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This paper presents a model to study the interplay of imperfect competition and congestion. Resiczzl%nts
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center offers one differentiated product and one differentiated workplace. Shopping and commuting ffom
the city center to the subcenter requires the use of transport infrastructure that can be congested. We?derive
the Nash equilibrium in prices and in wages and analyze the welfare impacts of congestion charging“and
infrastructure policies. We generalize the literature on imperfect competition with (spatially) differentiated
products in the presence of (un) priced congestion. 26
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This paper presents a model to study imperfect competition with congestion. A city with fixed
population is served by a number of subcenters that offer variants of the same product.3The
location of the subcenters and of the population is fixed and the access to each of the subcéhters
can be congested by shoppers, workers and trucks. These subcenters can stand for differenttype
of products: they can represent specialized shops selling one product (cars or bikes) or the¥ can
represent shopping centers selling a fixed bundle. In the case of metropolitan areas they caff alsc

represent larger facilities like airports. Each subcenters produces only one variant of the protiuct.
42
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The subcenters compete in prices for customers coming from the city but also compete in wages
for their employees as each subcenter is a differentiated workplace. Both types of competition
are linked since selling more product requires a larger work force. In the short term, the nuraber
of subcenters is fixed and we consider a (monopolistic competition) Nash equilibrium in prices
and wages. In the long run, free entry and exit can change the number of subcenters. We stugly the
properties of the short and long run equilibrium and examine the effects of congestion pricing,
road capacity expansion and other policies that affect directly the number of subcenters. 7
Our model can be compared to four strands of the literature: the imperfect competitiorslit-
erature, the literature on congestion pricing with imperfect competition, the urban econordics
literature and the literature on the endogenous location of shopping centers. Our model usé® the
logit model to represent differentiated goods. Compared to the traditional models of imperfect
competition (surveyed in [8]), our model offers two additional features. First, it examines ith-
perfect competition in a general equilibrium (yet simple) framework as the labor market andthe
delivery of intermediate goods are explicitly modeled. Second, our model introduces congestfon.
Both elements will be shown to have an important effect on the equilibrium outcome. Introduéing
a general equilibrium framework and a differentiated job market offers more complexity as fiffhs
compete on two markets rather than one. The equilibrium mark-up and the equilibrium nuriber
of firms are shown to be increasing in the product and job heterogeneity parameters. Congéstion
adds another component to the equilibrium mark-up because congestion acts as a disincé&htive
to cut prices. The welfare economics of the number of firms also changes as we now havetwo
market imperfections that interact. Congestion (and market power) can be relieved by haiting
congestion pricing, by having more subcenters but also by having larger road infrastructure ?The
three strategies are to some extent substitutes. =
The interplay between congestion and imperfect competition has already been covered it the
case of homogeneous goods for a monopoly by [7], and for a duopoly by [6]. They show fhat
congestion can lead to higher mark ups if the level of congestion is indeed a function of the tbtal
sales of the monopolist. We generalize this literature in three ways. First, we use a general €qui-
librium framework with shopping, commuting and delivery traffic where the three types of traffic
are influenced by the strategy of the firms. Second, we study the case of differentiated rathefthan
homogeneous goods and finally we allow for any number of competitors on the market. %
The urban economics literature takes a more global approach to the problem of congeStion
and imperfect competition by including endogenous location of production and residence*and
having therefore an endogenous urban form (see [11]). In our paper, locations of subcenter$ and
residences of population are fixed although the number of subcenters is endogenized. Sinée we
consider only symmetric equilibria, all subcenters are at the same distance from the center afitl we
can therefore make the natural assumption that the price of land is identical for all subcenter&®and
can therefore be omitted from the analysis. This would not be true if firms were competing*for
space within each subcenter, a case that is disregarded in this'f@iven the many differences *
in the type of forces at work (relocation and agglomeration or present in the urban econ89my
models but not in our model), our results are not directly comparable to the results obtained With
endogenous location models. 4
Fujita and Thisse [5, p. 221] survey shopping center models. These models study the ené%)ge—
nous location of shops and employment centers as well as consumers in a linear or homogeﬁ’eous
space. Shopping centers may exist because of search costs or when they offer sufficientlzdif—

46
1 We discuss the case of several firms per subcenter briefly in the conclusions. 47
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ferentiated products. Our model has a different focus: the location of consumers is given (they
reside in the city center), the potential locations of subcenters are given ex-ante and every2sub-
center has only one producer that offers a given variety of the good. This means that we de not
aim to study the origin, location or composition of subcenters, instead we limit ourselves tosthe
study of the properties of the competition between different subcenters. 5

In the model interpretation we follow in this paper, we have residents that live in the city
center but shop at and commute to subcenters. This is not necessarily the most common urban
structure (see [1]). Our generic model allows an alternative interpretation. In this alternative
interpretation, households choose a subcenter to reside in (they “shop” for a residence) and they
work in the city and in another subcenter. In the interest of clarity we do not emphasize this
alternative interpretation in this paper. 11

In Sections 2 and 3 we develop the model structure. In Sections 4 and 5 we study:zhe
equilibrium and the optimum without congestion. The main result in this first section is the gen-
eralization of the imperfect competition setting from competition in prices only to competition
in prices and wages. In Section 6 we add congestion and study the effect of congestion ots the
Nash equilibrium in the short and the medium term. In Section 7 we discuss the potential of thtee
types of policies: road congestion charging, limiting the number of subcenters, and extending'the
access capacity to the different subcenters. Section 8 concludes. 18

19

2. Themode setting 20

21

We consider a center, andsubcenters. Residents are located in the center and consunze a

differentiated good and a homogeneous good. They supply differentiated labor as well as hemo-
geneous labor. Each resident is active and provides the same amount of work. The homogerieous
good is produced competitively in the center using homogeneous labor and requires no teans-
port costs. We focus our attention on the production and the consumption of the differentizted
good. There are differentiated goods with subcentémproducing the quantityD; such that 27
D=>,_;. . ,Di. Ineach subcenter, one producer offers one variety of the good (e.g., duesto
increasing returns to scale), hires heterogeneous labor, uses the homogeneous good as ireerme
diary input and sells his product at the factory gates. We denote the travel time per trip 30
between the center and subceritédistance divided by speed). Households commute to subcen-
teri to supply labor with a travel time ai"t;, wherea™ denotes the number of trips per units2
of labor. Households also make shopping trips to subcgniéth a travel timeozdtj, per unit of 33
differentiated good, where? denotes the number of shopping trips per unit of consumption, for
i,j=1,...,n. These two trips are treated as independent (trip chaining is not considered he¥e).
The intermediary (homogeneous) goods needed in the subcenters are transported from the®ente
to the subcenter with a travel time per unit of intermediary good”ef, wherea denotes the 37
number of freight trips per unit of production. We first neglect congestion; in this case transpceta-
tion costy; is independent of the number of drivers using the road. From Section 6 onwards3we
treat congestion by recognizing that the transportation cost increases with the number of ca®®and
trucks and decreases with road capacity. 41

42

2.1. The production possibilities 43

44

There areN households who all work and each household supplies a fixed am@ur}) 45
units of time, devoted to production and transportation. The production of one unit of the dif-

ferentiated good requires one unit of labor time. The remaining labor time of the hougeisold4?
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devoted to the production of the homogeneous good. Each household consumes one unit of the
differentiated good, the rest of his income is spent on the homogeneous good. 2

