A Service of

ECOMNZTOR pr

Make Your Publications Visible.

Leibniz-Informationszentrum
Wirtschaft

Leibniz Information Centre
for Economics

Verhoef, Erik T.; Mohring, Herbert

Working Paper
Self-Financing Roads

Tinbergen Institute Discussion Paper, No. 07-068/3

Provided in Cooperation with:
Tinbergen Institute, Amsterdam and Rotterdam

Suggested Citation: Verhoef, Erik T.; Mohring, Herbert (2007) : Self-Financing Roads, Tinbergen
Institute Discussion Paper, No. 07-068/3, Tinbergen Institute, Amsterdam and Rotterdam

This Version is available at:
https://hdl.handle.net/10419/86266

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://hdl.handle.net/10419/86266
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

T12007-068/3
Tinbergen Institute Discussion Paper

U Self-Financing Roads

Erik T. Verhoef?
Herbert Mohring?

VU University Amsterdam, and Tinbergen Institute;
2 University of Minnesota.



Tinbergen Institute

The Tinbergen Institute is the institute for
economic research of the Erasmus Universiteit
Rotterdam, Universiteit van Amsterdam, and Vrije
Universiteit Amsterdam.

Tinbergen Institute Amsterdam
Roetersstraat 31

1018 WB Amsterdam

The Netherlands

Tel.:  +31(0)20 551 3500
Fax: +31(0)20 551 3555

Tinbergen Institute Rotterdam
Burg. Oudlaan 50

3062 PA Rotterdam

The Netherlands

Tel.:  +31(0)10 408 8900
Fax: +31(0)10 408 9031

Most Tl discussion papers can be downloaded at
http:/ /www.tinbergen.nl.




SELE-FINANCING ROADS

Erik T Verhoef’ Herbert Mohring
Department of Spatial Economics 1425 E River Pkwy
VU University Amsterdam Minneapolis, MN 55414-3625
De Boelelaan 1105 Professor of Economics Emeritus
1081 HV Amsterdam University of Minnesota
+31-20-5986090 +1-612-332-1462
everhoef@feweb.vu.nl mohring@umn.edu

Key words: Traffic congestion, Road pricing, Roagacity choice, Road financing
JEL codes: R41, R48, D62

Abstract

Mohring and Harwitz (1962) showed that, under cierteonditions, an optimally designed

and priced road would generate user toll revenuest pufficient to cover its capital costs.

Several scholars subsequently explored the robsstié that finding. This paper briefly

summarizes further research on the relationshipveen congestion-toll revenues and road
costs. Despite its transparency, the self-financititjgorem can lead to erroneous

interpretations. The paper’'s second part discudteee such possible fallacies. It uses a
simple numerical model to investigate them. Theahsidows that the naive interpretation of
the Mohring-Harwitz rule may lead to substantial Ifae losses. These losses are
particularly prominent when the difference betweapital and investment cost is confused
and when balanced-budget constraints are imposelusecond-best network conditions. In
contrast, losses from imposing a balanced-budgensitaint when economies or

diseconomies of scale exist are surprisingly small.

" The authors thank Robin Lindsey and two anonynreutewers for helpful comments on an earlier versé
this paper. Any remaining deficiencies are ours.
™ Corresponding author. Affiliated to the Tinberdestitute, Roetersstraat 31, 1018 WB Amsterdam.






1. Introduction

That maximizing the benefits an economy providestsomembers requires setting prices
equal to marginal costs is a long accepted econpnmciple. One cost of a road’s use is the
external congestion cost that each user imposeslather users by adding to its level of
congestion. Economists interested in transportati@mve long regarded incorporating
congestion costs into road prices as essentiah teffecient use of roads(g, Pigou, 1920;
Walters, 1961).

In 1962, one of us participated in pointing thdt, under certain technical conditions
(to be spelled out below), an optimally designed prniced road would generate user tolls just
sufficient to cover its capital costs in the lomg (Mohring and Harwitz, 1962). A number of
scholars have explored the robustness of thatrgndThey asked, “Would optimal toll
revenues cover optimal capital costs under a waoiemore realistic circumstances?” and, “If
optimal toll revenues would not cover optimal capitosts but if roads must be self-
supporting, what adjustments in tolls and road glesvould be required to maximize road
benefits given a break-even constraint?”

The first part of this paper briefly summarizes thesults of research on the
relationship between congestion-toll revenue arat roosts. We present the self-financing
result in its most basic form, and review somehef éxtensions that have been discussed in
the literature. The self-financing theorem, despite transparency, easily lends itself to
erroneous interpretations. The second part ofpdyeer discusses three such possible fallacies,
and develops a simple numerical model to investigfag potential relative welfare losses that
may result from them. The model shows that theenaiterpretation of the Mohring-Harwitz
rule may lead to substantial welfare losses. Thesses are particularly prominent when the
difference between capital and investment costdefused and when balanced-budget
constraints are imposed under second-best networlditions (the example presented
considers the rather common situation where anicggisubstitute exists). In contrast, losses
from imposing a balanced-budget constraint whemeweoes or diseconomies of scale exist
are surprisingly small.

