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Abstract

This paper studies the efficiency impacts of pevatl roads in initially untolled networks.
The analysis allows for capacity and toll choicedrivate operators, and endogenizes entry
and therewith the degree of competition, distingmg and allowing for both parallel and
serial competition. Two institutional arrangemeate considered, namely one in which entry
is free and one in which it is allowed only aftenming an auction in which patronage is to
be maximized. Both regimes have the second-besiprefit equilibrium as the end-state of
the equilibrium sequence of investments. But tleti@us regime approaches this end-state
more rapidly: tolls are set equal to their secorebsb zero-profit levels immediately, and
capacity additions for the earlier investments &igger. When discreteness of capacity is
relevant and limits the number of investments tat practically be accommodated, the
auctions regime may therefore still result in a mefficient end-state, with a higher social
surplus, although the theoretical end-state issame as under free entry.

"Affiliated to the Tinbergen Institute, Roetersstraa, 1018 WB Amsterdam.






1. I ntroduction

Over the last decades, there has been an increimdergst in private involvement in road
infrastructure supply. One important reason is tleetining government budgets motivate the
search for alternative funds for financing desiread capacity expansions. In addition, there
is a rather wide-spread belief that the private@ewould be inherently more efficient and
innovative than their public counterparts, so thidtate roads may be built and operated at
lower costs than public ones. Another considerationld be that the public at large may
accept the imposition of tolls, generally believede important in curbing traffic congestion,
more easily from private than from public operators

There are, however, also potential economic hazamrdbke private supply of road
capacity. Particularly, private toll-road operatarsuld typically be interested in maximizing
profit rather than social surplus, and sociallyioal first-best pricing cannot be expected
from them — especially not because the control rafaa (section) will usually imply a certain
degree of market power. The impacts on the prigggrator’'s price setting has been studied,
for instance, by Edelson (1971); Mills (1981); Mly (1985); Verhoef, Nijkamp and
Rietveld (1996); Verhoef and Small (2004); and énfa and Lindsey (2000). One recurring
and probably not so surprising conclusion from ssitidies is that profit-maximizing private
road operators typically set congestion tolls abthe optimal level: the profit-maximizing
toll not only internalizes marginal external congms costs, like the efficient toll does, but
adds to this a monopolistic demand-related markhaprises as demand becomes less elastic.
In addition, even though a profit maximizer hasiacentive to offer the socially optimal
amount of capacity given the prevailing level ofrdand, overpricing reduces demand, and
hence the private supply of capacity is generadliiolw the optimal level (for some further
discussion, see for example Small and Verhoef, 2007

Most studies of private road supply take the nunifeprivate suppliers as given.
Usually only one operator is considered, sometimesuopoly €é.g. as in De Palma and
Lindsey, 2000), but only seldom more. This may lead somewhat pessimistic picture of the
efficiency of private toll roads: DeVany and Savifi®80) and Engel, Fisher and Galetovic
(2004) show how profit-maximizing tolls fall as thember of parallel competitors increases,
approaching the optimal value as firms become itefiimally small and competition
becomes perfect. The limited attention for thisotieéical benchmark result can probably be
explained by the fact that perfect competition hwitany parallel competitors, seems a rather
theoretical option, due to the lumpiness of roddhstructure in practice.

It is not only just the number of competing privatead suppliers that determine
overall efficiency; it is also their distributiorver the network. Small and Verhoef (2007, Ch.
6) illustrate this in a simple example, by studyhmwv tolls and social surplus will vary if a
road of a given capacity and length is split up andded over an increasing number of
symmetric private competitors in two contrastingesa when they compete in parallel as
substitutesrersuswhen they compete in series as complements. lordance with the two
studies just mentioned, they find that the tollprapch the optimal level, which just
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internalizes marginal external congestion costserwthe number of parallel competitors
approaches infinity. Efficiency thus rises with thegree of competition. In contrast, when the
number of serial competitors increases, so doesad user's aggregate toll (for using all
serial road segments), and efficiency then fallshwhe number of competitors. These
findings are in accordance with insights that Ecomies and Salop (1992) provide into the
efficiency effects of mergers between serial andalf firms in network markets. When
looking at competition in network markets, it igtefore important to explicitly consider the
configuration of the network and the distributiohcompetitors over that network — and in
particular to distinguish between serial and palatbmpetition;i.e., competition between
substitutes and complements.

Besides competition, also auctions for the rightperate a toll road can be designed
so as to improve the overall economic efficienaynfrprivate toll roads. Engel, Fisher and
Galetovic (1996) for example argue how a Net Predélue auction may be used to
circumvent problems of renegotiation under demamzkttainty. Verhoef (2007) studies how
the criterion used for selecting the winning bidaim auction can affect the efficiency of the
resulting equilibrium. The classic criterion of theaximum bid pushes bidders towards the
monopolistic profit-maximizing toll and capacity,ittv the associated negative impacts on
efficiency, and therefore does not seem to be \atgactive from the social viewpoint.
Perhaps surprisingly, when the winning bid is dediras the one that maximizes the use or
‘patronage’ of the new road, the result will copesd with the second-best zero-profit
combination of toll and capacity for the new lifknd that is the most efficient outcome that
one could reasonably hope for when there is ungraomgestion elsewhere on the network
(which is why it is second-best), and no subsidies granted to private road operators
bidding competitively (which is why a zero-profibrestraint applies).

Verhoef (2007) derives these results for a firietblink at an exogenous location in
an otherwise untolled network. A natural follow-gpestion, addressed in this paper, is
whether this ‘patronage auction’ retains its attv@cproperties in a more generalized setting.
A first generalization is that also the locationtlod link to be supplied will now be part of the
auction, because the franchise will be granteti¢dbidder that can attract the largest number
of users to a new link, irrespective of its locatia the network. A second generalization is
that we will now consider a sequence of auctioasheof which can be won by incumbents or
entrants, so that entry into the network is intm@tlendogenously when new firms make the
best bids. There are two natural benchmarks againish we can judge the performance of
such a sequence of auctions. A first is a freeyesgquence, for which we assume that at each
stage, a new link is added by the firm who realtbeshighest profits from doing so, and who
sets the profit-maximizing capacity and tolA second one is the sequence where at each

1 An anonymous reviewer remarked that this freeyesequence could therefore also be interpreted as a
sequence of ‘classic’ bid-maximizing auctions atteatage. It is true that at each stage, the reguiapacity
addition and toll would be the same for both seqaenBut a main difference would be that under catitipe
bid-based auctions, the payment of the bid immeliaxhausts the profits, so that a firm would ¢yl run

into losses after additional parallel capacityustioned off at a later moment (this will in fae Blustrated later
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stage, the socially most desirable link is addeth the second-best optimal capacity and toll.
Both benchmarks will be considered in this papeibrings us in the realm of sequential
modelling of network evolution, a topic that hasemetly been addressed also by Levinson and
Yerra (2006) and Zhang and Levinson (2006).