We assume linear production technologies. The homogeneous good is produced using labor in
a one-to-one ratio (one unit of the homogeneous good is produced during one unit of time).4The
homogeneous good is either consumed directly or used as input for the differentiated good and
for the transport services (fixed and variable input). The production of the differentiated goo@l in
subcenter requires a fixed set-up cost (in the form of inputs of the homogeneous good) pef
subcenter and an intermediate input equattainits of the homogeneous good per unit of thé
differentiated good. Moreover, each subcenter requires some road infrastructure. The produdction
of this road infrastructure requirés units of the homogeneous good. The total consumption &f
the homogeneous good is denoteddy 1

We can present the total production possibilities of the economy by comparing the net inffuts
and the total uses of the homogeneous good. We have the following identity for the supply*and

14

the demand for labor:
15

A+ON=D+c'D+nF+ (" +a’+a") Y 4D;+nk+G, (1) 1
i=1..n 17
18
where the LHS represents the total supply of labor. The first term in the RHS represents the direct
use of labor in the production of the differentiated goddwith D = N) while the remaining 20
terms represent the use of the homogeneous good as input into the production of the differentiated
for the infrastructure costK . The remaining production of the homogehéous gaeylig used 23
as the final consumption good by the household. 24
The total consumption of the homogeneous go@d,is endogenous. It is computed as as
residual and is given by the resources available when variable costs of heterogeneous goods

production, time costs and fixed production and infrastructure costs are accounted for 27
28

G=9N—c1D—((x"’+oed+ah) Z t;D; —n(F +K). 29
i=1,...,n 30

31
As expected, the production of the homogeneous good, decreases with transport cosjs. In

Section 6, congestion is taken into account and transport costs are themselves endogenous,Jn the
symmetric case (considered in most of this papeg:z, i =1, ..., n and the average individual ,,
consumption of homogeneous gog:) where there are subcenters, is given by 5
36
g(n):@—cl—(aw—i—ad—}—ah)t—n(F—}—K)/N. @
38
39

g =0—ct—(a¥+a +a")t — (F+K)/N > 0. 0
41

Note that at least one center (center 1) is sustainable provided that

42
2.2. Market structures and taxes 43
44
The homogeneous good is produced competitively in the center. The wage in this indust#y is
normalized to one. As the market is competitive and one needs one unit of homogeneous 4abor

per unit of homogeneous product, we normalize the price and wage in the homogeneous industry
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to one (in this case, the transport cost is not incurred by the producers of the homogeneous good).
As a consequence, the value of time is®ard the transport cost equals the travel time, 2

The (relative) price of the differentiated gobi denoted by; and the (relative) wage offered 3
by firm i producing the differentiated goadis denoted byw;, i = 1,...,n. The government 4
finances the public infrastructure input by imposing a headitand a fixed levy on the firms 5
S:nK=NT +nS. 6

,
2.3. Household preferences 8
9

Each household consumes a variable amount of the homogeneous good (at the city centeiri) anc
one unit of the differentiated good in one of thesubcenters. The choice of the differentiateq2
good corresponds to a standard discrete choice model. For the preference foundations of this
model we refer the reader to (Anderson et al. [8, Ch. 2]). It is assumed that each household
must supply units of labor in the city center for the production of the homogeneous good apd
exactly one unit of labor in one subcenter for the production of the differentiated good. The
choice of the differentiated workplace (subcenter) is again a standard discrete choice problem.
As both labor supply and the quantity of the differentiated good are fixed, the consumption of the
homogeneous good is the residual. We consider that each household chooses a single place o
employment (besides the city center) and a single shopping destination (besides the city cepter).
Therefore the only choice of interest for the household is the choice of the employment subcgpter
(where the differentiated good is produced) and the choice of the type of differentiated goagd to
consume (where to shop).

The direct utility function of a household who supplies one unit of labor to the d|ﬁerent|atgd
industryi and buys one unit of the differentiated good of typis® 5

Vik = gik + i — Bi — B9, ®

whereg;, represents the consumption of the homogeneous good (whose marginal utility is cfe),

hy is the direct utility of the consumption of one unit of the differentiated gbpgd; is the 20

disutility of labor in subcenteir and g is the disutility of labor in the center. 30
We assume that households have an equal share of the total prafi, , 7; and that the 3

profit share is small. As a consequence, consumers take the profits as glven and the owné¥ of a
differentiated firm does not take into account the impact of his pricing policy on his utility aga

26

consumer or as a work&The household budget constraint is 34
35
1
. yWe. - _ d . 36
(wi —« t,)+9+Nllz m = (pe +a?t) + gk + T @ >
=1..n

38
According to identity (4), the revenue from supplying labor to subcente@inus the commuting 39
cost plus the revenue from supplying labor to the center, plus the share in total profits is equal to
the cost of consumption, including shopping cost, plus the cost of the homogeneous goodsplus
42

_ 43

2 One unit of time allows the production of one unit of the homogeneous good, which has a price equal to one, s&the
opportunity cost of one unit of time spent on the road is one.

3 Remember that the utility function is only defined when exactly one unit of the differentiated good is consumed "3nd
exactly one unit of differentiated labor is supplied. As this saves on notation, we assume this troughout this text. 46

4 This way we avoid one of the major problems in general equilibrium with imperfect competition. For a survey see48].
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the head tax. By substitution of the budget constraint in (3), we get the indirect utility function
(recall that all prices and wages are normalized by the price of the homogeneous good): 2

~ - 1 3
Uik = (wi — ") = Bi + 61— B) + hy — (Pk‘f‘adlk)-i‘ﬁ > m-T. (5)
1=1,....,n 5
To recognize the fact that the jobs in the differentiated industry are heterogeneous, we nfodel
the disutility of labor,; as a random variable 7
~ 8
Bi = Bi — n"ei, (6)

9
whereu™ > 0 is a scale parameter that measures employment heterogeneity aredi.i.d. 10
double exponentially distributetThe idiosyncratic terms; express the match values between:

the employments and the workers. 12

Similarly, the goods produced in the subcenter are differentiated from the shoppers perspec-
tives. We assume that 14
flk =hr + ,LLd&‘k, (7) 1

16
whereu? > 0 is a scale parameter andare i.i.d. double exponentially distribut€d. 17

We consider the symmetric casg:= g, i = 1,...,n (the centers are on average equally,
attractive from the worker perspectivél, = i, k = 1,..., n (all differentiated goods have the |,
same gross benefit), amd=1, i =1,...,n (all subcenters are equally far away). In this case,

the conditional indirect utility (5) reduces to o

Uik = 2 +w; — p + 1"ei + ey, 8 =2
where 2
24

Q=—("t+p)+0A-p)+h—a’t+A/N) > m-T. ©)
i=1,..,n 26

Note that this model requires information on the distribution of the match valyenfis;). 27
The precise value of the match value of a given household is unknown. In other words,z2¢he
individuals are statistically independent and nothing changes in the model at the aggregateztevel
if the match values were to change. As a consequence, the households are allowed to modifgtheir
employment choice and the shopping choices provided that this will not change the expested
demand addressed to each firm and the expected number of workers hired by each firm. 32
33
2.4. Profits of firms 34
35
Recall thatD; denotes the demand addressed to Firfwith "' ; D; = N), w; the wage ss
offered by Firmi and p; the price charged by Firmfor one unit of the differentiated good. In 37
the symmetric case, the marginal cost of intermediate inputsis® +o’¢,i =1,...,n (inthe s
nonsymmetric case, itis = c1+a”1,i =1, ..., n), and the marginal production costis-w;. 39

The profit of Firmi is 40
7wi(w, p) = (pi —w; —c)D; — (F +5), (100 *

4

- 43
5 The c.d.f. of the double exponential &(x) = expg— exp(—x)]. w4

6 For symmetric distributions (such as for normal), this formulation is the sanig ash; — u“¢;. Later on, we
use double exponential distribution which lead to the Logit model with the specification (7). The specifigation
hy — n?eg, with double exponential distribution leads to the reverse Logit, which is substantially less tractable (see ‘t@]),
and therefore it is not considered here. 47

45
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wherew = (w1, ..., w,) andp = (p1, ..., p,) denote the wage and the price vectors. 1
2
3. Household choices 3
4
3.1. Thelabor market choices 5
6
Given the choice of subcenteifor shopping, the utility of working it becomes (see [8]): 7
8
Uik = 2k + wi + e, 0
wheres2; = 2 — p + uley. 10

The probability that a worker chooses to commute to subceérnsegiven the choice of sub- 11
centerk for shopping,P;I*;( =Prob{U;x > Ujik, j=1,...,n}. Note that this choice probability 12
is independent of and therefore shall be written &, with 13

P’ :Prob{wi +ute > wi+u'ej, j:l,...,n}.