2. Congestion tollsand road costs: the simplest case

Household travel choice

Consider a set of identical households that en@msoming trips on a given road. However,
each household dislikes spending the titngef trip) required to make the trip. Assume that
we can characterize traffic conditions in our périof analysis by a simple travel time
function t(F/K), wheret is travel time,F (for flow) denotes the number of trips per hour
being taken on the road amkdgives the road’s hourly capacity. Assume thatdessitravel
time, there is only one other price component ipf tnaking for a household, namely a toll
(if levied). If we denote the value of time loy the perceivedeneralized pricer full price of

the trip,p, can be written as the sum of the generalizedaast the tollr:

p=c(F/K)+r=alt(F/K)+r1. Q)
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The equilibrium flow will then be such that the miaal benefit — the benefit attached to the
final trip added — is equalized to the generaligade: if marginal benefit is higher, more trips
will be taken; if it is lower, some trips will beugpressed. The marginal benefit function
MB(F) therefore determines the equilibrium demand (mmess in flow) as a function of
generalized pricep. MB(F) is therefore also referred to as thmerse demandD(F):
“inverse”, because quantity as a function of prie@), is expressed as price as a function of
quantity, D(F). Aggregate household behaviour can thus be repted by the equilibrium
condition:

D(F)=c(F/K)+T. 2

Toll and capacity optimization

A public highway-authority might wonder what thee&t' toll level is. The answer of course
depends on the objective chosen. An (economic}ieficy-enhancing objective would be to
maximize social surplus (or: net benefits): theedénce between aggregate benefits of trip
making and the social cost of making these tripssitde. WithD(F) representing marginal
benefits, its integral between 0 aRdgives total benefits (per unit of time). The sbaast
consists of two components. One is the total usst, E-c(); being the product of flow and
average cost. The other is total capacity costclvive assume will depend on capadity
only and that will be written aSx(K). It is to be interpreted as a per-unit-of-timestco it
should include capital and depreciation; it is tha investment cost. The highway-authority’s
optimization problem thus reads:

E

I\Qasz=j D(Xdx- FOq F/ K)= G ( K)

st:DF)-cF /K)-r=0.

®3)

The first-order condition with respect to flow shows that it is optimal to equate marginal
benefit D(F) to the marginal social cost of a trip, which lie tsum of the private cost)
incurred by the individual, and the marginal ex#&rcostF-dc(-)/0F that a road user imposes
on fellow road users due to congestion:

S _pE) -c-FIW0 -0 = =20 (4)
oF oF oF

The second expression in (4) follows from substtutof the equilibrium constraint in (3),
and shows that optimal road use requires imposdfaie so-calledPigouviantoll, which is
equal to the marginal external cost as just defii&eé total toll revenueR are then:

R=F2Ba§—|£[). (5)
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The first-order condition of (3) with respect Kotells us to expand capacity up to the point
where the marginal benefits of doing s@.( the value of aggregate travel time saving) is
equal to the marginal cost of capacity:

ﬁ:—Fﬂm_d&:O

6
oK oK dK ©)

Note that, because capacity only enters the twd components of equation (3), cost

minimization (by settingK for a givenF) is directly implied by the maximization of social
surplus. With the elasticity of capital cost wittspect to capacity defined as follows:

_dC K.

CdK C, %

we can rewrite (6) as follows:
e e (8)
oK K

As a brief side-step, we note that the quotien¢ rofl differentiation tells us that for any
functionc(F/K), the following holds true (this is, in fact, appdication of Euler's Theorem):

F 290 - _y £2c0 9)
oF oK

Bringing K to the left-hand side in (8) and substitution ®f &énd then (5) finally produces the
following equation:

R=«[C, = qozi:/(. (20)
Ck
The first expression in equation (10) tells us fralvided an optimal toll is charged (equation
(4) applies) and capacity is optimized (equatioh gpplies) the per-unit-of-time revenues
from optimal pricingR are equal to the per-unit-of-time capacity c8gt multiplied by the
elasticity k. Phrased differently, the second expression in §ifites that thdegree of self-
financing which we define ageR/Cy, is equal to the elasticity of capital cost widspect to
capacity x. This is the celebrated self-financing theoremMwhring and Harwitz (1962,
Chapter 2); the special case with neutral scalem@oeées =1) can be referred to as the
“exact” self-financing theorem.