This paper thus studies the efficiency impacts fgpe roads in initially unpriced
(hence public) networks. We allow for capacity aotl choice by private operators, and
endogenize entry and therewith the degree of catigretallowing for both parallel and
serial competition. Two institutional arrangemeats considered, namely one in which entry
is free and one in which it is allowed only aftenming an auction. A number of simplifying
assumptions are made for the dual purposes of ikgepe analysis manageable and keeping
the model transparent, so that an economic intexfiwa of the results is more easily given.
The main assumptions are the following. The congesxternality forms the only relevant
market failure. We consider identical road users] &irms that are equipped with identical
cost functions for providing road capacity. There aeutral economies of scale in road
construction and the congestion technology exhitmisstant returns to scalee(, the travel
time functions are homogeneous of degree zeraffidivolume and capacity). Capacity is a
continuous variable, but we will address qualilivthe question of how results might
change when capacity would become discrete, as itsually thought to be in reality.
Auctions are perfectly competitive: there are matsgic interactions between bidders during
the bidding phase and the winner will realize aozprofit from carrying out the bid.
Evidently, each of these assumptions is debatabfgreally, and may thus offer worthwhile
extensions for further research. The present pdpéberately focuses on this simplified
environment, in the hope to derive transparentlt®that are indicative of the main economic
forces in this type of problem, which will remaklevant also in a more complex setting that
allows for some of the complications just mentianed

The paper is organized as follows. Section 2 intced the model and the main
assumptions underlying it, and discusses some tcalpackgrounds. Section 3 describes
the numerical version to be used in this paperti@ed contains the simulation results, and
Section 5 concludes.

2. Model set-up
2.1. Network configuration

We will consider what is probably the simplest polesnetwork configuration that allows us
to incorporate interactions between both serial @adallel roads in a network. This
configuration is portrayed in Figure 1. There isiagle market for trips between one origin
(A) and one destinatioB). The road ‘corridor’ between these locations ¢sisf two serial
segments andb, which are connected through an uncongested agXsi

in Figures 6 and 7). For that reason, we will maimthe terminology and interpretation of a fre¢érgsequence
versus a sequence of (patronage) auctions.



4 Private roads: auctions and competition in networks

Segment a Segment b
Initial network: Al X mB
Network with some Segment a Segment b
parallel links added: oY [ (T p—p——— mB

Figure 1. The initial network with untolled linke segment a and segment b (upper diagram), and a
possible later configuration after some links haeen added (lower diagram)

Initially, there is only untolled capacity on batbgments; these are the ‘initial links’ that will
be denoted as linka0 andb0. We will study how new links are added to theseboth
segments, under different institutional ‘regimdsate that the initial capacities can be set to
zero without problem, so that absence of initiabliad capacity is just a special case of the
proposed model.

Each new link covers either segmenbr segmenb, and is connected to the same
crossingX. Because road users consider parallel links tpeséect substitutes, ‘Wardropian’
equilibrium conditions apply on both segments imdinally. This means that the generalized
price faced by users, to be defined below, mustduealized on all links on a segment that
carry traffic, and cannot be lower on unused lifissthat segment (Wardrop, 1952). The
lower diagram shows a possible network configuratifier three links have been added; two
on segment and one orb. The dashing in the drawing aims to reflect tha¢ dirm has
become active on both segments, and a second fitnom segment. The exclusion, by
assumption, of possible direct roads betwAemndB serves to maintain the original network
structure with substitute and complement roadswatlg for more structural changes in the
network configuration is an interesting generail@afor future study.

We consider stationary-state congestion and assiiameoad users are homogeneous.
Their inverse demand for travelling betwe®andB is given by the inverse demand function
D(N), in whichN denotes the number of trips per unit of time (affic flow).

The average user cost on a certain linkcludes all variable costs incurred by the
users, including travel time, and depends, thrazajigestion, on the link flo' and the link
capacityK'. It is denoted'(N',K"). The generalized price faced by users of alligkN',K"), is
equal to the sum af(N',K') and a toll7 (if levied). Every possible routeuses two links, one
on each segment, so that the number of possibtesasi equal to the product of the numbers
of links on segmenta and b. Equilibrium is characterized by the following Vdawpian
conditions:

pa,r(N’ Ka,r)+ pb,r(N, Kb,r)_ D(N)Z 0
Or:qN" 20
N’ I:q pa,r(N, Ka,r)+ d” (N, Kb,r)_ D( N)):0 (1)

N=> N
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whereN is the vector of route flows. Note that a certak | may carry users from multiple
routes, so that the generalized price for a lirddusy route may depend on more route flows
than justN" (but of course not necessarily on all route floWid)e composite superscrigt
denotes the specific linkthat router has on segmerst With (1) satisfied, the generalized
prices for all used routes are equalized in equuiib, and are equal to marginal benefits
D(N). Because users can freely choose combinatiormkd from segments andb, the
equilibrium conditions (1) imply that on both segmeethe generalized prices for all used
links must be equalized.

Assuming that the social objective is to maximsmial surplus, defined as user
benefits minus user cost minus capacity cost, wenext find the socially optimal or ‘first-
best’ values oK' and' by maximizing, subject to (1):

S=TD(n)dn—ZN'B:'(N',K')—ZCC"(K') (2)

whereC®'is the capacity cost for link. Because a link flowd' is the sum of all route flows
N for routes that use that link, and aggregate fiovg the sum of all route flows together,
objective (2) can be maximized with respect taatite flows to find the short-run optimality
conditions (these conditions also apply in the lamg optimum, in which capacity is also
optimized). This produces first-order Kuhn-Tuckenditions that will not be written out,
because they look very similar to conditions (1)eonly difference is that™ is replaced by
mc': the (short-run) marginal user cost on Igik Observe thamnd, in turn, is the sum of the
generalized average cadand the marginal external cased = N'-c'/oN':

md = ""\"g"i,(“' Sy Ng"_ @)

Because' =c + 7, the following tolls will consequently achieve shoun optimality?

|
=N [—lai, (4)
oN
These are conventional ‘Pigouvian’ toll expressjatual tomeg as can be found in nearly
every transport economics textboekg. Small and Verhoef, 2007).
Optimal investment rules are found by optimizi&) yith respect to link capacities

K', which gives:

ac' _oc*
- NI G_I = T (5)
oK oK

2 Optimal toll vectors need not be unique; in therent network, a constant could for example be dddeall
tolls on segmerd and subtracted from all tolls on segmbnwithout changing the equilibrium, so that (4) does
not hold for any link but the optimum is neverttssleachieved. When demand is not perfectly inelaatic
optimal toll schedules produce the same aggregate tolls, so that the total toll paid (over tié frip) by any
individual is the same irrespective of which amaing possible optimal toll patterns is applied. Toierule of

(4) is, of course, the most natural and intuitimeoag these toll patterns.
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The economic interpretation of (5) is straightfordiathe marginal benefits of capacity
expansion (the left-hand side), consisting of reduaggregate user cost, should be equal to
the marginal cost (the right-hand side). A few tigly straightforward manipulations are
sufficient to confirm the well-known ‘self-finanaj result of Mohring and Harwitz (1962).
This result implies that when (i) capacity is cantus, (i) there are neutral economies of
scale in road constructiond., the marginal cost on the right-hand side of $5)anstant), and
(iiif) the congestion technology exhibits constasttirns to scald.€., the travel time functions
are homogeneous of degree zero in traffic flow eapacity), the total toll revenues equals
the total cost of capacity when (4) and (5) arenhksatisfied for all links. The optimal road
network is then exactly self-financing: the profitson each link are all zero. This result is
especially significant in the context of the preaseaper, because it means that if free entry of
firms, and competition between them, eventuallyléetd a zero-profit outcome, this need not
be inherently inconsistent with a first-best eduwilim. The same holds for a sequence of
competitive auctions that drives down profits teazeNevertheless, because there are many
possible combinations of tolls and capacities fhraduce a zero profit, zero profits are of
course not aufficientcondition for optimality.

