct. Further, salaried workers are
distinguished by region of residence (an “Armington” model)

• Skilled workers commute, work for 8 hours per day, and give up
morning and evening leisure in exchange for compensating wage
differentials.

• Unskilled work where they live. They experience involuntary
unemployment described by a wage curve with elasticity -0.1. (ala
Blanchflower and Oswald)

• Total factor productivity in Brussels exhibits external economies of
scale through urban agglomeration.

• Fixed factors of production in the short run include capital and land.
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Labor Demand

• Salaried workers from Wallonia, Flanders and Brussels are imperfect
substitutes in production.

• Benchmark wage differentials are are calibrated to a reference
employment, commute delays and arbitrage constraints.
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Salaried Workers

Welfare for salaried worker living in i and working in j :

U(cij , `ij) =
(
θ``

ρ
ij + (1− θ`)cρij

)1/ρ

Extended income and budget constraint:

Mij = 8Wij + Tij + ωij(3− Dij) = cij + ωij`ij

which includes a term representing the difference between toll receipts less
payments, Tij .
Leisure is determined by the morning and evening time allocation (3
hours) less travel delay, Dij :

`ij = (3− Dij)
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Toll Receipts

The net distribution of toll revenue is returned lump sum to salaried
workers:

Tij =
T̄

N̄
− τij

in which τij is the toll, T̄ is aggregate toll revenue (=
∑

ij τijNij), and N̄ is
the population of salaried workers (=

∑
ij Nij).

NB: Revenue is fully rebated, hence
∑

ij NijTij = 0.
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Equilibrium Sorting

Two arbitrage conditions:

1 Commuter welfare is no higher than other salaried residents in region
i :

Ûi ≥ Uij =
Mij

pij
⊥ Nij ≥ 0

2 All salaried residents in i work somewhere:∑
j

Nij = N̄i ⊥ Ûi
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Traffic Congestion

• Delay on the ij arc consistent with the bureau of public roads
congestion function:

Dij = αij + βij

(
Nij

Sij

)γ
in which αij represents uncongested travel time, βij is the congestion
parameter, Sij is a capacity scale (=1 in benchmar), and γ = 4.

• The open road travel time based on the travel distance (D) and the
maximum speed (smax):

αij =
Dij

smax

• βij is calibrated to reference period flows, N̄ij , and commute times, D̄ij
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A Pigouvian Tax

The travel delay created by one additional driver on the ij link is given by:

∂(NijDij)

∂Nij
= Dij + γβij

(
Nij

Sij

)γ
= Dij + γ(Dij − αij)

Congestion externality examines the marginal impact of driver for other
commuters: γ(Dij − αij). In the absence of other distortions, the optimal
(Pigouvian) toll is equal to the value of the induced delay, i.e.

τij = γωij(Dij − αij)
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Unemployment

Unemployment in region j , uj , depends on the hourly wage:

uj = ūj

(
vj
v̄j

)−ε
where ūj is benchmark unemployment and v̄j is the benchmark wage for
unskilled workers.
A 10% drop in the real wage implies a doubling in the unemployment rate,
hence:

ε = −
log(

uj
ūj

)

log(
vj
v̄j

)
= − log(2)

log(0.9)

The market for hourly workers is then:

H̄j(1− uj) = NH
j
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Regional Production

Yj = F (NH
j , Lj ,Kj ,Nij)

= φj

[(
NH
j

)θHj
f (Lj ,Kj ,Nij)

1−θHj
]ηj

Parameter ηj ≥ 1 portrays external economies of scale through urban
agglomeration. Firms take these agglomeration benefits as given.
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Regional Production (cont.)

f (Lj ,Kj ,Nij) =
(
θLj L

ρL
j + (1− θLj )g(Kj ,Nij)

ρL
)1/ρL

g(Kj ,Nij) =
(
θKj K

ρK
j + (1− θKj )h(Nij)

ρK
)1/ρK

Skilled workers from different regions are traded off with an elasticity of
substitution σN(= 1

1−ρN ).

h(Nij) =

(∑
i

θNij N
ρN
ij

)1/ρN
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Regional Production

20 / 68



Arbitrage

Representative firms set production levels that maximize profits, taking
agglomeration externalities as given. The zero profit condition

C (vj , p
L
j , p

K
j ,Wij)Y

1−ηj
j = 1

where C () is the unit cost function dual to F , pLj is the price of land in

region j and pKj is the price of capital.