Thus, with neutral scale economies, an optimaliggal road designed to minimize the
sum of user and provider costs would generate ralenues that would just cover its
provider’s costs. Optimally designed and priceddsaould thus exactly support themselves.
When there are economies of scale in capacity piavi(k<1), there will be a deficit; with
diseconomies#>1) a surplus results. These results are entirehsistent with basic micro
economic insights that tell us that a firm thatoicced to apply marginal cost pricing will face
a deficit under economies of scale, a zero-surpioder neutral scale economies, and a
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surplus under diseconomies of scale. Mohring andviigs contribution was to show that
this remains true if part of the inputs in the proiibon process (namely, the time invested to
make a trip) are user-supplied under congesteditbmms

The theorem appears highly relevant for practiagdicp making. Its application in
practice would in the first place imply that thexdooperator seeks to achieve an efficient road
system, in terms of optimal capacity and optimatipg. Second, application would firmly
reduce the need to use tax revenues from othecewtior the financing of roads. This may
improve efficiency further, because these otheedaare often distortionary. Third, it may
help in overcoming problems of public acceptabitifyroad pricing. The resulting scheme is
likely to be perceived as ‘fair’ (only the usersaofoad pay for its capacity) and ‘transparent’
(there are no ‘hidden’ transfers surrounding tmarficing of roads). Finally, it may lead to
improved transparency in political decisions onrasfructure expansion. It is easily
demonstrated that if the neutral-economies-of-saageimption is fulfilled, and other external
costs are optimally priced, road capacity should ésanded when short-run optimal
congestion pricing yields revenues per unit of cégahat exceed the unit (capital) cost of
capacity* The market would thus indicate whether or not esjpan is socially warranted,
which will generally help improving the transpargrand credibility of cost-benefit analyses.

Trouble

But there are also problems. For example: roadslarpy. They must have an integer
number of lanestt lanes won’t do. The capacity of lanes can be dakbg changing their
widths, altering curves and making them more o &eep, but lanes must be wide enough to
allow vehicles to pass. Still, nothing guarantdws the traffic level which satisfies equations
(4) and (6) would have the capacity that an integenber of lanes would provide. If not, (6)
is not satisfied and the remainder of the analgssks down. How big a threat is this to the
practical applicability of the theorem? As indiahtdecause road design affects the capacity
per lane, the problem may be somewhat smaller thaeems at first sight (when only
thinking of “numbers of lanes”), as long of coues® we are beyond capacities of one lane.
Moreover, when an operator can pool deficits fromersized roads with surpluses from
undersized ones, the relative problem will be sendibr full networks than for individual
roads. And, when demand grows steadily over time, @an anticipate alternating periods of
deficits and surpluses for individual roads, sd #iao pooling ‘over time’ would reduce the
relative size of the problem, compared to what magpear from an instantaneous analysis.
Nevertheless, as indicated, especially for smalexds economies of scale may often
dominate, and exact self-financing would not beststent with optimal road design and
pricing.

! To see why, observe that for a given demand fanctoth the short-run optimal congestion price. for a
given capacity) and the road use per unit of capace decreasing in capacity. Short-run optimblirevenues
per unit of capacity therefore exceed the unit cbstapacity with a below-optimal total capacitpdafall short
of it with an above-optimal total capacity.
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Next, the assumption of neutral scale economiesad construction is essential to the
conclusion that, on optimally designed and pricealds, toll revenues exactly cover capital
costs. Sadly for the theorem, both rural and unged construction may have increasing or
decreasing returns to scaked, Mohring, 1976; Keeler and Small, 1977; Kraus, 1,98mall,
Winston and Evans, 1989), so that exact self-fimanoeed not apply in reality — even if
capacity were continuous. The consequences wiipéored numerically in Section 3 below;
here we briefly address the backgrounds.

A rural road with one 12-foot lane in each direatis commonly regarded as having a
capacity of about 2,000 vehicles an hour regardtégstheir directional division; on such
roads, travelers in one lane must wait for botladequate view of the other lane and a gap in
its traffic. With four-lane roads, only a gap ineodirection is necessary. Road expansion
from two to four lanes therefore increases houdpacity to about 2,000 vehicles per lane;
doubling lanes quadruples road capacity.

Rural and to a lesser extent, urban road geometry aiso often involve scale
economies. A normal rural expressway has two 12-faoces in each direction with wide
paved shoulders on each side. The driving lanesgbkles account for less than half of its
right of way and of the costs of the earth moviaquired to create it. Three-lanes in each
direction would add 50% to its capacity but consatidy less than 50% to its capital cost.

At the same time, urban expressways have many mtFehanges and overpasses
per mile than do their rural counterparts. Doubling span of a bridge more than doubles its
costs. Walls rather than earthen slopes form itgsnbaries. The excavation economies
associated with increased lanes are, therefordlesrfar urban than rural roads and may even
turn into diseconomies. Moreover, scale diseconsro@lild also arise from a rising supply
price of urban land, especially in large cities véherban land is scarce (Small, 1999). For all
of these reasons, scale economies are considesghbller and may even turn to
diseconomies for urban roads — where capacity esipans often more relevant — than for
rural roads. Small and Verhoef (2007) review a nemndf studies and conclude “Altogether,
the evidence supports the likelihood of mild sedenomies for the overall highway network
in major cities. Scale economies are probably sulbist in smaller cities in which one or two
major expressways are important, and may disapgkagether in very large cities where
expanding expressways is extraordinarily expendieto high urban density” (p. 112).