Throughout this paper, it will be assumed tha¢ #@bove conditions (i)-(iii),
underlying the exact self-financing result, aras$ietd. However, because we will allow for
the continuing existence of unpriced and congestibitial capacity, the first-best outcome
will generally be unattainable. The existence gbnioged congestion will for a parallel tolled
link cause a downward adjustment on second-bdstdompared to Pigouvian tolls, so as to
reduce congestion spill-overs.g, Lévy-Lambert, 1968). In contrast, it typicallyeates an
upward bias on the toll on a serial link, whichagjusted in an attempt to also (partially)
internalize downstream or upstream congestion.hasva in Verhoef (2007), the existence of
unpriced congestion on parallel or serial links gjokowever,not affect the second-best
investment rules for newly added priced capacitgnsgquently, the investment rule (5)
remains valid for a tolled link with unpriced pdehlor serial congestion, while the toll rule of
(4) does not.

The consequence is that second-best investmentprasidg then do not generally
result in exact self-financing of newly added tdlleapacity, simply because this would
require (4) and (5) to be both satisfied. Equivijerwhen free entry or auctions cause long-
run profits on tolled roads to become zero, whil@niced initial capacity remains available,
the resulting equilibrium cannot be second-besticlwhas a non-zero profit or loss). At best,
it would correspond to the ‘second-best zero-prafanfiguration (‘second-best’ because
there is unpriced congestion elsewhere in the métwoero-profit’ because the new capacity

® The first step is to multiply both sides of (5) Ky Because, by Euler's theorenk'-ac/oK' = N'-ac'/oN' when

c is homogenous of degree zero as we assume, theatad side of (5) is then equal to total toll newes. And,
after the said multiplication bi¢', the right-hand side of (5) gives total capacitgtowhen the marginal cost of
capacitydC®'/oK' is constant. Exact self-financing thus appliese Mohring-Harwitz result is in fact more
general than this, and states that the degredfdfrancing (the ratio of total revenues and tatapacity cost) is
equal to the elasticity of the capital cost functigith respect to capacity (see also Small and &&ft2007).
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is restricted to produce a zero surplus). In owlyais below, we will therefore use both the
‘first-best’ and the ‘second-best zero-profit’ cpufration as benchmarks for assessing the
performance of the free-entry regime and the anstregime.

2.2. Game-theoretic set-up in the ‘free-entry regime’

Let us next turn to the assumed game-theoretiapédr the ‘free-entry regime’, for which it
is assumed that operators are free to add capadihe network, and are free in setting tolls.
Before discussing various aspects of this regimgraater detail, it is useful to sketch the
more general structure. A sequence of two-stageegamconsidered, where each two-stage
game defines a ‘round’ in the sequence (the inggalilibrium is ‘round 0’). The second stage
in such a game involves Bertrand toll competiticgiweeen road operators. The first stage
involves capacity choice for a single added linksiassumed that in each round, only one
link can be added to the network. Of course theeenaultiple candidate road operators and
multiple candidate locations.€., segment or b) for such an added link. For each candidate
operator-link combination, the described two stgagme will be solved, and it is assumed that
the operator-link combination that implies the lghprofit gain for the associated operator is
the one that will materialize. We then move to iiext round;.e., the next two-stage game.
Note that there is thus full rationality within éatwo-stage game, while we assume myopia
between two-stage games. Let us now turn to theendetailed assumptions and, where
needed, their justification.

First, we assume that all firms have access tsdnee technology, and face the same
user cost functiond(N',K') and capacity cost functios".

Next, to account for the sequential character divagk development in reality, we
choose to consider a sequential game, with onlycapacity addition in each round, instead
of a game where all potential firms simultaneousécide how much capacity to add on
which segmeniThe moments at which investments are made are agagly determined in
our model. We thus ignore the optimal timing oféstments; we do this for simplicity and
acknowledge it offers an important possible exmsdf the present model. Exogenous
timing could be relevant in reality when the goweamt would not allow multiple road
construction projects to be carried out simultasgou

Between capacity additions, the network configoratis given and the firms then
present play a Nash-Bertrand game when settingtibies. This means that they set their tolls
7 so as to maximize their profif treating as given any other operators’ tollswadl as all
link capacities. Note that this means that a fipperating more than one link sets all his tolls
simultaneously, so as to maximize his aggregatitpsommed over all his links together.

Bertrand toll-setting behaviour of road operat@s,assumed here, seems intuitively
more plausible than a Cournot model, where playeyald assume that the flows on the
competitors’ links are fixed. Bertrand competitisrtherefore common in network models of
competing operator®(g, De Palma and Lindsey, 2000; De Borger, Proost\&m Dender,
2006). Furthermore, Nash behaviour seems a moré&ahestarting point than having a
Stackelberg leader on the network, but this ist@rassue that may warrant further study (for
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example, Ubbels and Verhoef, 2008, compare Nas$use$tackelberg behaviour in a two-
stage game-theoretic model of two competing govemmsupplying tolled infrastructure,
and find that in their model the difference betwésntwo types of competition is much more
pronounced in the toll stage than in the capatitges.

We now turn to the firm’s behaviour when considgrivhether or not to invest and
add capacity to the network. In fact, it is not steightforward to choose an appropriate
specification. A strict adherence to Nash behavimight lead to a model in which it is
assumed that a firm would not expect other firmshange their tolls in response to its own
investment — even though the addition will makeoa-marginal change to the network. But
this seems a rather naive assumption, especially i§ commonly known from earlier
investments that firms do adjust their tolls whére tsystem moves from the one Nash
equilibrium to the other. This is why we use thetstage set-up in each round, which implies
that a firm realizes that after it will have invedt a new Nash equilibrium in tolls will result.

Each firm, incumbent or entrant, is assumed toutale, for both segments of the
network, for which level of investment the increasets profits between the current and the
new Nash equilibrium is maximizet.the firm invests in a certain round, it will thehoose
that segment and that capacity level that prodtleesighest profit gain. However, only one
of these candidate investments will be made in eaghd and we assume that it is the one by
the firm that has the highest profit gain from istieg in that particular round. The motivation
for this assumption could be that in absence dfydvdrriers, the firm expecting the largest
profit would be the most likely one to invest whenly one addition can be made. When
deciding on capacity additions, firms are thereforearly-myopic’: when investing, they
optimize by looking no further than the immediatespinvestment Nash equilibrium — but
they do predict this equilibrium correctly.