Using the fact that; are double exponentially distributed 16
exp( ) ;

Py = L i=1..n iy *
j:l ,,,,, exd ) 19

Therefore, the choice probabilities for the labor market have a logit type. Note that all the Wétfk-
ers will select the job which offers the largest wage if the heterogeneity paraptétisrzero.
Otherwise, a worker may accept a reduced wage in order to work for a firm which best fits2 is

preferences. The average expected number of workers in subténtéer;” . ot

. 25

3.2. Consumer choices 26
27

When a household is choosing in which subcehtar shop, all the terméw; + u'¢;) con- .
nected with the choice of employment are identical and therefore do not affect their choic%
this case, we can rewrite the conditional utility of shopping iiven the choice of workplace

as (see Eq. (8))
Uk‘,' Z‘Qi _pk+l‘bd8k, 32

n

Red

30
31

where2; = 2 + w; + u"e;. The probability that a household located in the center patronlzgs
subcentek is P ki = = Pro(Uy; = Uy, 1 =1,...,n}. As before, the choice probabllltyk‘ is

mdependent of the choiceand denoted b)Pk We haveP,f =Pro{—pi + uler > —pi + 36

e, 1=1,...,n}. With the double exponential distribution, we get: 37
exp(=Lk) 3

pd = Ko k=l...n. (12) *
Yie1. . @X0(H) 40

41

3.3. Market clearing conditions 42

43
Recall that every household consumes one unit of the differentiated good and that the4pro-
duction of every unit of the differentiated good requires one unit of labor (provided by one
household). Assuming that the labor market clears (wages are flexible), the fraction of workers
which decides to work at subcentemust be equal to the fraction of shoppers which patronize
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subcentei, whatever the wages and the prices. TiRfs= Pl.d, whereP” is given by (11) and
Pl.d is given by (12). We get a relation between the ppi¢end the wagev; set by Firmi
exp( 25 exp(—4
p(u ) = p(Md)p, . (13)
Zj:l ..... n eXF(;,L_M) Z]:l nexdﬂ_dl)

,,,,,

Therefore, the demand for the differentiated product sold in subceérgeD; = NP;’ =
NPY,
1

4. Equilibrium without congestion

4.1. The profit function

We look for a symmetric Nash equilibrium in prices and wages between firms (or subcentess).

1
2
3
4
5
6
7
8
9

10
11
12
13

The strategic variables of subcentesire w; and p;. Given the market clearing condition (13), 15

the choice ofw; determines the choice ¢f and vice versa.

16

Consider subcentérwhich takes all other wages and prices as given. Since the LHS of (13)

is strictly increasing inw; and the RHS of this equation is strictly decreasinginthere is a
one-to-one relation betweeny and p;, the other prices and wages being fixed. pet f; (w;).
Note thatf; (w;) = f(w;, w—;, p—;) wherew_; andp_; are the vectorsw and p with theith
component missing. We shall use the following result:

d Piw(l— Pl_m) 4
ﬁ (wl) - _ uv — _I"l'_ < O (14)
dw; Pl (-P) n
il

This expression is negative since when a firm raises its wage, it increases the number of watkers
hired. In order to be able to sell the additional production, a firm needs to reduce its prices.ZThe
price reduction needs to be larger whehis larger because then the consumers are more loyal

18
19
20
21
22
23
24
25

to their ideal product. Conversely, the price reduction is smaller vérs larger, since in this 29

case the workers are more loyal to their preferred workplace and less amenable to changingejobs

for a wage increase.
Given the relation between price and wage of Firnthe profit of subcentei only de-

pends on a single strategic variable (we select the wage as the strategic variable). In thisstase

mi(wi, w_;, fi(w;), p—;) =7 (w;, w—;, p—;) With
Ti(wi, woi, p—i) = [fi(wi) —w; —c|[NP” — (F +5), (15)

where we use the identit§; = N P, and where: = et +alt.

4.2. Short-run equilibrium

31
32

34
35
36
37
38
39
40

In the short-run equilibrium, we keep the number of firms fixed. The road size is kept fixed

too but this is irrelevant here since by assumption there is no congestion.

Subcenters are competing in wages and prices in a noncooperative Nash game. We wigh to

find the candidate symmetric equilibrium in prices and wages denotég®hyw®). As shown

above there is a market clearing condition that links the product and the labor markets sasthe
subcenters compete in either wage or price. We consider here that the strategic variable is the

wage,w;.

42

44

a7
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The best reply of subcentéto the wages and prices set by the other subcenters is 1
2

dr; (wi, w—;, p—i 1-pY dfi(w;
i (wi, Wi, p ):{—1+(fi(wi)—wi—C)M}NP;”+ f(w)NPl-wz . 3
dw; w w; )

s |

The first term in this expression corresponds to the standard term in oligopoly partial egjui-
librium models, while the second termfdw;)/dw; N P, which is negative) is specific to the 7
interaction between labor and the product markets. Note that at the symmetric candidate equi-
librium P = P4 = 1/n and recall that ¢ (w;)/dw; = —u?/u”. Therefore (16), set at the o

symmetric candidate equilibrium, leads to 10
d -1 11
—(M—w-l-l)—f-(pe—w"—c)(n w)ZO. 12

H nu 13

We prove in Appendix A that the candidate equilibrium is a Nash equilibrium. Therefore 14

Proposition 1. In the absence of congestion, there exists a unique symmetric Nash equilibrium 15
in prices and wages given by 17

pe=c+w’+ (u+p”) 7

(n—1)
20
Interestingly, the equilibrium markup® — (¢ + w°) is increasing with product heterogeneityz:
but also with job heterogeneity as a consequence of the interplay between labor and preguct
markets. The role of product heterogeneity is well known (see Anderson et al. [8]) while the
role of job heterogeneity is new: more job heterogeneity means that workers are also interested
in other dimensions than the wage they earn (such as the proximity of the gym facility or zhe
charms of the boss) so that wage differences become less important and this increases thegrofi
margin. Interestingly, both types of heterogeneity work in the same direction and are additive.
Each firm has market power, which decreases when the number of competitors increasess The
markup remains bounded away from zeroas- oo, since each firm keeps a monopoly powess
in the product and in the labor markets. The equilibrium markup in the symmetric monopolisgic

competition models & la Chamberlin is strictly positive and given by lim[p® — (c + w®)] = a1
ud +p? > 0. 32

33
4.3. Long-run equilibrium 34

35
In the long-run equilibrium, we allow the number of subcenters to vary by free entry and ext.

The long-run equilibrium is such that the profit of each subcenter is zero (we neglect intgger

problems). 38
The equilibrium profit (see (15)) at the symmetric equilibrium is 39

e e e N 40

b4 :[p —w —c];—(F—i—S) a

or after substitution of the equilibrium price levels (see Proposition 1) a2
43

—(F+29). a4
o S -

The profit is a decreasing function of the number of subcenters: further entry drives profits to
zero. 47

e

m¢ = (n 4 u")
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The long-rum/ number of subcenters is