And finally, for exact self-financing to hold, aetly two neutral-scale-economies
assumptions have to be fulfilled (Mohring and Harwil962, p. 85-86). One is what Small
(1992) called “constant returns to scale in congagechnology”: the fact that the travel time
function can be written a¢F/K). The other is “neutral scale economies in roatstroction”:
k=1. In reality, what matters is the combined effeftthese two elements: decreasing
economies in the one respect can be compensatdyy fimcreasing economies in the other.
As a matter of fact, units of capacity can alwagschosen such that=1 is satisfied, namely
by defining a measure of capacity that is propagloto (minimized) capacity cost. But
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whether the combined effect implies neutral scatenemies is, as just discussed, an
empirical question for which the answer seems tg vaer place and probably time.

3. Some extensions

The self-financing result from our basic model segjg a very simple and clear relation
between infrastructure charging and capacity célsésdegree of self-financing is equal to the
elasticity of the capacity cost function. An im@ort question is to what extent this result is a
fluke, resulting from specific simplifying assumgts in the basic model, and to what extent
it carries over to more elaborate settings. Thisiee will consider a number of complications

that were ignored above, but that will be relevargractical applications. Our discussion will

follow and sometimes draw from reviews as giverLimdsey and Verhoef (2000), De Palma
and Lindsey (2005), and Small and Verhoef (2007).

Growing traffic

As economies grow and population increases, sq, doothe demands for road space.
Continual infinitesimal expansion of a road woudibtolerably expensive. Standard practice
is to expand capacity to a level greater than wisth would be optimal for a steady-state
traffic level at the time expansion takes placeaffle then grows to and then above the level
which would be optimal for the expanded road’s c#tgaAt some point, further expansion
becomes in order. Consider a road authority inoavigrg economy that wants to design and to
price its network so as to maximize the presenievalf its future user benefits minus user and
road-authority costs. Setting marginal-cost corigedblls would be an essential part of this
optimization process. An interesting question tleises: as with roads in a steady-state
economy, would such congestion tolls exactly cdliernetwork’s capital costs in a growing
economy given constant returns to scale in roadlymtion? Arnott and Kraus (1998a)
address this question. They find that the selfrfaiag theorem remains valid in present value
terms, provided the size of capacity additions [imized conditional on the timing of
investments. This is true whether or not capasitgdded continuously or intermittently, and
whether or not the timing of investments is optimal

Heterogeneous users

The same authors address heterogeneity acrossamkfid that, as long as every user faces
an optimal charge, this does not undermine thefselhcing theorem (Arnott and Kraus,
1998b). The important pre-condition is that margic@st pricing applies to all users: when
not all users are charged or when charges deviate fharginal cost pricing for other reasons
(so that (4) above does not apply), the self-filvancesult generally breaks down.

Time-of-day dynamics
One of the more disturbing simplifications of theske model in Section 2 is that congestion
is assumed to be a static, stationary-state phemmmeThis is helpful in keeping our
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discussion transparent, but rather unrealistic wheking at real-world traffic congestion. It

is therefore important to verify whether the satiahcing result remains intact when taking
the time patterns of congestion and optimal congegblls into account. Arnott and Kraus

(1998a) have shown that this is indeed the casejded tolls can be varied optimally over
time. A specific example of this result has bearegifor the so-called bottleneck model, first
introduced by Vickrey (1969), and later analyzedgieater depth by Arnott, de Palma and
Lindsey (1993Y.

Network extensions

The self-financing result also continues to holdewrextending the analysis from a single
road or bottleneck to a full network. Yang and Méa@02) show that self-financing will hold
for every individual link in an optimally priced tveork, and therefore also for the network at
large. As we shall see in Section 4 below, netvedf&cts do lead to a breakdown of the self-
financing result if other parts of the network aod optimally priced.

Further extensions
Various other extensions have been considereckititérature.

Newbery (1989) for example considered self-finagamthe face of durability choice
and maintenance cost, and concluded that “if tteeee constant returns to scale in roads
construction (for roads of given strength), anthére are strictly constant returns to road use
(in the sense that heavy vehicles distribute thémaseuniformly over road width), then the
optimal road user charge (congestion charge plad damage charge) will recover all road
costs (maintenance and interest on capital)” (New989, p. 167).

Small (1999) considered variable input prices,vafe for urban land that may rise in
price when demand for road construction increabBeis matter makes explicit the distinction
between “returns to scale” (a property of a producfunction) and “economies of scale” (a
property of a cost function). Small shows that #ign of actual profits from highway
operation under first-best marginal cost pricingl tien still be determined by the degree of
scale of the cost function (which differs from thegree of returns to scale of production with
a rising supply curve for land). The critical canmh for exact self-financing under marginal
cost pricing thus involves the degree of econorofescale of the cost function, and not the
degree of returns to scale of its underlying preidacfunction.

Conclusion

In general, we find that extensions to the simpledeh of Section 2 lead to important
additional insights, but generally do not underntime self-financing theorem as summarized
in equation (10).