It is important to acknowledge that there is sanmnsistency in assuming, on the
one hand, that the firm realizes that, in the sdcstage, other forms will change their tolls
after it has made an investment, and, on the o#lssyming that the firm will nevertheless not
set its toll and capacity on the new link as a I&tHaerg leader. There are two reasons for
accepting this inconsistency. One is that we prefdeave the consideration of Stackelberg
behaviour in investing and toll setting for laténdy, having Nash behaviour as the natural
benchmark. The second is that it seems equallgen more) inconsistent to assume that a
firm behaves as a toll-leader when planning anstent, but next voluntarily moves to the
role of follower when a next investment is madeahgther firm.

Finally, note that the assumption of nearly-myop&haviour, rather than forward
looking behaviour, is again consistent with Nashaséour, in the sense that it prevents firms
in our model from setting capacities strategicallye., so as to also affect capacity choice by
future entrants in the network. But it does leaperoa question of ‘regret’. In particular, an
undesirable property of a predicted equilibriumussgce of entries would be that at some
moment along the sequence, one of the firms waddet earlier decisions, because it starts
running into losses. We shall see that this doéoocur in our model: profits will never fall
below zero, which is due to our neutral-scale-eatiee assumptions. Therefore, although
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profits will fall over time, there is never a reasto regret having entered the market.
Moreover, we will see that in the long-run end-pa@quilibrium, all profits will have fallen to
zero, so that all firms will have become indifferavith respect to the capacity they chose
when making their investments. The assumption wé&eman the sequential process is
therefore not too harmful, in the sense that itsdoet lead to persisting different profitability
levels for individual firms.

2.3. Auctions

The second regime of interest is the ‘auctionsmegi For this regime, we assume that there
is a sequence of auctions in which the right tadoaisingle tolled link on either segmenor

b is granted to the firm that makes the best offerin the ‘free-entry regime’, we thus have a
sequence of equilibria, in successive ‘rounds’,tte beginning of which the network
configuration is changed because a single linidded on either segmeator b. Following
Verhoef (2007), we consider ‘patronage-maximiziagttions, which in his model reproduce
the second-best zero-profit outcome. With this ian¢tthe right to build and operate a new
addition to the network is granted to the firm tbé#fers to carry the highest traffic flow on
that new piece of capacity. We assume that bidfiintgs commit to a particular combination
of capacity and toll, and that these imply a lesfepatronage for the new capacity which the
regulator can calculate correctly, and use to deter the winning bid. We also assume that
neither the toll nor the capacity can be changednafarther capacity additions are made to
the network later on. There is, therefore, no diteit competition between firms.

The patronage-maximizing auction is ‘profit-exhingg, at least for firms who are not
yet active in the network: under competitive auatigy, as we will assume to apply, it pushes
newly entering firms to make an offer that produeegero profit on the new capacity
(Verhoef, 2007). It is important to realize thategy traveller on the new link carries, as a
‘generalized’ price, the sum of average user cosk, @éhrough zero-profit tolling, average
capacity cost. When a bid successfully maximizesus$e of the link, it must have minimized
this sum of average user cost and average capamsty The auction therefore induces such
newly entering operators to enter ‘according toltrmg-run cost function’ as we will call it.
This means that the post-investment flow on the hekvis served against minimized social
cost. In other words, the first-best investmene raf (5) will apply. Because neutral scale
economies apply, the accompanying toll that prodursro profits is also the first-best toll,
given in (4), and its value is independent of tbales of operations. Therefore, the toll level is
the same as it would be in the long-run first-nggimum, and the capacity is the one that
minimizes social cost for the post-investment flewel on the link.

Because only one right is granted in each ‘routtt?, set-up induces firms to again
behave nearly-myopically, in the sense that theyamked to only maximize the immediate
post-investment patronage of the new capacity. Whaher capacity additions follow later
on, they should keep the toll to which they havenguotted unchanged, but the resulting
changes in patronage are not considered to bdatigio of their earlier bids.
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We again face the question of whether firms may into losses at a later stage
because of the capacities they chose and the #adhey have committed to. Because new
entrants will always enter according to the long-oest function, and will do so only when
demand is large enough to prevent losses from deingnd because Wardrop equilibrium
conditions imply that equal tolls on parallel linksll lead to equal travel times and hence
equal flow/capacity ratios on these parallel linkatlier investors need not fear losses as long
as they have committed to the long-run first-beltevel.

As explained, new entrants, with no capacity froamlier investments, will indeed
choose that toll level. But what about a firm thkeady has capacity on the serial segment?
Because the firm is committed to the toll set eanin its serial — say, downstream — link, its
profit on that downstream link increases when tlse wf that link increases after an
investment on the upstream segment raises theimquih flow N. As a result, the firm’'s
aggregate profit, over both segments together, beajmaximized at a patronage level for the
new upstream link that exceeds the level consistéht entry according to the long-run cost
function. This bid would then win from bids accargito the long-run cost function, as new
entrants would make. But it may involve a toll Iebelow the long-run first-best level, and
will then lead to negative profits after furtherd#tbns on both segments, by other firms,
would drive average cost and generalized pricébdi long-run first-best levels on the links
competing with those of the firm under consideratibhe firm would then regret its earlier
toll bid. We assume that firms will not make suétish and apply a lower bound on the tolls
they bid that prevent the investment from beconhisg-generating in the futufeEffectively,
this means that all capacity additions will be adow to the long-run cost function.

2.4. Second-best zero-profit entries

Finally, we briefly characterize a sequence of ladditions that we call the ‘second-best
zero-profit entries’ sequence. This sequence &evant benchmark for judging the auctions
regime. It involves a sequence of capacity addstitrat are chosen such that each addition
has the maximum possible contribution to sociaplsis;, under the constraint that the toll and
capacity produce a zero profit on the added capaciat least before any further capacity
addition is made to the network. This sequencenallos to verify whether Verhoef's (2007)
finding that the patronage-maximizing auction progiithe second-best zero-profit road for a

* In the numerical analysis below, this assumpt®rbinding’ but has only limited consequences. Theer
limit becomes binding in round 4, but only if linkkd anda2 would be operated by the same firm. That firm
would then offer a higher patronage for libR than implied by entry according to the long-rurstcfunction,
namely 132 versus 109, at a slightly lower tollde2.761 versus 2.789. In round 5, also an opewreith only a
single link, namelybl, would offer a higher patronage faB than implied by entry according to the long-run
cost function: 77 versus 12, again at a slightlydotoll level: 2.712 versus, again, 2.789. Theifier@nces in
tolls are conceptually significant, as they indéctitat the auctions regime and the second-bestzefib regime
are not formally identical in terms of their resuit we do not add the assumption that firms wit bid tolls
that will imply losses in a later phase. But theesif the differences is negligible in the presaontlel, especially
because the auctions sequence is already verytodake end-state.in round 4.
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first auctioned road, in an exogenously specifietivork, remains valid for a sequence of
auctions in a network, which develops in an endogemanner through these auctions.