I’lf =1+ (Md +Mw) (18)

—>1
F+S
At the free entry equilibrium, the consumptigr of the homogeneous good is

(F+K)

f_ _ d w
gl =g —(n*+u )7(F+S),

N o o~ W N P

8

whereg(1) is given by Eq. (2). Less homogeneous good is consumed when the product diffeten-

tiation and/or the job heterogeneity increases since both factors increase profit margins andvith
free entry, also the number of firms. In this case, a larger number of firms increases the reséurce

cost needed to produce the differentiated godd; + K), and therefore decreases the amourif

of residual consumption of the homogeneous good.
5. Optimum without congestion

5.1. Thewelfare function

13
14
15
16
17
18

In the first-best, all quantities can be chosen freely and the only constraints are the produng;cion
possibilities. Using the definition of the utility function (3), (6), and (7), and the producti%

possibility constraint (2), we obtain, for the per capita welfare to be optimized, deno®&d:by
W(n) = [g(n) — BO] + E[max(ii — fr)]
= [0 —ct- (aw +af —l—ah)t —n(F+K)/N — ,69]
+ {(h B+ E[@g)(uwei)] + E[fg%)(udsk)”

28
Using the expression for the expected maximum if i.i.d. random variable (recall that with the

double exponential distributioZ[max; ¢;] = In(n) (see Anderson et al. [8]), we obtain
W) =¥ = = (F + K) + (! +4") logn), (19)
whereV is given by

W=—B+0L—p)+h—ct— (" +a? +a"). (20)

22
23
24
25
26
27

30
31
32
33
34
35

The first-best optimum in the short run (exogenous number of subcenters) and in the Iongsjrun

(endogenous number of subcenters) is characterized by

Proposition 2. In the absence of congestion, the short-run first-best optimum welfare function is
given by

W) =¥ == (F+K) + (! + ") logn), (21)
where ¥ is given by (20). The long-run first-best optimum number of subcentersis

n® = (Md + /Lw) m (22)

38
39
40
41
42
43
44
45
46
47
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Proof. It remains to determine the long run optimum. The functiBtx) is concave im. The
optimal number of subcenters? given by (22) is obtained by differentiation &f (n) wheren
is treated as a real numberQg

Whereg(n) is given by (2). Note that this expression is independent of the fixed goatxi K .
The comparative statics on the first-best number of subcenters and on the consumption of the
goods are left to the reader.

1
2
3
4
At the optimum, the consumption of the homogeneous gogél is g(n°) or 5
6
7
8

11
12
13

14
We can now compare the equilibrium and the optimum numbers of subcenters. Note that

5.2. Equilibrium versus optimum number of subcenters

e 0 d wy N 16
(p—w)f=(p—w°’+(n'+un )m, -
that is to say firms charge a price (net of wage) above the socially optimal {gveldwever the 18
excessive price level will not induce distortions in the economy in the short run since the demand
for the differentiated goods and the differentiated labor supply are inelastic. We show belowzﬁwat
the market power of firms induces excessive entry in the long run.

If firms pay the total cost of the road infrastructure to their subcesster K), the equilibrium
number of subcenters is larger than the optimum arex n°), wheren/ is given by (18), and

nCis given by (22)n/ = 1+ (u¢ + pu*) 7% and

22

25
n! =1+ n°. (23) ¢
27
Anderson et al. [8] showed that monopolistic competition in a product market with a logit mogiel
always generates an overentry of exactly one firle generalized this result to the generabs
equilibrium context with heterogeneous product and labor markets envisaged in this papersahe
intuition for this result is that the introduction of an heterogeneous job market corresponds ta an
additional source of heterogeneity. However, since the labor and product market are related; the
total degree of product heterogeneity stays about the same and the number of firms is toodarge
by exactly one unit as in the case where there is only product differentiation. 34
Assume that K n°, thatis(F + K)/N < (u? 4+ 1*).8 In this case, since there is excessives
entry, there exists a level of tax which can decentralize the social optimum. The optimal ta is

given by a7
OK F 38
stAEFE 24)
(n°—1) 40
Therefore the firm should optimally be charged more than the price of the infrastructures (since
S > K). We have 42

43

- 44
7 The excess entry is the norm for discrete choice models with log-concave error term. The one firm result is specific

to the Logit. For the pure oligopolistic model (one market), the upper limit, attained on the boundary of the coné of
log-concave function is about 12% excessive entry (see [2]). 46
8 The minimum number of firms at the optimum is equal to one, since each consumer has to buy a product. 47
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Proposition 3. In the absence of congestion, in a free-entry Nash equilibrium, the first-best opti-
mum can be decentralized by a levy per firmlarger than the infrastructure cost per subcenter. If
the levy covers exactly the infrastructure cost per subcenter, at equilibriumthere is one subcenter
too many.

6. Equilibrium with congestion

0 N o o B~ W N P

6.1. Model setting
9
We have assumed till now that the travel time on rbag is constant. From now on, we drop 4,
this assumption and explicitly recognize that congestion may occur. In this case, travel time gost
on roadi is an increasing function of the number of vehicles on this road. Each road is occupied
by shoppers and by commuters as well as by trucks (that deliver the intermediate input from,the
center to the subcenters). If they travel at the same time, the usage oi) eamlessed in car ,,
equivalent, is 15
pi = N[(KOlh + ozd)Pid +a¥ Piw], (25) 16
wherex represents the car equivalent of a truck. Alternatively, if trucks are traveling off peak
and without congestion, then = N[a? Pl.d + o™ P”]. If only shopping cars experience conges—18
tion, then:p; = NadPl.d, etc. To fix ideas, we retain here expression (25). The other cases Zz%re

straightforward to analyze.

The relation between travel cost, and total activity on the road p;, is given by 2

) 22
=1+ (26) 2
S

The first terny represents the transport time in the absence of any congestion. The secondzt:erm
in (26) represents the variable travel cost, wheigethe exogenous capacity of the road measureg

in car equivalent, and wheseis a coefficient which depends on schedule delay costs parametgrs
for early and late arrivals. This expression is the reduced form of the bottleneck equilibrium ost
(see Arnott et al. [4]), where road users decide on their trip tirflifig.ease the exposition, we ”
consider here the simplest version of the bottleneck model that involves only one type of users
that have all the same values of time, the same schedule delay parameters and the same desired
arrival times'© *