2 Arnott and Kraus (1998a) consider growth in demawer calendar time. Arnott, de Palma and Lind4e@8)
consider systematic fluctuations in demand by tihday. Demand is intertemporally substitutablémott, de
Palma and Lindsey (1993), but not Arnott and Krdi298a).
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4. Some fallaciesin the inter pretation of self-financing road infrastructure

As the foregoing illustrated, the Mohring-Harwitzebrem is a strong result, with important
policy implications, that extends to various magalistic instances than the case for which it
is typically illustrated in textbooks. Practicalphipation would not only result in the use of
optimal investment and pricing rules, but — prodidee appropriate technical conditions are
approximately fulfilled — also to a balanced budfyetroad operations, which in turn might
have political and social advantages related tosparency and perceived fairness. At the
same time, the theorem lends itself to fallacionterpretation. In this section, we will
highlight three plausible mistakes that a publierapor can make in interpreting the theorem,
and we will assess the potential (welfare) implaad of such misinterpretation using a small
numerical example. The analysis bears resemblamctutlies into the use of naive cost-
benefit investment rules for road infrastructure, raviewed in, for example, Small and
Verhoef (2007). We will study, in that order, (Hetcase where the regulator mistakenly
assumes the theorem to imply that under neutrd szonomies all toll revenues should be
reinvested in capacity (a mixing up of capital sostth investment costs); (2) the case where
the regulator imposes a balanced-budget restritioan there are increasing or decreasing
scale economies in capacity; and (3) the case wheresgulator imposes a balanced-budget
restriction when second-best pricing is approprdiie to unpriced congestion elsewhere in
the network. We start with a brief discussion @& ttumerical model that we will be using.

4.1 A numerical model

We use a numerical model that considers static estian for homogeneous travelers
between a single origin-destination pair connediga single road (at least in the first two
applications of the model). Demand is iso-elastigth the elasticity with respect to
generalized price equal tor, and the associated inverse demand function is:

D(F)=0F"", (11)

whereD is marginal willingness-to-pay; is traffic flow, andda parameter.

The generalized pricgis again the sum of average costnd a tollz, wherec is now
specified according to the widely used BPR (BurefBublic Roads) function:

p=c+r=ali, Eﬁl+ﬁE€EjXJ+T, (12)

wherea is the value of timet; the free-flow travel timeK the road’s capacity, anfand y
are parameters. Note tlabnly contains time costs.

We ignore road maintenance and depreciation. Thaataost is also iso-elastic and
is given by:

K
C, = °_[K*, 13
K J/G(W (13)
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wherex is the elasticity of capital cost with respectapacity, and/ the average unit price
of capacity evaluated at a base-level of capaiynote that the middle term consists of
parameters only and could therefore easily be &by redefiningy; it is included only for
ease of calibration).

Total benefit can be determined as the area bdievinverse demand function, so that
social surplus§ our measure for welfare, can be written as:

\‘E‘.:O'ij””dx—F[Ea[ﬂf EE1+/3E€EYJJ—VEI(;—°)KEKK. (14)

Userbenefit

(Variable) usercost (Fixed) capital cost

We choose the following parameters. The BPR pamnsgtand y are set equal to 0.15 and 4,
respectively; their conventional values. The friesvf travel timet; is set at 0.5, so we
consider a 60 km road if the speed limit is 120lkmfThe base capital cost elasticitys 1.
We seek a representative unit price of capagitipr a three lane (one-directional) highway,
which we assume to involu&=4500, so that a conventional traffic lane wouldrespond 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 toftbe at which, empirically, travel times
double for a single highway lane and the maximuowfbn a lane is reached.§. Small,
1992, Fig. 3.4, p. 66). A maximum flow, however,nist defined for BPR functions. The
average unit price of capacity at capacity lekgl y; is set equal to 7 (all monetary costs are
in Euros). With a unit of time of one hour, thisrgaeter ought to reflect the hourly capital
costs. To derive a value from empirical construciost estimates, an assumption has to be
made on whether the model aims to represent sétidnaffic conditions throughout a day,
or during peak hours only. Our parameterizationceomns the latter. The value of 7 was then
derived by dividing the estimated average yearpjitahcost of one highway lane kilometre in
The Netherlands (€ 0.2 milliohpy 1100 (220 working da§simes 5 peak hours per working
day; assuming two peaks) and next by 1500 (the eurabunits of capacity corresponding
with a standard highway lane), and finally multipty by 60 (the number of kilometres
corresponding with a free-flow travel time of haff hour). We set the value of timeat 7.5,

in line with the “official” Dutch value. On the deand side, we use an elasticiyof —0.35.
To create a reasonable reference equilibrium, whensandF is such that the travel time is
twice the free-flow travel timg for the base capacity &=4500, we finally set=7.9710™.

% With an infinitely-lived highway without maintene@ and an interest rate of 4%, this implies cousibn
costs of € 5 min per lane-km, or € 8 min per larienThis order of magnitude is well in line witig@ires
presented in Litman (2006) for the US, who quotédely diverging estimates that suggest that theiamed
construction cost per lane mile would be in thegeaaf $ 5 — 10 min, while more than a third woukdeed $ 10
min.