3. A numerical model®

We will illustrate the relative performance of thleree ‘regimes’ of interest by using the

results from a numerical simulation model. The niasleery similar to that used in Verhoef

(2007), and the discussion in this section closellpws his exposition. The model is rather

stylized, but still it is calibrated so as to beresentative for peak-hour highway congestion.
The average user cost functiontakes on the well-known BPR (Bureau of Public Ry)ad

form (see, for example, Small and Verhoef, 2007):

c(N' /K"y =a [, [E“'B[EE_:J J (6)

The parametea represents the value of time, and is set at 7duirmodel, close to the value
(in Euros) currently used for official Dutch polieyaluations. The parameterepresents the
free-flow travel time, and is set at 0.25 for bedgments andb, implying a total trip length

of 60 km for a 120 km/hr highway. Finallg,and y are parameters that are set at 0.15 and 4,
respectively, which are conventional values forBfR-function.

The units of capacity are chosen such that a cdiorel traffic lane corresponds to
K'=1500. This implies a doubling of travel times atise level of around 2400 vehicles per
lane per hour. This is roughly in accordance tofline at which, empirically, travel times are
twice their free-flow values for a single highwané, and the maximum flow on a lane is
reached€.g.Small and Verhoef, 2007, Fig. 3.3, p. 74). A maximflow as such, however, is
not defined for BPR functions. Note that the BPRchion exhibits constant returns to scale in
congestion technology: the underlying travel tiimection is homogeneous of degree zero in
N' andK'.

Next, capacity cost is assumed to be proportioidl capacity, so as to secure neutral
scale economies in road construction:

C (K') = yK @)

The unit price of capacityy is set equal to 3.5 for both segments. Becausermuof time is
one hour, this parameter reflects the hourly chpitasts. To derive a value from empirical
highway construction cost estimates, we have toensakassumption on whether the model
aims to represent stationary traffic conditionsotlyghout a day, or during peak hours only.
Our parameterization concerns the latter. The vaf&.5 was derived by dividing the
estimated average yearly capital cost of one highame kilometre in The Netherlands (€ 0.2
million)® by 1100 (220 working days times 5 peak hours perking day; assuming two

® The exposition in this section draws heavily fraerhoef (2007).

® with an infinitely-lived highway, without maintenee and an interest rate of 4%, this implies inwesit costs
of € 5 min per lane-km, or € 8 min per lane-milédisTorder of magnitude is reasonably in accordanitle
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peaks), and next by 1500 (the number of units g@acay corresponding with a standard
highway lane), and finally multiplying by 30 (thember of kilometres corresponding with a
free-flow travel time of 15 minutes). Only welfaedfects in peak hours are therefore
considered in our model, and it is assumed thapedik travel is so modest that both the
optimal off-peak toll and the marginal benefitscapacity expansion would be negligible. To
maintain consistency, no relevant welfare effecesassumed to arise outside the peak, and
therefore also no toll revenues are supposed taibed.

Because firms are assumed to have access tonteteahnology, the cost functions
of (6) and (7) apply, with equal parameters, tdiaths — incumbents and entrants.

Finally, it is assumed that a linear inverse desfanction applies:

D(N)=J, -6, [N (8)

We choosea} = 61.27 andd, = 0.01167, together with initial capaciti&& = K* = 1500, to
obtain a sufficiently congested benchmark equilitorj that allows a reasonable number of
further capacity additions in a sequence of invesitsi The initial equilibrium road use Nf

= 3500 causes equilibrium travel tinhdo be around 5.4 times the free-flow travel titpe
which is high but empirically not unreasonablec(itresponds to a speed of around 22 km/hr
for a 120 km/hr road). The equilibrium demand et#tst € is equal to —0.5 in the initial
equilibrium, while it will be equal to —0.21 in tls®cond-best zero-profit outcome. Averaging
over the extremes of the range of use levels censidin our analysis, we therefore find a
reasonable —0.35.

Table 1 provides the values of some of the modefisvariables in a few benchmark
equilibria. First, as a matter of notation, notattim Table 1 we use a slightly different double
index to distinguish links than before, the firbiacacter & or b) still indicates the segment,
but now the second character identifies the indiidink on that segment. A single indax
or b refers to aggregates for a segment, summed advies brhks.

The ‘base equilibrium’, in the first column, is @sscribed above. Because no tolls are
charged, the operator’s profitson both segments are negative, reflecting thedigpeost of
the initial capacity. The generalized price in tfiest-best’ optimum is nearly 50% lower,
despite the imposition of a toll. This is a consaee of the capacity expansion, which is in
relative terms substantially bigger than the insee@n traffic flow. As anticipated, both
segments have a zero profit in the first-best optim

Next, the ‘second-best’ equilibrium, in which tinitial capacity remains unpriced but
the new capacity is tolled, has a remarkably highiad surplus. The relative efficiency
indicator @, defined as the increase in social surplus condp#éwethe base equilibrium,
relative to the increase obtained through firsttipeiging and capacity, amounts to 0.97. This
is due to the fact that the initial capacity isw#w, so that the expansion of capacity brings

figures that Litman (2006) presents for the US. dimtes diverging estimates that suggest that théiame
investment cost per lane mile would be in the raofgk5 — 10 min; more than a third exceeds $ 19 ml
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substantial net benefits. Because the second-biess below the marginal external cost on
the new capacity, a deficit now results.

Base First-best Second-best Second-best Maximum
equilibrium zero-profits added
capacity
(zero-profits)

S 60 983 109 466 108 204 98 966 92 133
w 0 0.974 0.783 0.643
77°, 7° -5 250 0 -5 250 -5 250 -5 250
7t - - -7382 0 0
78, P -5 250 0 -12 632 -5 250 -5 250
K, K™ 1500 3452 1500 1500 1500
K&, K™ - - 2234 1209 1456
K2 K° 1500 3452 3734 2709 2 956
7, ° 0 2.789 0 0 0
el - - 0.156 2.789 4.145
c® ™ 10.212 2.572 2.728 5.362 6.163
¢ c™ - - 2.572 2.572 2.018
D=p 20.424 10.723 5.456 10.723 12.326
N NP 3500 4331 1979 2815 2 964
N3, NP2 - - 2803 1517 1230
N? N° N 3500 4331 4783 4331 4194

Note: Due to the assumed symmetry, equilibrium eslior segments andb are equal for all relevant
variables, and are therefore shown in a single row.

Table 1. Key characteristics of some benchmarkliegiai

Imposing a zero-profit condition, as in the ‘secdrest zero-profits’ policy,avoids such a
deficit, but at the expense of a lower relativacedhcy (w= 0.783), and by setting a higher
toll. In fact, the numerical value of the tall as well as the flow/capacity ratio and therewith
the average user costare equal to their first-best counterparts. Titaition is that, under
the constraint that the new capacity be self-fir@ncthe best thing to do is to set capacity at
a level that implies the minimization of averageiabcost (user cost and capacity cost
combined). Equilibrium route choice behaviour ireplithat this also minimizes the average

"It is perhaps important to note the differencenreen the ‘second-best zero-profits entries’ reginte@duced
in the previous section, and the ‘second-best peséits’ benchmark discussed here. The former irmpaszero-
profit constraint on newly added capacity on onehef two segmenta or b, keeping capacity at the other
segment fixed. This leads to a sequence of capadiitions — alternately on segmeatandb, as we will see
shortly. The ‘second-best zero-profits’ benchmeglkilibrium in Table 1, in contrast, allows foriensltaneous
optimization of newly added (tolled) capacitieskmth segments. After optimization, there is of seuno scope
for further zero-profit capacity additions, so thisnchmark involves a single static equilibriumt asequence.
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user cost on the initial capacity, given that nepacity should be self-financing. Therefore,
the sum of the average costs that can be affeeleddcial cost components except capital
cost of the initial capacity) is minimized, and aese the generalized price faced by travellers
is equal to the resulting average cost level, tbeias surplus is maximized. In this
equilibrium, we are therefore adding new capacdyoading to the long-run cost function —
using a social cost-minimizing ratio of traffic Wloand capacity, and a toll and a generalized
price that would also apply in the long-run firgsb optimum.