Recall the market clearing condition (13);4 = P/. Equation (26) reduces to %

33

N N
i=t+8—aPl=1+5—aP¥, (7 *
S S 35

36

9na dynamic model, users select departure time and route choice, and wish at the same time to reduce travél time
and early/or late arrival at destination. At equilibrium, if users are equal, all users incur the same cost, which depenifs on
the parameter values of the problem: demand over capacity pafio) @nd demand parameters: values of queuing timeso
of early and late schedule delaysand, respectively. Here only a combinatiérof these parameters enters in the cost,g
function with: § = ¢ /(¢ + x). Note that the reduced form of the equilibrium cést/s can be found directly without
computing the equilibrium solution by only using the conservation law of the number of drivers and the equilibrium
condition which implies that all users (and in particular the first and the last one) incur the same cost. The same fofthula
is valid with different classes of users who wish all to arrive at the same time and with proportional parameter values.
10 One can allow for some degree of heterogeneity. Users can be differentiated with respect to their desired awival
time, and their values of, provided that there are discrete homogeneous classes (such as shoppers, workers, fggight
transportation) with sufficiently differentiated arrival times so that the classes of vehicles do not interact. In this Gase,
the cost function can be written as follow&: (Skp{‘)/s. It could be assumed, also, that some users do not experience
congestion: this is the case if the distribution of desired arrival time is sufficiently spread over time. 47
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wherea = ke’ 4+ af + a®. In the symmetric caseh = Pid =1/n and the travel cost, denoted 1

by ¢¢, is the same on all routes 2
§N °
t=t+——a. (28) 4
ns
5
6.2. Demand for goods and supply of labor 6
;
With congestion, the indirect utility of a consumer working @nd consuming at is Uy = 8
Qi+ wi — pr+ n"ei + nex, where o
10
Qu=(—a"t=B)+0A—p)+h—alt;+(1/N) Y m—T. n
i=1,...n 12
Using the same notation as in the noncongested case, this expression can we written as 13
Uik =2 — AYPY — AYPd 1w — pr+ u"e; + e, (29) .
wheres2 is given by Eq. (9)A” = a*§Ya andA? = a6 Y. 16
As in the noncongestion case, we need to compute the derivative Jdw;, wherep;, = 17
gi(w;) (see (14) in the noncongestion case). With congestion, the probability that a consumer
purchases goodis 19
—pi—A4 Py 20
exp(———~) 21
pd — w ) (30)
k 7[)17/‘({ P[d 22
Zl:l,...,n eXp(T) 23

This equation reduces to (12), when the variable travel time is zero or in the symmetric éase
(P¢ = 1/n). This is an implicit equation since the travel time on roktdepends on the total >
traffic on routek, which is an increasing function cﬁd (see Eq. (27)). 26

Since the travel costs depend on congestion, they cannot be assumed to be symmetric. Indeed

when a firm deviates from a symmetric candidate equilibrium, it will affect road use and treivel
costs. For example, a price cut in subcenteill increase the level of demand, labor supply and®
intermediate inputs and therefore the level of congestion and the trave).cost %0

Using the implicit function theorem, we get 3

32
1
dpléi_ FP,f(l—P,f) 33

- Ad pd a2 34
dpk 1+ 47 P (L=P) -

Therefore, in the symmetric cag! = 1/n 36
37

dpd | qax() 3 ay ”
dp,' Sym 1+ A:rll.(nzl) jz

Note that the price sensitivity in the symmetric case decreases as the impact of congestion4mea-

sured byA? (that contains? andw) gets larger. Congestion decreases the incentive to cut pricess,
since a lower price implies more customers, more workers and more intermediate deliveriegand
therefore more congestion, which both reduce the benefit of the initial price cut. In fact the iniial
price cut is compensated partially by congestion so that the firm is exchanging a lower p#ofit
margin for more time losses rather than for more customers. With an extremely high levetof
congestion fi¢ — oo) the demand for one specific variety is inelastic. 47
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1 Similarly, for the labor market we have 1
2 2
w'__Aw pw

3 ex #’ 3
. S B 32

4 wj—Aij 4

: S o) :

6  This expression reduces to (11) when the variable travel time is zero: when there is no congestion.

7 At a symmetric situation 7

8 1 1(n=1 8

0 drr | () (33) °
dw; 14 AY1(n=1y°

10 t 1Sym + n n( n ) 10

oy
=

11
The market clearing conditioR” — Pl.d = 0 (see (13)) has a unique solutipn= g; (w;) given |,

[uN
N

13 thatdP?/dw; > 0 and ¢ /dp; < 0. We have 13

14 A4 1 et 14

15 dg; (w;) nd 1+ WZ(HT) 15
=T Tw T AV 1 n1\" (34)

10 dwi lsym 1" 1+ 555 (") 16

[y
N

There are two limiting cases of interest. First, without congestion, this expression reduceg to
Eqg. (14). This case can also be obtained in the limit where the product and the labor magket
diversities are very large compared to congestiofi ¥ A¢ and u* > A™). Second, when 20
congestion costs are present and very high compared to the product and labor market divergsities
(A4 > pd and AY > u™), then

N NN B
N B O © @

22
dp; _ Al o 23
dw; Sym_ AW qw’ 24
25

In this case the wages and the prices are solely driven by the level of congestion, since the wggkers
and the shoppers select their destination only as a function of variable travel times. 27

28
6.3. Short-run equilibrium 29

N
w

W ON N NN NN
o © 0w N o g b

30
We study first the equilibria in the absence of government interventions: no congestion ggic-

ing, no limit on the number of centers and an exogenous road capacity. As before we assumg that
in the short run, the number of subcenters is given. a3

We know that the marginal cost is = ¢! + o'#;, wheret; = + 8%, and road usage; 3,
is given by (25). Since the travel timgis variable, the marginal cost becomes variable ang
endogenous. We have 36

W W W W W W w
N o g b~ W N P

. 37
ci=cl+ah(t+8&>=c+AhPiw, 38
S
39
whereA” = o"$ X« (using Eq. (27)), and where we have defired ¢! + o't This means that 4
the firm bears directly, via the intermediate delivery cost, part of the congestion costs it creates.

A A W w
, O © ®

42 Using the market clearing condition, the profit of Fifris 42

:j i (wi, w—i, p) = [gi (wi) — w —C—AhPiw]NPiw —(F+59). (35) ii

45 The first-order condition for optimal wage (and price) setting f&;/dw; =0 or 45

46 de: (w: dpw 46

- 800 41 pv 1 [giwn) — wy — e — 24" PP] S 0, -
dw; dw;
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Substituting the expressions (34) and (33), the first-order condition, at the symmetric candidate

equilibrium reduces to 2
3
d d w
AY1l(n-1 AY1/n-1
(i (50) e (5] 4
o né n n u? n n 5
2\ 1 n-1 6
—(pe—we—c—Ah—)—n =0. (36)
n)u?¥ n
8
Therefore, the candidate equilibrium price is given by the solution of (36) 9
Al n SN, 10
p=c+— 4w+ (u!+un”) +-—a%, 1
n n—1 ns

12
whered = Ja(a” + a? +a*) and whereA” = o"§Xa. Note that whenc =1, & =a. The 13
markup (p¢ — ¢ — A" /n — w®) now has two components. The first one is the product/wage
heterogeneity term (proportional ta? + 1)), as in the noncongested case. The second terma,
represents the externality due to congestion, which is equal to the variable us€r@aosteasy 16
way to understand the role of congestion, is to introduce optimal time dependent road'Bricing
with such pricing, the variable transport cost is halved and therefore equilibrium price is given

by (38)13 10
20
Proposition 4. With congestion, there exists a unique symmetric Nash equilibriumin pricesand 21
wages given by 22
Al §N 2
n N

pl=c+—+w'+ (/,Ld + /,Lw) +-=a2 37 2
n n—1 ns 25
With optimal congestion pricing, there exists a unique symmetric Nash equilibriumin pricesand 26
wages given by 27
Al 8§ N "

e e d w n ~2
=c4+— ——a2 38) 2
pi=ct ——+uw+ (Wit put) 5+ 5o a (38) ”
31
Proof. See Appendix B. O -
33
11 The total cost iS'C = aNt¢ = aN (1 + éa 2\-). Therefore the externality, which is the difference between the maf4
ginal cost and the average cost is equabté? . = a (1€ — ). 35