* A rule of thumb in The Netherlands is that there some 220 regular work days per year (44 weaksyhich
“normal” travel conditions occur. 8 weeks are macieter because of holidays, Christmas breeiks,



10 Self-Financing Roads

K T F D(=p) c & w
Equilibrium 4 500 0 7231 7.5 7.5 31500 0
Optimum 5085 5.58 6 380 10.72 5.14 35 593 1

Table 1: Numerical model: base equilibrium and pptim

For this parameterization, Table 1 shows the bgsaédilerium as well as optimal levels of the
most relevant endogenous variables. Most of thikets content is self-explanatory. The final
column, though, gives the efficiency measwrthat we will use. It is for a certain equilibrium
defined as the surplus gain in that equilibrium pared to the base equilibrium, divided by
the surplus gain in the first-best optimum comparethe base equilibrium. The indicator is
therefore naturally O in the base equilibrium, dnd the optimum.

4.2 Naive interpretation I: mixing up capital castd investment cost

The first fallacy we consider concerns the mixiqgai capital cost (“To what extent do the
yearly toll revenues cover yearly interest cost®ih investment cost (“To what extent
should we reinvest toll revenues in additional razgacity?”). This mistake may seem
terribly naive to the trained economist, but mayeict not be so far-fetched in the practice of
policy making, where investments are financed frpublic funds that are raised through
taxation, and no interest is paid (at least noedlly) on capital invested in public
infrastructure. In fact some current proposalsréad pricing in The Netherlands contain the
qualification that toll revenues be used for raagestments.

In a neutral-scale-economies environment, wheremaptroads are exactly self-
financing, it would be harmless in our model foemll efficiency to impose the constraint
that toll revenues should be used to finance thmtalacosts. However, it is certainly not
harmless to impose that all revenues should beesiad in additional capacity. The easiest
way to see where and how the two principles woul@rde is to imagine starting with an
optimal road initially, in an otherwise stationapvironment. Optimal policies then entalil
constancy of toll and capacity for all future peso with revenues covering the constant
interest on invested capacity. The naive policycamtrast, would use revenues to expand
capacity in the next period, so that capacity gitbw over time as long as road use and toll
are positive.

Our first simulation illustrates the consequendds. assume that the regulator saves
up all toll revenues during a year (with no intéresvenues), and uses these to expand
capacity at the beginning of the next yaaf,. We assume that the short-run toll is optimal at
each moment, to avoid clouding of results by ini@dg further inefficiencies from non-
optimal pricing. In our calculations, we assume tha construction cost per unit of capacity
is 25 times as high as the yearly capital costclwhinder our assumptions corresponds with
an interest rate of 4%. We start with an optimaldrin year 1 and trace the development of
key variables over the next 50 years.
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Figure 1 displays the results. As expected, caypd@apper-left panel) rises over time
as toll revenues continue to be collected. Althotigd optimal short-run toll (upper-right
panel) falls over time as expanding capacity reswomgestion, the BPR function will always
produce positive optimal tolls for any flow largran zero. With capacity set optimal in
period 1, it is no surprise thatequals 1 initially, but falls over time afterwards capacity
deviates further from the optimal level. Before tomg, in year 19,w falls below zero,
indicating that the untolled base equilibrium proelsi a higher social surplus than the tolled
equilibrium with excess capacity. The further diopwillustrates how the negative impact of
this naive policy upon social surplus becomes wattse longer the policy is maintained.
Finally, the lower-right panel displays the “corigt calculated profits,/7 (i.e., that use
capital cost, not investment cost). With a zerghkis in period 1, and rising capacity costs
and falling toll levels afterwards, these profadl bver time, indicating deficits. This confirms
the claim in Verhoef and Rouwendal (2004) that urstert-run optimal pricing and under
neutral scale economies, an above-optimal capaditproduce a deficif. All in all, there are
good reasons, based on theory and simulation,siwodiage regulators from pursuing this
particular type of naive investment policy.
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Figure 1: Re-investing all toll revenues: time patf capacity (upper-left), short-run optimal toll
(upper-right), relative efficiency (lower-left) amdofit (lower-right)

® A below-optimal capacity, not actually consideiedFigure 1, produces a surplus. Footnote 1 exphainy.
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4.3 Naive interpretation II: imposing self-finanginnder non-neutral scale economies

A second type of naive interpretation would steotrf the political and social advantages that
a balanced-budget regime might bring in terms afhgparency and perceived fairness, and
would strive for balanced budgeting even when tapital cost elasticityx is unequal to
unity. It is a way to impose a hard budget constrao that costs could be contained. Again
this is not an unlikely situation. It may occur wieger the primary motivation for road tolling
is the financing of infrastructure, as it seemsh&wve been the case for example for the
Norwegian toll rings and for various applicationsthe US €.g, Small and Verhoef, 2007,
Ch. 4.3). We investigate this situation by tracthg impacts of varyingc upon the model
results of interest when a balanced budget is ieghas a constraint.