The final benchmark involves ‘maximum added caya@ero-profits)’, where again
the initial capacity is assumed to remain untoll€tis equilibrium is included because it
identifies the maximum level of new capacity thateocould expect when a zero-profit
constraint applies, either because profit-exhagsimctions are used or because free entry of
road operators continues until profits are exhaldte this equilibrium, relative efficiencyw
is, not surprisingly, below the level under ‘secdrast zero-profits’: 0.643. The tatlon the
tolled capacity, as well as the generalized pecegeds the first-best level because we are no
longer operating along the long-run cost function.

The values presented in Table 1 are the relevamttmarks against which to assess
the values of key variables at various stages dutie three regimes of interest, ‘free entry’,
‘auctions’ and ‘second-best zero-profit entriediisTis what we will do in the next section.

4. Simulation results
4.1. Patterns of entry and network growth

A first property of interest of the three regimesmncerns the pattern of entries, which is
characterized not only by the specific order ofitholals to segmenta andb, respectively, but
also by the identity of the firm that makes theestwment. For the free-entry regime in our
numerical model, we find a very regular patterreofries, where in every odd ‘round’ a new
firm enters on segmeiat while in the even round that follows, an additionsegmenb is
made by that same firm (given the assumed symniethye network we can, without loss of
generality, assign the lab&ko the segment to which the first firm makes ftingt faddition).
Although this pattern is not the only possible &htium sequence under free enfry,
there is a good economic intuition for why it shibdle a plausible pattern. After the first
investment on segmeat by a firm that we will refer to as firm | (firmaill be numbered
consecutively by roman numbers in order of entity)s plausible that segmeiitis more
attractive to enter for a new entrant (firm Il) thaegmenta, because there will be less
competition and a smaller aggregate capacity omeatb than ona. It is also immediately
clear that segmerit must be more attractive than segmarior firm |: we do not expect a
possible profitable investment on segmarfor firm | if it already optimized the toll and
capacity of its added capacity on segmarnh round 1. Finally, the incumbent firm | will
enjoy a higher profit increase from adding capatitysegmenb than a new entrant does,

8 For a different parameterization of the numerivadel, we for example found three successive enhbjethe
first firm entering, on segmengsb and then agaia.
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because firm | can maximize the joint profits orthbeegments, while a new entrant Il will
end up in a situation of serial competition witle inmcumbent I. Therefore, in round 2, it is
plausible that firm | should add capacity to segnten

Next, when firm | optimizes its link on segmdnin round 2, the capacity on segment
a is larger than was the capacity on segmenthen that same firm | optimized its first
investment, on segmeat As a result, it is likely that it chooses a largapacity for its link
on segmenb in round 2, than for its link on segmemin round 1. A potential new entrant
will, in round 3, therefore find segmeatmore attractive to enter than segmierBut also the
incumbent firm | would prefer investing on segmandver segmenb in round 3, as it has
just optimized its link on segmemt The question therefore is this: will a new entrn
foresee greater profits from investing in segmeeihan the profit increase expected by the
incumbent firm 1? This cannot be said with certairithe incumbent firm has the advantage
that it can avoid competition between links on segi, so it is likely to end up with higher
tolls. But the incumbent firm has the disadvantdge new capacity will reduce demand for
its earlier capacity on segmeat It imposes, as it were, a pecuniary externaliypru the
profitability of its own earlier capacity. The inmbent firm will take into account the implied
fall in profits on its earlier capacity, a loss tl@new entrant will not face. Depending on
which of these two effects dominate, it may beittoembent or a new entrant who invests on
segment in round 3. In our numerical model, it is the nemtrant, whom we will refer to as
firm 11

Finally, in round 4, there are six possible entt@sonsider: the incumbent firms | and
Il and a new entrant may each add capacity to setgn@eor b. Because the aggregate
capacity is now larger on segmenivhile the tolls are lower, each of these firms ldqurefer
an investment on segmeht The comparison between the profit gains for firlmsnd Il
involves the same trade-off as just described dand 3, and also for round 4 it results in a
net advantage for firm Il in our numerical modeheTcomparison between firm Il and a new
entrant, firm Ill, involves the same trade-off assdribed above for round 2, and again it
results in a net advantage for firm Il. Firm Il tefore invests in segmehtn round 4.

This pattern of new firms entering on segmarnn an odd round and, after that, on
segmenb in the succeeding even round, is maintained inmumerical model as far as we
have tested it (4 firms; 8 rounds). As stated, gatern is not the only possible equilibrium
sequence, but it is a likely pattern because of dtesiderations and trade-offs sketched
above. Because it results in a configuration wislnafiel competition on both segments, it
suggests that the inefficient pattern of serial apwilists studied by Small and Verhoef
(2007), with a single monopolist on each seriahsent, will not easily arise spontaneously,
in its pure form, as the outcome of free entry @dd providers. At the same time, because
road users can switch between road providers ahtaesection halfway the two segments in
our model, an operator that sets its toll on the segment is likely to consider the tolls on
most of the links on the other segment as givernt Bonains to be seen whether the resulting
tolls tend towards the competitive level, as sutggeby the degree of parallel competition on
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both segments individually, or to a higher leved, suggested by the persisting pattern of
serial competition between segments. We will, afree, turn to this question shortly.

But first we will discuss the pattern of networkrif@tion under a sequence of
auctions. This pattern appears to be identicatecone just described (although the capacities
and tolls will be different): there are alternatiléions to segmenta andb (again, we can
freely label the segment of the first addition agmenta). As discussed in Section 2.3, the
patronage-maximizing auction forces bidders to afgewith zero profits along the long-run
cost function. After a winning bid has been impleteel on, for example, segmenmtit is
therefore impossible to make a further expansiothahsegment without running into losses.
Hence, if a next bid is made, it must be on segrbeAind because the expansion just made
on segment raises demand, it will generally be possible tkenauch a bid, involving a
positive patronage and capacity. The sequence thvls have alternating additions to
segments andb.

An important difference with the free-entry regimsethat, under the auctions regime,
the identity of the firms entering is immaterialhel reason is that the bidders set tolls
according to the long-run cost function (at a lesfe2.789 in our numerical model; see Table
1), and are restricted to remain committed to theldevels also after further additions are
made to the network.