12 we only discuss fine and step tolls. A fine toll evolves continuously over time. A one-step toll means that the relegant
period can be subdivided into two periods: one period with a fixed toll and one period without a toll. This is a mgieh
simpler but also a socially less performant instrument than a fine toll. We could consider other charging instrunggnts
(cordon tolls or parking levies that are not time differentiated) but these can in our simple model be reduced to head taxes
per consumer or to a levy per firm. Fixed levies are not able to change the distribution over time of trips and are therStore
not efficient in reducing congestion. They can only affect the total level of demand for the differentiated good whicdf is
fixed in this paper. 41
With the bottleneck congestion model (Amott et al. [4]), the total variable travel cost per individdd) ¥ canbe 4,
reduced by a factor 2 when an optimal fine toll is used and by a fag®when an optimal one-step toll is used. With
an optimal fine toll, there are only schedule delay costs left as queuing is eliminated. The average congestion charge that
corresponds to the fine toll equilibrium will be equal to the average schedule delay cost. With an optimal coarse toll,

queuing is not completely eliminated. 45
13 The average consumer price including tolps, + o % ¥a while the average net wage after deduction of the tolk6
_ L wé N

iswg, —a¥ 5 Ta. 47
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The existence proof, relegated in Appendix B, is quite complex, due to the fact that the two
markets (product and labor) are interdependent. Note that without congestion, the equilibeium
price reduces to Eq. (17). Equation (37) implies that the equilibrium price and profit mardgins
increase as congestion builds up (by example through exogenous reduction of the road capacity).
With congestion, there are two additional positive terms in the RHS. First the marginal produc-
tion cost is nowe + A" /n + w¢ and contains a congestion term translating the increased cost
of intermediate deliveries. The second term is related to the congestion created by shopping,
commuting and intermediate delivery traffic and represents the increased market power effect.

As discussed, congestion reduces the incentive to cut prices, and therefore, increasesvequi-
librium prices. This may explain why shops often lobby against policy measures which aimoto
improve traffic conditions although a firm individually will be in favor of local improvements oft

traffic, i.e. measures which improve the accessibility to workers and consumers. 12
The short-run equilibrium profit (see Eqgs. (35) and (37)) is 13
14
N 8 (aN\?

mé(s) = (n + pu")—— + - (“—) —(F+S) (39
m—-1) s\ n 16

which is an increasing function of the congestion level. Note that the profit is lower with road
pricing: it decreases by/2s(@N/n)? (see Eq. (38)). 18
19
6.4. Long-run equilibria 20

21

For a fixed level of road capacity, the free entry equilibrium with congestion denoted by?

n’ (s) solvesm¢ = 0. In order to study the free entry equilibrium, we need to specify the fixed

levy per firm S. As the default value, we us& = K so that every firm pays the public in- 24
frastructure that is specific to the firm. This leads to a cubic equation, and its solution isz2pot

too illuminating. The profitr¢(s) is a decreasing function of the number of subcentefSiven 26

that the equilibrium profit with congestion is larger than without, the free entry equilibrium with

congestion involves more firms than in the absence of congestian) > n/ . 28
We can find a lower boundi?(s) < n/(s)) and an upper bound for the solution of (39). Aso
lower bound, we use®(s) that is the solution of the following equation: 30
N 8( &N \? o

d w
—+-(——) - (F+K)=0. 40) =2
(M e )no(S) S(”0(5)> y t5 49 33

We will show in the next section thaf(s) is the optimal number of firms for given road capacityzs
and in the absence of congestion charging. Observerttat®) > 0, n°(s) < nf(s), so that 35
Eq. (40) has a unique positive root given by 36
37

0/ _ .0 ”_0 6‘_N2 43 _ 38
n(s)_n+2<\/(n°>S(F+S)+l 1>7 (41) 39

wheren® = (u? + u)N/(F + ) represents the optimum number of subcenters without coﬁ-
gestion (see Eq. (22)) provided that the firm pays the road infrastructureScesk(). Note that, ,,
as expected, the number of subcenters increases when the level of monetary cost associgted to
congestion increases, that is, when the value of pararhétereases. s

As upper bound fon/ (s), we usen®(s) + 1. We have 45

N AN \? 46
2000+ 2) = (04 ) s+ (S .
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1 Subtracting (40) from this equation, we get 1
2 8 1 1 2
“(n°+1) = —(&N)? - 0.

j 7¢(n°+1) ~@nN) <(n0+1)2 (n0)2)< i

5 As aconsequence; (s) <n°(s) + 1. 5

6 Summarizing, for given road capacity, in the absence of road pricing and for an infrasteuc-
7 ture charge on firm§ = K, we have an upper and lower bound for the equilibrium number of

8 subcenters whene®(s) denotes the optimal number of subcenters 8

® n°(s) < n' (s) <n°@s) + 1; n! <nl(s). (42) °

=
o

10
Therefore, given that the optimum number of subcent®s) increases with congestion 11
costs, so does the equilibrium number of subcenté(s). From the equilibrium point of view, 12
congestion decreases competition and therefore increases market opportunities and encourage
entry. From the social point of view, additional congestion increases the negative externalities
and therefore additional subcenters are beneficial. 15
The discussion concerned with the impact of congestion costs on dispersion has no plage in
this paper since subcenters are located at the same exogenous distance from the city-center. W
refer the reader to Anas and Kim [11], who analyze (in the setting of perfect competition) the
joint decisions of households of where to work, where to shop and where to live. Clearly, this

[~ T = =~ S S =
© ® N o U A W N P

20 approach and ours are complementary. 20
21 21
2 7. Optimum with congestion 22
23 23
24 1.1, First-best optimum 24

N
(%))

25
In the first-best, we control all consumption and production decisions. More specifically, yve
control the number of subcenters and the departure times of shoppers, workers and trucks as
well as the size of the roads. The welfare per capita without congestion is given by (19). W/jth
congestion, we need to add the symmetric variable transport cost, which is defined in (28).,J he

N N NN
© o N O

s individual variable transport cost equals 30
31 SN 31
h d wy( 2V
w2 ). -
33 33
34 Using the definitiony = \/a(a” 4+ o + a*), and assuming that the road infrastructure cost,
55 islinearin capacity K = £2s), the welfare function is 35
36 n SN 36
a7 Wn,s) =V — N(F + $2s) + (ud + /Lw) log(n) — ;;0{2. 43) o,

w
oo

When, in the bottleneck model, the departure times are set optimally for all road users, the ¥ari-
able transport costs are halved so that the welfare per capita (see Arnott et al. [4]) becomes™
40

AOD oW
= O ©

g 2 d w _ iﬁ 52 a1

W(n,s)=v N(F—}—f;‘s)—}—(u +u )log(n) 2nsa' .

Note that, alternatively, the welfare function depends on the total road capagiignd onthe 43
number of subcenters, We maximize this expression with respect to the number of subcentess

n and the capacity of the roadto obtain (for interior solutions) 45

46 aWn,s) 1( (ns) , & N ., 46
W,s) 1 8.2 0 N 22\ _g 44
47 s 5 ( N §°+ > (ns)a , (44) 4

P
a ~ W N
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AW (n,s) 1 oy () 8 N .2 "
— Y =——(F - 4+ ——a°=0. 45
on N( +¢ S) + n + 2n2 s (45) 2
The first-best number of subcenters is 8
4
N

o

It increases with product/labor heterogeneity, and decreases with the fixed production cost per

firm.1* Since only the total road capacity matters, as expected’” is independent of the 8

transport parameters; @ andé when there are constant returns to scale in road production. @
The first-best capacity of the road increases with the user &oah( decreases with transport10

cost €). We obtain n
12

it w
2&nft V 2&(u? +,u"’) 4

Comparative static results go along intuition and are left to the reader. In particular, note ]t?]at
when heterogeneity increases, there are more subcenters and narrower roads. However, total
road capacity per individual in the urban system/?s/?)/N = (\/5/2&)/¢ only depends on 7
the transport parameters: on the user sidad@ and on the road supply side 18

We can decentralize the first-best results by combining the following policies: time- depenéent
tolls which optimize departure times so as to eliminate all queuing levy on the firm which defer-
mines the number of subcenters (this levy is positive since overentry occurs at equilibrium). 2
optimal road size can be left to transport operators if they have no set-up costs. In this cas€ the
free entry equilibrium for the road transport operators involves the equalization of toll revenues
and construction costs. This is the self-financing property which leads to optimal road capac2|t|es
when returns to scale are constant and the user cost function is homogeneous of degree 0 in | Usage
and capacity [12].