~
A

10

K
2000 4000 6000 8000

0.1 0.5 15 2 0.1 0.5 15 2

Figure 2: Ignoring capital cost elasticity: zerogfit contour fork=1 (upper-left), optimal (solid) and
second-best (dashed) capacity (upper-right), optii®alid) and second-best (dashed) toll (lower)left
relative efficiency (solid) and degree of self finelg under first-best policies (dashed) (lowerhatly

In doing this, we first deal with the question ofiieh zero-profit capacity-toll combination
the regulator chooses for a givenThis combination is namely not uniquely defindtie
upper-left panel of Figure 2 illustrates this foet(base) case a1, by showing the zero-
profit contour in theK-7 space (the optimum shown in Table 1 is represebyethe dot).
Note that the iso-elastic demand function with—0.35 secures that any capacity can be
financed fully as long as the toll is sufficientligh; hence the shape of the contour. We again
aim to avoid further distortions from clouding thealysis and assume that, for every
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unequal to 1, the regulator sets second-best ldvel& and 7, so as to maximize social
surplus under the constraint that the budget benloal.

For an elasticity<1, there are economies of scale and we expedtait der first-best
policies; for an elasticity>1 we expect diseconomies of scale to produce @usurFora<1,
the second-best (zero-profit) capaciyis therefore below the first-best capacity (see th
upper-right panel in Figure 2) and the second-tmkis above the first-best toll (lower-left
panel). These patterns are reversedktdr, with first-best and second-best tolls and caieac
naturally coinciding for neutral scale economidsg=l in the centre of the diagrams.

The Mohring-Harwitz theorem predicts the degreeaif-financingg defined as the
ratio of toll revenues over capacity cost undestfirest toll and capacity setting, to be equal to
the elasticity of capital cost with respect to aafax. The dashed line in the lower-right
panel showspas a function ok, and confirms that this result is indeed reproduiceour
numerical model. A quite different question is htarge the efficiency loss would be from
imposing self-financing wher is unequal to 1. The pattern afby «, in the same panel,
confirms the intuitive notion that the relativeieincy loss increases with the divergence of
k from 1. But the relative efficiency logsis found to be much smaller than the deviation of
the degree of self-financingfrom 1, reaching values near 0.8 for the two entrevalues ok
considered in Figure 2, 0.1 and 2. In other wondsgreas the relative deficit or surplus from
first-best optimal pricing and capacity setting elegs relatively strongly on the capital cost
elasticity «, the relative social ‘loss’ of maintaining selfifincing wherx is unequal to 1 is
far less sensitive in our model — provided, of seurself-financing is achieved by setting the
second-best toll and capacity, as assumed in FiguAdthough exact self-financing under
first-best policies thus breaks down f#l, the social sacrifice to be made for maintaining
exact self-financing, if desired for other reasanay not be too large.

This is a surprising result, and it is importantagsess how sensitive it is to the key
assumptions in our numerical model. Figure 3 shtived the pattern seems robust with
respect to two parameters that warrant particitenton. These are the demand elastigity
taking on a relatively low absolute level of 0.1tive upper-left panel and a relatively high
absolute value of 0.75 in the upper-right panet & example Goodwin, 1992, for a review
of demand elasticity estimates); and the powerfoert of the travel time functioy, taking
on a low level of 1 in the lower-left panel andigthvalue of 10 in the lower-right ofiéThe
dashed diagonals confirm that the self-financingotem of equation (10) remains valid
independent of the parameterization; the solidslisbow that the relative social cost of
imposing exact self-financing, provided it is ack@d in a second-best way, appears to be
limited quite generally.

® For the sensitivity analysis fay, the parameted was adjusted to obtain the same base-equilibrinrre¢ms of
flow and travel time); for the sensitivity analy$is x, this was done by adjusting
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Figure 3: Ignoring capital cost elasticity: sensitly analysis of relative efficiency (solid) andydee

of self financing under first-best policies (dashfet low demand elasticity (upper-left), high derda

elasticity (upper-right), low convexity of travehe function (lower-left), and high convexity aivel
time function (lower-right)

4.4 Naive interpretation Ill: imposing self-finangi under second-best network conditions
A final naive interpretation we wish to highlighdrecerns the case where the regulator ignores
that the Mohring-Harwitz theorem applies to fulkwerks only when all its links are priced
optimally. Actual applications of road pricing thate motivated to finance infrastructure
invariably concern situations where not all linkstlee network are optimally priced, so also
this case appears to be relevant in practice. \\striate the implications for a simple
extension of our single-road model, namely one we/tzar unpriced parallel road (denotép

is available, and a toll and capacity can be shktfon a substitute tolled road).

This is a modest extension of the classic two-rqarteblem studied byinter alios
Lévy-Lambert (1968), Verhoeét al. (1996), and Liu and McDonald (1998). Important
conclusions from these studies are (1) that thergkbest toll is below the marginal external
cost on the tolled road in order to optimally trade off the toll's posiévimpact upon
congestion on the tolled roddagainst its negative impact upon congestion od kbdsee
also equation (15a) below); and (2) that the efficy gains from second-best tolling (as
measured byd will generally be modest.