• In the short-run, land and capital are fixed and associated resource
constraints determine pLj and pKj .

• In the long-run, the land constraint remains, and the price of capital
is fixed. (Rents flow to absentee land and capital owners.)
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Structural Sensitivity: Dynamic Congestion

Traffic congestion in the morning or evening peak hours is often caused or
amplified by specific capacity constraints of the road network, such as a
tunnel, an intersection, highway exits and ring roads around city centers.
The bottleneck model, initiated by Vickrey (1969) and further developed
by Arnott et al. (1993).
In equilibrium, all commuters face the same travel cost:

α(t∗ − t̃) = β(t∗ − tF ) = γ(tL − t∗)

Average total travel cost from region i to region j in the no-toll
equilibrium as

pij = cij + δij
Nij

sij
,

where δij =
βijγij
βij+γij

and cij is a fixed cost per trip.
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Income in the Bottleneck Model

The second term in the travel cost expression is variable, half due to
queuing costs (in the aggregate). The other half corresponds to schedule
delay costs.
We then represented extended income Mij as:

Mij = 8Wij + Tij + 2ωij(3− Dij)
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Tolling Regime

The parameter Γk
ij changes according to the tolling regime:

Γe
ij = Γu

ij = 1

Γc
ij = 1

4

[
3− (γij−αij )βij

(βij+γij )(αij+γij )

]
Γo
ij = 1

2

where the superscript k = e, u, c , o indicates different tolling scenarios:

• the no-toll equilibrium (e),

• a uniform or flat toll (u),

• a coarse toll that only distinguishes between a peak and an off-peak
road price (c) and the optimal,

• completely time-depending fine toll (o).
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The Fine Toll

A fine toll eliminates all queuing costs by shifting departure times, without
affecting the schedule delay costs (arrival times are determined by a

constant outflow from the bottleneck at a rate
Nij

sij
). The fine toll simply

replaces the queuing costs. The optimal toll τkij (for k = u, c , o) can then
be expressed as

τkij = 2Γk
ijδij

Nij

sij
.
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The Optimal Pigouvian Toll
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Commuting, Wages and Income Impacts
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Macroeconomic Impacts of Road Tolls
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Welfare Impacts: Low Skilled Workers in Brussels
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Welfare Impacts: Low Skilled Workers in Flanders
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Welfare Impacts: Low Skilled Workers in Wallonia
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Welfare Impacts: High Skilled Workers in Brussels
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Welfare Impacts: High Skilled Workers in Flanders
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Welfare Impacts: High Skilled Workers in Wallonia
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Conclusions

• We demonstrate the feasibility of analyzing the general equilibrium
(non-marginal) effects of congestion pricing and infrastructure investment in
an economic model combining endogenous congestion, agglomeration
externalities and unemployment.

• Numerical experiments calibrated to a three region model of Belgium
highlight the distributional impacts of transport policy.

• Surprisingly, commuters can gain from the introduction of a congestion toll,
as it improves the efficiency of the allocation of workers across regions.

• With per-capita allocation of toll revenue, salaried workers living in Brussels
gain because they do not pay the congestion tax and their wage rises.

• Under a range of road pricing simulations, production in Brussels falls
resulting in losses for land and capital owners. A congestion tax widens the
urban-rural wage gap.

• In most cases, with road pricing neighboring regions Flanders and Wallonia
see a relatively small increase in output and a decrease in unemployment
rate.
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Conclusions (cont.)

• With agglomeration externalities, the introduction of congestion taxes
appears to be less beneficial for all salaried workers and more detrimental for
all capital owners.

• When we consider two instruments for transport policy, congestion taxes and
infrastructure investments, we find that a substantial increase in transport
network capacity is needed to reduce travel times by as much as would be
achieved by the congestion toll.

• Unlike congestion taxes, investments in transport infrastructure reduce
unemployment in Brussels. The optimal mix of instruments will depends on
the objectives of policymakers.
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Two Other Applications

• Foxconn in Wisconsin

• Eucalyptus in Ethiopia
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Delaunay Triangulation

A Delaunay triangulation for a given set P of discrete points in a plane is a
triangulation DT(P) such that no point in P is inside the circumcircle of
any triangle in DT(P):
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Delaunay Triangulation (cont.)