27

28

7.2. Short-run second best policies 29

30

In the short run the number of subcenteis fixed (and therefore heterogeneity is fixed). This,
implies that the efficiency gains have to come from lower transport costs. The second best policies
available in the short run are either to introduce congestion pricing or to adapt the capacity ofsthe

roads (or both). 34
With no congestion pricing, congestion is largest and as expected, optimal road capagity

is larger. More precisely, the optimal road size without road pricifign) satisfiess*?(n) = 36

x/isg,’ (n).15 37
With optimal congestion pricing in a bottleneck model, we know that total transport costs @re

divided by a factor 2. In this case, the optimal road capacities are 39

3 AN 40

— ot 41

C[,(n) 2é&n’ 42

43
44

14 Note that a fixed road construction cost per firi,would decrease the optimal number of subcentefé: =
45

iFHﬁ) nd + ).
5 Recall that the profit of firms is redistributed to users. As a consequence, in the short run, the infrastructure c&h be
paid equivalently by consumers or firms. 47
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and therefore, the total road capacity (capacity per road times the width of the road) is the same
as in the first-best. In order words, if the number of subcenters is twice the optimal numberz the
second best road capacity will be half of the width in the first-best optimum. 3
We know that in the bottleneck model, the total toll revenue is equal to the total construction
costn szsg‘g(n), since the construction cost is linear and the user cost is homogeneous of degree
0 in N ands (see [12]). Moreover, it can be verified that the total construction cost is equakto
the total optimal user costs/2n)(N?/s)a?, whens = 535 (n). 7
We summarize our discussion in the following proposition. 8
9
Proposition 5. When the number of subcentersisfixed, and with linear construction technology, 10
congestion pricing halves the total transport costs, the total congestion cost is equal to thetotal 11
construction cost for optimal road capacities. With optimal road pricing, total congestion cost 12
equalstotal toll revenue. 13
14

7.3. Long-run second-best policies 15
16
In the long run, the policy maker can select the number of subcenters by using an approgfiate
fixed levy per firm. The second-best optimal number of subcenters (without road pricing &nd
for given road capacity) is given byiW (n,s)/dn = 0 (see (45) wher&?s = K and where 1°
the absence of road pricing doubles the variable transport cost). This gives a unique maxifium
denoted by:°(s) which solves 2
22
;v L8 ( anN 2
no(s) s\ nos) 24
This is the same equation as (40). Using expression (42), we are able to compare the vafile of
n°(s) with the long-run free entry equilibrium with congestion and with the optimal number 26
of subcenters in the absence of congestion. As a consequence, the second-best optlmaF num
ber of subcenters is the lower bound proposed for the equilibrium number of subcenters (g|ven
that K = S) and again excess entry prevailf(s) < n/ (s). The optimal number of subcen—
ters increases with the level of congestion afid n°(s), wheren® is the optimal number of
subcenters in the absence of congestion.
Next proposition shows that, at the long-run free entry equilibrium and at the optimum, con—
gestion induces more (and smaller) subcenters. Excessive entry remains the norm but there is al
most one subcenter too matfy.

2
(n?+u") ) —(F+K)=

35

Proposition 6. Assume fixed road capacity and no congestion charging. In the long run, conges- %

tion increases the equilibrium and the optimal number of subcenters. If the fixed levy on firms
exactly covers the infrastructure cost per subcenter, the equilibrium number of firms is larger
than the optimal number of firms, but there is at most one subcenter too many.

37

38

39

40

8. Summary and conclusions i

.. . .43

We start by summarizing the results obtained so far. Because the total demand for the dlff%en-
tiated good is fixed, only two parameters matter for the welfare analysis: the number of firms and

46
16 Of course, as in the noncongested case, there exist an optimal levelSiaich decentralizes the social optimum. 47
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Table 1 1
Long-run optimum and equilibrium number of firms in the symmetric case under different congestion and policyzas-
sumptions 3
Capacity given Capacity given Optimum capacity 4
LR equilibrium LR optimum LR optimum 5
No cong. nf =1+ 4 n°=A n°=A 6
no toll -
Cong. nf <nf(s) 8
no toll n(s) <nf(s) n® < n(s) n°=A4 9
nf (5) <n@s) +1 s(n) = 925 N
Cong. npfp (s) <nf(s) n?p <nep(s) n=A 1
fine toll nep(s) < n(s) s(n) = % % 12
With A=+ u) 14

A _(,d wy N
A= +u")F 15

16

17
the total transport costs. The total number of firms depends on the profit margin of the firms inghe
Nash equilibrium. When there is no congestion, in the equilibrium there is always one subcegter
too many (see first line in Table 1). The equilibrium and optimum numbers of subcenters,gre
always (increasing) linear functions of the same parametensdA: A = (u¢+u")N(F+K) »
andA = (u? + u)N/F. More heterogeneity (on the product or labor market) leads to a higher
optimal number of subcenters. Higher fixed production costs, lead to a lower optimum number
of subcenters. When the road size cannot be optimized, the public infrastructure cost also pgints
to a lower optimal number of subcenters. 25

When capacity is not infinite and congestion may occur, we need to distinguish the case ayith
or without road capacity optimization and with or without optimal road tolling. We discuss figst
the case with given road capacity (columns 1 and 2 in Table 1). Without tolling and given read
capacity, the short-run profit margin is always larger in the presence of congestion so that thedsee-
entry equilibrium always entails more subcenters than in the situation without congestion {see
second line in Table 1). The free entry equilibrium with congestion has at most one subcesater
too many. Optimum congestion pricing can reduce but not eliminate the additional profit margins
due to congestion. This explains that in equilibrium and with road capacity given, the equilibritsm
number of firms is highest if there is no congestion pricing (see first column in Table 1). 34

Any number of subcenters can be implemented by choosing the right fixed levy per firm. &sor
the free-entry equilibrium computed in Table 1, we have assumed that the fixed levy equalssthe
infrastructure costs per firm (firms are then responsible for the construction of the infrastructuare).
As can be seen in Table 1, we need a fixed levy per firm higher than the infrastructure costs to
obtain the optimum number of subcenters. When the planner can optimally choose the roa# ca-
pacity, she compares the welfare cost of congestion with the marginal cost of capacity expansion.
Without congestion tolling, the benefit of road expansion will be larger than with road pricing.
Indeed, in the case of fine tolls, the optimum road capacity will be smaller by a fa6i#. 1 42

We have studied so far the symmetric model which allows us to derive analytical resultss It
is straightforward to write down the nonsymmetrical version where costs, quality and transport
costs differ among subcenters. In this case it is necessary to resort to numerical approachessbased
on variational inequalities in order to analyze the properties of the solutions (see de Palma &t al.
[10)). “
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One can also study trip chaining of shopping and commuting trips. In this case the individual
that shops and works at the same subcenter can economize transport costs. The proposedarame
work allows to study the positive and negative impacts of trip chaining on the market condueét.