And, finally, the same pattern of entries and mekvformation will arise under the
‘second-best zero-profit entries’ regime. The itiu is now even simpler. After having
optimized the capacity and toll for a new addition segment, it is by definition not
possible to have a further improvement in sociapleises by revising the capacity on
segmenta once more. So if there is scope for improvementyust be on segmeibt And
exactly because the capacities and tolls for begiments are not optimized simultaneously, a
sequence will be produced in which there is scopeniprovement on the one segment after
an increase in capacity on the other segment liagséd an increase in demand over the full
corridor.

4.2. Development of capacities and tolls

Although the pattern of network development is ta= for the three regimes considered, the
capacities and tolls involved may of course beedéht. This is illustrated in Figures 2 and 3,
which show, for the various regimes and for the tsemmentsa and b separately, the
development over rounds of aggregate capacity (®ohover a segment) and average toll
(that is, averaged for tolled users only, so igngpusers on the untolled initial capacity). The
diagrams use two benchmarks: the base equilibrivd the second-best zero-profit
equilibrium, both described in Table 1 — where thtter is of course to be distinguished
clearly from the sequence shown as the secondzbesiprofit regime.

Figures 2 and 3 reveal a number of interestinggnties of the different regimes.
First, it can be noted that the auctions regimethedsecond-best zero-profits regime produce
identical results. This is not too surprising olitcis recognized that both induce entries with
tolls set according to the long-run cost functiand the capacity maximized under a zero-
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profit constraint. We can thus confirm that Verhisef2007) finding that the patronage-
maximizing auction produces the second-best zesbtpoad for a first auctioned road, on an
exogenously determined location in an exogenousécified network, remains valid for a
sequence of auctions in a network, which develapan endogenous manner through these
auctions. (But it should be recalled that this wioahange, albeit in a numerically modest
way, if we would allow firms to make toll bids thatply structural losses later on.)
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Figure 2. The development of aggregate capacityspgment over time under various regimes

Second, both the auctions regime and the freg-eagime appear to approach the
second-best zero-profits equilibrium more closedytlae network develops further. For the
auctions regime, this is less surprising as it aedua sequence of additions that are all
according to the long-run cost function — which seeond-best zero-profits equilibrium does
in one shot for both segments jointly. For freergnthe beneficial impacts of increased
parallel competition apparently outweigh the patdntaveat that serial competition remains
in existence. The reason is that new firms will a@mentering a segment as long as the
generalized price is above the long-run optimaéled combination of capacity and toll that
brings the flow capacity ratio on the new link elgqieathe optimal level, and the generalized
price to the level provided by the parallel comjoes, would then produce a profit — and
would therefore induce entry — until the long-rystimal generalized price level is achieved.

Third, Figure 2 shows that although both sequem@a® investments that for both
segments become smaller over successive roundsyitiaé steps are bigger for the auctions
regime. That regime also approaches the secondzeesprofit toll level much more rapidly;
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that is, already from the first capacity additiomards. For the free-entry regime, the average
toll approaches that level only gradually. Notet tinés decline in tolls is not monotonous: the
average toll drops on a segment in a round in whictew firm enters that segment, due to
increased competition and to increased aggregaiacity, but it rises when an investment is
made on the other segment, due to the inducedaserne demand.
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Note: data points for the second-best zero-profits regime and the auctions regime overlap perfectly
Figure 3. The development of the weighted averaljéor tolled users) per segment over time under
various regimes

4.3. Development of social surplus

Given that tolls take on the second-best zero-prefiels immediately, and capacities
approach those levels more rapidly, it should besmgrise that social surplus rises more
rapidly under the auctions regime than with fregerfFigure 4 shows this by comparing the
relative efficiency for both regimes. One possitbaclusion from the diagram is that there is
actually no need to interfere in entries into therket through the auctioning of concessions,
because a process of free entry leads to the saaleehd-state, namely the second-best zero-
profit state. Quite a different conclusion would that such auctioning in fact is desirable,
since the free-entry regime gets sufficiently clésehis second-best zero-profit equilibrium
only after a sufficient number of competing firmave entered the market, each with
relatively small capacities, which might be unrsiadi in reality if discreteness of capacity is
an issue. It is illustrative that the surplus leaehieved already in round 2 with auctions, is
under free entry not reached until three firms hemtered on both segments in six rounds.
Similarly, the welfare gains achieved after tworrds with free entry are only around half of
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those realized through auctions. These resultsestidbat the equivalence in the theoretical
end-states should not be over-emphasized, andhbiet may still be a convincing case for
preferring auctions over free entry.

0.9 1

o
©

o
3

o
=)

== Base
e Second-best zero-profits

e
wn

—&— Free entry regime
O  Second-best zero-profit regime
= @ = Auctions regime

o
>
I

Omega (relative efficiency)

o
w

0.2 1

0.1+

Round0 Roundl Round2 Round3 Round4 Round5 Round6 Round?7 Round8
(Base)

Round

Note: data points for the second-best zero-profits regime and the auctions regime overlap perfectly

Figure 4. The development of the relative efficygmander various regimes

One might wonder whether it is possible to speethepncrease in welfare in the free-entry
regime by regulating entry, by assigning the righenter in a round to a specific firm on a
specific segment, leaving the capacity and tothatdiscretion of the firm. This might offer a
second-best instrument that could raise welfarénduthis regime. It turns out that in the
present network, there is no scope for raising avelfthis way. In every round studied it
appeared that the specific investment that implies highest possible profit gain for the
investor (.e., the highest gain among those from tHe+2 possible investments whérfirms
are present in the network) is also the investntleat leads to the highest gain in social
surplus — given that the potential investors thdwesechoose their tolls and capacities. This
is illustrated in Figure 5, which shows for rourl® 8 the Z+2 combinations of the change
in profit for the potential investor (along the famntal axis), and the implied change in social
surplus. In each round shown, the combination Wl highest profit gain also has the
highest social surplus gain, and the rank coraias nearly perfect.

° It is striking how, in Figure 5, the relation ben the gain in profits for the investor and thinda social
surplus appears to be rather stable across roltridsiot hard to imagine the course of a wellefittsquare root
type of function for the pooled observations; ileiss easy to come up with an explanation fordluseness.
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Again there is a good economic intuition for thesult. Investments are especially profitable
on a segment that has a relatively limited numibeompetitors, and therefore relatively high
tolls, and a relatively low aggregate capacity, dmerefore a relatively high potential for
further growth in demand. Both factors would caasether investment to be also desirable
from the social perspective, because increased etitop will drive down tolls towards
socially more desirable levels, and because thesinwvent implies extra capacity, which is
socially desirable as long as profits are positherthermore, each firm’s attempt to reduce
serial competition by having capacity on both segimi@lso contributes to social welfare in
the sense that it avoids ‘pure’ serial competiteanconsidered in the model of Small and
Verhoef (2007), where each segment is controlled different single operator.

4.4. Development of profitability

Finally, we discuss how profitability of road opgoas evolves over time. It is instructive to
distinguish between profitability at the level efgenents, and at the level of firms.