Verhoef (2007) derives that in the more generaecavhere both the toll and the
capacity for roadl can be optimized, the second-best toll rule rem#ine same as in the
classic problem (with a fixed capacity) just dised, while the optimal investment rule
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presented in (6) for first-best optimization rensairalid for roadT also when an unpriced
congested alternative is available. Specificaltg, $econd-best optimum requires:

dD
T (V) e
z.T :FT GaC__FU Dacu UdF , (158.)
oF oF dc _db
oFY dF
and:
T T
_pT G«?}ET _j% -0, (15b)

where superscripts denote roafisFU+F', and d/dF denotes the slope of the (single)
inverse demand function.

Because the second-best toll for this particutablem is below the marginal external
cost, whereas the optimal investment rule for thlerbad is not affected in functional form,
the existence of unpriced parallel (congested) @fpaauses the self-financing rule to break
down. The degree of self-financing will be belove tblasticity of capital cost, implying that
under neutral economies of scale, a deficit wilutefor second-best toll and capacity choice
(e.g, Verhoef 2007). Imposing a balanced-budget coimsteender such circumstances would
reduce maximum achievable social surplus to a geet level. In our final analyses, we
compare the associated second-best/zero-profiltsetu the “conventional” second-best
results {.e., without a zero-profit constraint) for varying s of unpriced capacitfy and
assuming, as we did before, that the governmenemake naive misinterpretation only: self-
financing is believed to be appropriate, but othset and 7+ are set so as to maximize
social surplus. The main results are shown in [eigur

The lower-right panel shows that the second-be$ity indeed produces a deficit
when unpriced capacityy is greater than zero. These deficits incread€imp to the point
where Ky equals the second-best capacity that would beechas absence of pricing
(Ku=5891), a level we shall refer to g in what follows. FoiKy>Ky', it is uneconomical to
supply additional capacity when it is unpriced. Wimptimal capacity decreases in toll, as is
true in our model but not necessarily in genéilis therefore also uneconomical to supply
additional capacity when it is priced. The secoedtloptimal capacitir is then zero, as
shown also aKy=Ky =5891 in the upper-left panel of Figure 4, so that deficit also drops
to zero. The upper-right panel of Figure 4 shovet the second-best optimal toll falls when
Ky rises (naturally starting at the first-best lefggl Ky=0 andK+=5085, the first-best level of
capacity), which reflects that spill-overs upondaa become increasingly important as its
capacity rises. Relative efficiency, finally, fafflem 1 atk,=0 to around 0.5 &, which is
under our parameterization the relative efficiegayn that can be achieved from second-best
optimal investment without pricing new capacity.eThalling pattern between these two

" See also Wheaton (1978), Wilson (1983), and d'(sind McDonald (1990).
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points reflects that efficiency rises monotonousith the size of priced capacity (and falls
with the size of unpriced capacity). The continomtbeyondKy™ reflects that efficiency of
course falls wheKy further exceedk,’.
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Figure 4: Ignoring network spill-overs: capacitypjper-left), toll (upper-right), relative efficiency
(lower-left) and profit (lower-right) for second-ste(solid) and second-best/zero-profit (dashed)
policies

To meet the zero-profit constraint, the toll shoexiceed the second-best optimal level,
causing second-best/zero-profit capacity to bewdle second-best level, as illustrated by
the two upper panels. This of course implies a lolegeel of use on the second-best/zero-
profit road than on the second-best road, whictuin causes the maximum level K, for
which a balanced budget alternative is feasill§ {n the sequel) to be smaller thp’, the
maximum level for which it is efficient to supplyditional capacity. The deviations of these
capacity and toll levels from the second-best oativalues causev to be lower, with
negative values certainly not impossible. The rigagment of the dashedcurve in the
lower-left panel consideri$y exceeding<y", and therefore involves no rodcbeing actually
offered. The welfare effects underlying the pattefrv over this range stem solely from the
variation in the unpriced capacitity. Not surprisingly, then, this segment reaches its
maximum atKy', where it is in fact equal te for second-best regulation because both
schemes involve an unpriced road of capagify.

Over a significant range dfy, therefore, the additional welfare loss from inipgs
self-financing — over the inherent welfare lossyireecond-best pricing compared to first-best
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tolling — appears to be substantial. The reasahatself-financing requires a relatively high
toll, which in turn aggravates the inherent inefficy of congestion spill-overs upon the
unpriced road.

4.4 Conclusion

The numerical model predicts that naive interpratadf the Mohring-Harwitz rule may lead
to substantial welfare losses. These were fourghiticular for the mixing-up of capital cost
with investment cost, and for the imposition of @amced-budget constraint under second-
best network conditions. The losses from the imosiof a balanced-budget constraint when
the elasticity of capital cost with respect to aafyais unequal to unity were, in contrast,
found to be surprisingly small.

5. Conclusion

After 45 years, the self-financing theorem of Molgriand Harwitz has become one of the
landmark results in transport economics, and oae lhs potentially important implications
for real policies — especially now that road pricappears to become an increasingly realistic
option at many locations. This paper reviewed sofrtbe literature showing that the theorem
remains valid in more general settings than howais originally derived and presented. We
also showed that a naive interpretation of theltesofortunately, may lead to considerable
social welfare losses. The economists’ advice wtltdefore be to apply the theorem, but to
do so with care.
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