Itis assumed in this paper that there is one firm per subcenter. Alternatively it can be assumed
that the heterogeneity parameter is associated to the subcenter so that two or more firms ¢annot
locate in the same subcenter since Bertrand competition with homogeneous goods would éccur
within this subcenter and firms would not cover their fixed costs (of course this additional firm
would have no social value). The proposed framework can be extended to accommodate énore

than one firm per subcenter using a nested (logit) structure. 9
10

Acknowledgments 1

12

We would like to thank Fay Dunkerley and Jacques Thisse for their suggestions on an early
version of this paper. We benefited from the extensive comments of Alex Anas, our dlscussant at

the January 2005 AEA meeting and from the detailed comments from two anonymous referees

and from the editor Jan Brueckner. -

18
19

20
It suffices to show that the profit function is quasi-concave. Since there exists a candigate

equilibrium, quasi-concavity is sufficient to guarantee that this candidate equilibrium is Nash.

Appendix A. Proof of Proposition 1

We prove below that at any extremum, the function is concave. 23
At any extremum, the first-order condition is satisfied 24
1 d7; u (1— PY) 25
N du; =|:_<M_w+1 +(ﬁ(wi)—wi—c)T)’ PY. zj
The corresponding second-order condition is 28
1 w d2 ~ d 1 2
0 i W
— =-2|—+1 i(wi)) —w; —c¢)(1-2P")—. %
N7 a2 )+ w2
32
But, using the fist-order condition, we get 33

34
35

1 uv d?7; u? (M_Zl + 1)
i ‘ =—2<—w+1>+“7(1—2Pi“’)
i—Q M

N PP(1—P") du? | (1-P") 36
iy 37

d 1-2p¥
— Lol +1) -2+ g , 38
uv a-prY 39
40

or

41
__wdzﬁi = M—d+1 <0. ”
N Piw dwlz d7; _0 /.Lw 43

u)

44
Therefore, any turning point, wheretddw; = 0 is such that it is a maximum. As a conse-4s
guence, the profit function is quasi-concave, and the symmetric candidate equilibrium is a Mash
equilibrium. O 47
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Appendix B. Proof of Proposition 4

The profit function is (whereV is normalized to one, w.l.0.g.)

Fi(wi, w—i, p) = [gi(w;) —w; —c — A"PP|NPP — (F + 9).

The first-order condition is
om; (w;, w—;i, p) _ dg; (w;)
311),' dw,'

Moreover, we have

25 (00 . 20 ().
3% (Wi, w_i, p) _ (d gz(wz)>Piw+2<

dw? dw?

]

+ [giwi) —wi —c—24" PP

We wish to show that any turning point is a maximum

327 (wi, w—i, p)
_ <0.
FOC

Bwiz

If this condition is satisfied everywhere, the profit functigriw;, w_;, p) is quasi-concave, and
the candidate symmetric equilibrium is Nash.
Note that, the first-order condition equation can be rewritten as

gi(w;) —w; —c—2A"PY = —

Using this expression, we obtain after simplifications

(—2<

de 827[1 (wi, w—;, p)

dw; awl?

2

yjuec2466
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—1)Pw [gl(w,)—wl—c—ZAh ]

(4 -

dg; (w;) dp
) <1 dw; >+ dw; <

We show that this expressian is negative given that®" /dw; > 0. To to that, when there
is no ambiguity, in order to simplify expressions, we use the following notations:

P=P"=P¢,
dpw
e
pP= dul},' ’
P// _ dZPiw
- dw
dg; (w;)
g = ’wtl s
" — d a~gi(w;) (wt)
- dw

Using these notations, we have equivalently

— (_Z(P/)Z + PP//)(l— g/) + P/(g//P _ 2Ah(P/)2).

[+model] P.22 (1-25)
by:Gi p. 22

(B.1)
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We now need to comput®’, P”, ¢’ andg” at any point (i.e. not only at the symmetric candidate
equilibrium).
First let computeP’ and P”. Recall that

exp( X 7:: )

,,,,,

© 0 N o o B~ W N

We have, using again the implicit function theorem
9P 1
/ ow; ar PA—P)

- 9P AV :
-3 1+ iwP1-P)

[
o

B
[

Note that

B
E V)

[PL-P)] =1-2P)P".

B
o o

Therefore, after simplifications, we get

[
3

(%)ZP(l — P)(1-2P)
[1+45Pa-pP))°

[
©

P// —

NN
=k O ©

Second, we computg’ andg”. Recall that the solution of the equati®} = Pl.d is unique and
denoted byp; = g; (w;). We have

exp( —_pk;fd o )
—p—pAdpd.’
Yt DL

so that, using the same reasoning as above

nNoNN
A WN

Pl =

N
(%))

N NN
© 0 N O

1
dPid _ Fpid(l_ Pid)

w
o

dpi  14+4pda- P

w W
NP

Differentiation of the expressioR” — Pl.d =0, as a function ofy; leads to

w W
A W

dp”  dP?dp;
du),- B dp,' dw,- -

thus (using again the conditiaP” = P¢)

w
a

w W W
o N O

dpy Al pdq _ pd 39
;o dwi w! 1+udpi(l Py B2)

8 =Wl T T WL A" pug_ puy (B.2)
d_l H‘ + Mw Pi ( Pl' ) 41

pi

42
Therefore 43
oo @ 44
w1+ AL P - P -

I
3

with
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Al dp¢ AV

®=—(1- 2P L g x [1+ —P"(1- Piw)}
w dp; s
w w Ad 4 4
w 1
- M—w(l— 2P, )d—wl_ x [1+ FPl. (1-P )}.

After simplification, we get

1 (Ad Aw> (1-2P)P(1—P)

p=——|=-= .
Aw
P [1+ 4P P)]

pd v
Hence, using the expression above, we obtain

o__n (A_d_A_w> (1-2P)P(1—P)
w2\ w1 A pa- )

The sign ofg” is ambiguous (and note that without congestidn= 0). We are now ready to

sign the expression (B.1).
We first compute the expressior2(P’)% + P P”). We have

201 _ w
(—2(13/)2 +PP")=— P (1w P) 3 [1+ 2A—wP(1 - P)Z} <0.
(u)?[1+ 4z P(L = P)] 2

Furthermore, replacing the expression §oand after simplifications, we get
L @Al g
(1+ fw) + 52 P - P)
1+ 45P(1-P)

1-gH=

A combination of the last two expressions leads to

P2(1— P) AY )
(u2[1+ 47 P(1— P)) w

d w d
A A
) [<1+ Z—w) + (M;w)P(l— P)}.
We are ready to compute the second term of (B.1). After substitution, we obtain

B w? <Ad A_w) (1-2P)P3(1— P)?
(u")* [1+4Pa- Pt

(—2(P)?+PP"Y1-g)=—

' _

Note that2 = 21 — 24" (P)2 < 21 (sinceP’ > 0), with
2t =(-2(P>+ PP")1—-g)+ P'g"P.

We show that22 < 0 with

ol P%(1-P) o2,
w1+ 45 P - p))*

Using the two expressions derived above, we get
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w d w d
2= [1+ 2A—wP(1— P)2:|[<1+ “—w> + LZA)PQ— P)]
n w w

d d w
A A
_ %(W - M_w)a —2P)P(1— P).
We can expand and regroup the terms to get

Ad d pw d
@?=—2Zpa-pP2-L L pa-p)- <1+ “—)

uv (1) uv

AW Aw(Aw + Ad)

- —PA-P)|14+20-P)]-2 P%(1- P)S3.
ww [ ] (Mw)z
This shows, as required, thet? < 0 and thereforg2! and2 < 0. As a consequence

%7 (w;, v, Nl _o 4
dw; FOC
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