Figure 6 shows the development of aggregate piwfity for both segments under the
various regimes (on added, tolled capacity onlyigeoring the cost of initial capacity). For
the free-entry regime, the patterns show how, atter first firm | has invested, every
following entry reduces aggregate profits for tiegraent on which the investment is made
due to increased competition, while it raises psofin the other segment due to increased
equilibrium demand. The trend towards zero profits tolled capacity is clearly visible,
although, in accordance with the toll levels degicin Figure 3 above, profits are still
positive with four firms present.
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Figure 6. The development of aggregate profitsgggmment under various regimes

Perhaps surprisingly, also under the auctions regimvhich of course again coincides with
the second-best zero-profit regime in Figure 6 ofifzr are temporarily made, although each
investment yields zero profits in the round it nispiemented. These profits result from the
interactions between the two segments: a new imazdtin round that produces zero profits
upon completion will become profitable after thepaeity on the other segment, and hence
overall equilibrium demand, is increased in roi. *°

Figure 7 shows profits by firm in the free-entggime. For each firm, aggregate
profits increase with an own — voluntary — investimeand decrease as other firms add
capacity. Not surprisingly, the earlier the firmtens, the higher will its temporary profits be.
As the network expands, profits evaporate. The thganpact of later entries upon a firm’s
profits creates another problem for more traditidnd-based auctions, where the concession
is given to the firm that makes the highest bidngopic firm would bid the net present value
of profits ignoring later entries, and would themef suffer losses as soon as further additions
to the network are made. But even if the firm isrenforward-looking, the bid it can make
will depend crucially on the assumptions it makastlee time lags between future auctions,
something that may be hard to predict also for tegulator. This adds to the more

191t is exactly this mechanism that might inducéren fwith capacity on the one segment to bid alielow the
long-run first-best level for capacity on the otBegment: this may maximize the firm’s temporaiptjgrofits
over both segments together, at the expense ofeflibgses. We discussed this possibility in Sec?id) and
explained it is numerically insignificant in theggent network.
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fundamental problem with bid-based auctions alredéytified in Verhoef (2007), namely
that it urges a firm to choose the profit-maximgicombination of capacity and toll, rather

then the welfare-maximizing levels.
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Figure 7. The development of aggregate profitsfiper in the free-entry regime

5. Conclusions

This paper studied the efficiency impacts of psvadll roads in initially untolled networks.
The analysis allowed for capacity and toll choigepbivate operators, and endogenized entry
and therewith the degree of competition, distingmg and allowing for both parallel and
serial competition. Two institutional arrangementsre considered, namely one in which
entry is free and one in which it is allowed onffeawinning an auction. Investments were
assumed to be made sequentially. With free enlry, firm expecting the highest profits
enters, and with auctions a concession is graotéuet firm that promises to carry the highest
traffic flow. The following results stand out.

First, the existence of serial competition does alter the conclusion obtained by
DeVany and Saving (1980) and Engel, Fisher andt®ate(2004) in the context of parallel
competition, namely that entry of more firms driviedls closer towards socially optimal
levels. This is true despite the potentially negatffects that increased serial competition
might have on the efficiency of pricing (VerhoefdaBmall, 2007). The reason is that, with
endogenous entries, firms will be ordered ovemtivork such that they occupy capacity on
different (serial) segments, and this minimizes theessive-pricing problem that may
otherwise characterize network markets with ses@hpetition, identified by Economides
and Salop (1992). During the process of entriegh@ethe size of investments nor the tolls
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are chosen optimally from the social perspectiw,dapacity ‘deficits’ will be filled up when
later investments are made by other firms, and taill be driven down under increased
competition.

Second, both sequences considered — the free+egfime and the auctions regime —
have the second-best zero-profit equilibrium aseheé-state of the equilibrium sequence of
investments. But the auctions regime approaches ehd-state more rapidly: tolls are set
equal to their second-best zero-profit levels imiaedly, and capacity additions in the earlier
rounds are bigger. When discreteness of capacitselsvant and limits the number of
investments that can practically be accommodakedatictions regime may therefore result in
a more efficient end-state, with a higher sociapkus, although the theoretical end-state is
the same as under free entry. Consistent with digglifor the single patronage-maximizing
auction in Verhoef (2007), in each round of theteuns sequence are firms pushed towards
bids that imply investment and tolling accordinghe long-run cost function.

Obviously, the model is still rather abstract, asadious important extensions can be
envisaged. We name a few, and will also hypothesizether relaxation of the associated
assumption is likely to change this paper’'s maimctasions.

First, we considered a rather simple network stmgctand also did not allow firms to
make fundamental changes to this structarg, by adding a direct link between the origin
and destination. It would be interesting to considmre general networks in future work.
Will this make any fundamental change to the re8ulfhe most fundamental change
considered in this paper compared to earlier studi¢h free entry, namely the inclusion of
serial competition besides parallel competition, mdt undermine the efficiency of free entry
— contrary to what one might have expected. Ano &t efficiency of auctions was not
affected by having parallel and serial links auntid. Of course, as also demonstrated in
Verhoef (2007), when a bigger network allows usi¢éwelop a Braess paradox, things may
change drastically. But besides such cases itticlear why a bigger network would affect
the conclusions fundamentally — although this qoasbf course needs to be investigated
formally. The main arguments underlying the efficg of free entry and of auctions, as
discussed above, seem to remain relevant alsggebnetworks.

Secondly, there is the issue of the timing of invesnts. Especially in the free-entry
regime, this may lead to a complicated dynamic gamere firms not only decide on where
to invest and by how much, but also on when toa@d&veloping the analytical framework
to describe this properly seems a big challengen evhen demand functions are assumed to
be stable over time. But will it change the maimdasions? Perhaps not. The prospect of
potential profits for new firms, that exists asdaas equilibrium tolls exceed the second-best
zero-profit level, will induce entry whether or rtbat entry is optimally timed or not. In other
words, although the outcomes along the free-erdguence are likely to be different with
endogenous timing of investments, the endpoinikedyl to be the same. The same can be
expected for the auctions regime.

Third, nearly-myopic behaviour when deciding on #iee of investments could be
replaced by a less naive formation of expectatidgsin it is likely that the outcomes along
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the free-entry sequence will change, but questienabether the endpoint will be different.
A configuration with positive profits is unlikelyptbe a stable endpoint, so also then can one
expect entry to make the system converge to thenskbest zero-profit equilibrium.

Fourth, we ignored that in reality, the governmemy be under pressure to add
capacity itself at some point in a sequence of taxfdi, particularly if either tolls seem
excessive or congestion is severe. The paper dkkmkear, however, that a sufficiently
patient government has a good reason not to dsirsze these are the conditions under which
also private investments are more likely.

Fifth, the links in our model were identical in e of length. For an asymmetric
network, patronage may have to be weighted witk lemgth in the auction. For free-entry, a
relatively short link with a relatively large flomay be particularly attractive when capacity
expansion costs are relatively low. Asymmetriesréfege pose interesting questions for
further development of the ideas presented above.

Of course, it is not difficult to mention some tuet extensions that may affect the
main conclusions. These include the consideratioheterogeneous users, making product
differentiation between parallel operators a likelytcome; the consideration of demand
uncertainty; the existence of strategic interactiand market power during auctions; and the
replacement of Nash behaviour by Stackelberg lshd®in the toll and/or capacity stages of
the free-entry game. Future research should infasnof how strongly such changes would
affect the model’s main conclusions.
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