Delaunay triangulations maximize the minimum angle of all the angles of
the triangles in the triangulation; they tend to avoid sliver triangles.
The triangulation is named after Boris Delaunay for his work on this topic
from 1934.
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Eucalyptus in East Afraica

Ethiopia is the biggest and fastest growing Eucalyptus planter in East
Africa (Dessie and Gessesse 2009)
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Current Expansion of Eucalyptus in Ethiopia

• According to a study on 10 woredas in Amhara region (BoA, Barhir
Dar 2017), the share of exotic species coverage rises from 0:4% in
1985 to 10% in 2016.

• The dominant land cover in the study area is cropland, which
accounts for more than 50% from the total area.
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Problems with Eucalyptus Expansion

• Failure to protect watershed and provide soil conservation, wildlife
habitat and recreational or aesthetic values

• Removal of too much water from streams and underground water,
adverse effects of their leaf litter on soil humus, heavy consumption of
soil nutrients, inhibition of growth of other plants

• Exhausting the once productive farmland because of its fast growth
(Alemie 2009), and the eradication is difficult (Diez 2005)
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Drivers of Eucalyptus Expansion

• Road infrastructure

• Increasing demand for fuel wood and construction material from
home and abroad (FAO 2009)

• For small land holders, eucalyptus suits their limited resources and
yields more money than other tree crops (FAO 2009)

• Land tenure
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Demographic and Geographic Data
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SPAM Dataset for 2010
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SPAM Commodity Coverage

whea Wheat chic Chickpea sugb Sugarbeet
rice Rice cowp Cowpea cott Cotton
maiz Maize pige Pigeonpea ofib Oth Fibre
barl Barley lent Lentil acof Ara Coffee
pmil Pearlmill opul Oth Pulse rcof Rob Coffee
smil Smallmill soyb Soybean coco Cocoa
sorg Sorghum grou Groundnut teas Tea
ocer Oth Cereal cnut Coconut toba Tobacco
pota Potato oilp Oilpalm bana Banana
swpo Sweet Pot sunf Sunflower plnt Plantain
yams Yams rape Rapeseed trof Trop Fruit
cass Cassava sesa Sesameseed temf Temp Fruit
orts Oth Root ooil Oth Oil vege Vegetable
bean Bean sugc Sugarcane rest Rest Crop
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SPAM Technology and Value Data

set v Variable in the dataset / set vp Value of production /

A Physical area vp_crop "Value of production of all 42 crops",

H Harvested area vp_food "Value of production of food crops",

P Production vp_nonf "Value of production of non-food crops",

Y Yield, ha_crop "Harvested area of all crops",

V Value of production ha_food "Harvested area of food crops",

/; ha_nonf "Harvested area of non-food crops",

vpha_crop "VoP per ha of all crops",

set t Technology / vpha_food "VoP per ha of food crops",

A Total vpha_nonf "VoP per ha of non-food crops"/;

H Rainfed high inputs

L Rainfed low inputs

I Irrigated

S Subsistence

R Rainfed (= A-I = H+L+S)

/;

set id Spam pixel ID,

fips2 Production level (FIPs code) ,

cell5m Cell 5m ID,

cntr Country,

adm1 Administrative level 1,

adm2 Administrative level 2,

iso3 Country /%iso3%/;

set adm(id,iso3,fips2,cell5m,cntr,adm1,adm2) Administrative assignments;

parameter data(id,v,t,g) "Dataset for region %iso3%";

59 / 68



Ethiopian Cities and Harvest Choice Cells
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Harvest Choice Marketsheds
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Construction of the Transportation Network
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Comparison with Open Street Map Road Network
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Clustered Rural Nodes
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Simulations

bmk Benchmark equilibrium, assuming neither eucalyptus
cultivation nor land reform.

exempt Labor productivity shock in manufacturing with eucalyptus
plantation providing an “exemption” for labor market
migration.

reform Labor productivity shock with land reform – legalized land
transfer, rural labor market and share cropping.

ban As in reform with a ban on cultivation of eucalyptus.
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Exemption

Blue nodes indicate contracting agricultural production and limited
eucalyptus cultivation.
Red nodes represent locations with more than 10% of land area
cultivated in eucalyptus.
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Land Reform
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Land Reform with Eucalyptus Ban
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