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a b s t r a c t 

The Mohring–Harwitz (1962) theorem states that the degree of self-financing of congested infrastruc- 

ture is equal to the elasticity of the capacity cost function in the optimum, so that under neutral scale 

economies exact self-financing applies. The theorem breaks down when the infrastructure is used by op- 

erators with market power, the case in point often being airlines at a congested airport. This paper pro- 

poses a regulatory scheme that restores self-financing in such cases; partially so in general, and perfectly 

so under specific circumstances that include (1) the satisfaction of a particular proportionality condi- 

tion, and (2) either the isolation of budgets needed for subsidies to counter demand-related mark-ups, or 

perfectly elastic demands so that such mark-ups are zero. Moreover, exact self-financing applies in this 

scheme independent of the elasticity of the capacity cost function, and occurs for both parametric and 

“manipulable” congestion pricing. 

© 2017 Elsevier Inc. All rights reserved. 

1. Introduction 

The supply of public infrastructure is one of the main tasks of 

governments, and may involve a substantial share of public bud- 

gets. Consequently, the pricing of its use is in practice not only 

motivated by the efficiency argument of getting prices equal to 

marginal costs, but also as a means of raising revenues to finance 

infrastructure supply. The celebrated theorem on self-financing of 

infrastructure capacity, due to Mohring and Harwitz (1962) , iden- 

tifies a remarkable connection between these two possible roles of 

pricing. It states that under certain technical conditions, the degree 

of self-financing of optimally priced and dimensioned congested 

infrastructure is equal to the elasticity of the capacity cost func- 

tion. Hence, under neutral scale economies, where this elasticity is 

unity, the revenues from optimal pricing – following Pigou’s (1920 ) 

prescription that the congestion toll be equal to the marginal ex- 

ternal cost – will be exactly equal to the capital cost associated 

with the supply of the optimal capacity. 
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Subsequent research has shown that this theorem, originally 

derived in the context of a static model for a single road with ho- 

mogeneous users, survives various extensions that make the set- 

ting more realistic. For reviews of this literature, see for exam- 

ple De Palma and Lindsey (2007) , and Small and Verhoef (2007) . 

In particular, the theorem remains true for networks rather than 

single facilities ( Yang and Meng, 2002 ); with heterogeneous users 

( Arnott and Kraus, 1998a ); with dynamic congestion technologies, 

such as the bottleneck model of Vickrey (1969) ( Arnott et al., 

1993 ), but also more generally ( Arnott and Kraus, 1998a ); when 

including maintenance, and wear and tear ( Newbery, 1989 ); when 

allowing for variable prices for inputs such as land ( Small, 1999 ); 

and in present value terms when considering the long run ( Arnott 

and Kraus, 1998b ). But the theorem breaks down in other circum- 

stances. One example is where capacity is lumpy, not continuous. 

Another one, under consideration in this paper, is when infrastruc- 

ture users possess market power. 

A burgeoning literature, most of which concerns aviation, has 

discussed how optimal congestion tolls for actors with market 

power may be considerably lower than what is implied by the con- 

ventional Pigouvian prescription. One reason is that under Nash- 

Cournot behaviour, operators with market power internalize con- 

gestion imposed upon their own services ( Daniel, 1995; Brueck- 

ner, 2002 ), so that the optimal congestion toll should include only 

marginal congestion effects on other firms’ services. Quite intu- 

itively, Brueckner (2002) finds that for uniform values of time and 
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uniform marginal congestion effects, this implies firm-specific tolls 

that are a fraction (1 – s i ) of the conventional marginal external 

congestion cost, with s i being the firm’s market share at the air- 

port. All else equal, larger firms should then face lower tolls. Be- 

cause the optimal investment rule for capacity remains unchanged 

compared to the usual model of congestion with atomistic users, 

while the optimal pricing rule is adapted, the Mohring–Harwitz 

rule breaks down. 

As a consequence, the prospects for fully self-financing infras- 

tructure are reduced for such markets, compared to the case of 

atomistic users. This is reinforced when the tolls take into ac- 

count the fact that profit-maximizing Cournot competitors apply a 

demand-related mark-up, which increases when demand becomes 

less elastic and vanishes only in the limiting case of perfectly elas- 

tic demand. 2 This calls for tolls that are adjusted downward further 

compared to the tolls proposed by Brueckner (2002) , and that even 

may become negative when the (negative) demand-related mar- 

ket power component in the toll outweighs the (positive) conges- 

tion component ( Pels and Verhoef, 2004 ). This is consistent with 

Buchanan’s (1969 ) rule for optimal environmental taxation of a 

monopolist. 

Later contributions have identified market configurations that 

would give better prospects for self-financing under market power, 

as optimal tolls move closer to atomistic levels. For example, 

this was found for Stackelberg competition as opposed to Nash 

competition ( Brueckner and Van Dender, 2008 ); for differentiated 

Bertrand competition as opposed to Cournot competition ( Silva and 

Verhoef, 2013 ); and for dynamic bottleneck congestion as opposed 

to static congestion ( Silva, Verhoef and Van den Berg, 2014 ). Ob- 

viously, these findings are of less help, the more accurately the 

market form is best described by the conventional Cournot–Nash 

model with static flow congestion. Basso and Zhang (2006) and 

Zhang and Zhang (2006) included the role of airports in mod- 

elling congestion between airlines at airports. Zhang and Zhang 

(2006) study how a budget constraint to achieve a balanced budget 

would then affect the behaviour of a welfare-maximizing airport –

surprisingly finding that there will be overinvestment in capacity 

at the margin. 

This paper addresses the problem of financing congested in- 

frastructure when operators have market power from a different 

perspective. A regulatory scheme is proposed that does not in- 

volve budget constraints or lump-sum payments in the optimal 

pricing problem, but that nevertheless restores self-financing for 

congested infrastructure under market power; partially so in gen- 

eral, and perfectly so under specific circumstances to be spelled 

out in detail below. These circumstances include (1) the satis- 

faction of a particular proportionality condition, and, quite natu- 

rally, (2) either the isolation of budgets needed for subsidies to 

counter demand-related mark-ups, or perfectly elastic demands so 

that such mark-ups are zero anyway. Under the proposed scheme, 

exact self-financing then applies independent of the elasticity of 

the capacity cost function, which is markedly different from the 

atomistic case of road tolls. What is more, a balanced net budget 

then not only applies at the aggregate level ( i.e. , for the facility), 

but also for each operator individually; a result that follows from 

the fact that operators pay a congestion toll but receive a subsidy 

to stimulate voluntary contributions to the provision of capacity by 

operators. This result remains true when operators treat the tolls 

parametrically, but also for so-called “manipulable” tolls as pro- 

posed by Brueckner and Verhoef (2010) . These are tolls that are 

designed to allow for the fact that operators with market power 

can be expected to be exploit the fact that tolls are not truly para- 

2 Both Oum and Zhang (1993) and Brander and Zhang (1990) conclude that ac- 

tual airline pricing behaviour appears to be closer to Cournot than to Bertrand be- 

haviour. 

metric but instead depend on their own behaviour, providing them 

with an incentive to manipulate the toll. 3 

The finding that exact self-financing holds independent of the 

elasticity of the capacity cost function is likely to make applica- 

tion of the scheme only more attractive in reality. That is, substan- 

tial net surpluses or deficits from, for example, airport operations 

seem more likely to cause political and social opposition than cases 

where such an airport is close to breaking even. The same can be 

said of balanced budgets for each operator individually. The result 

that with market power optimal congestion tolls are inversely pro- 

portional to the operator’s size, is easily interpreted as “unfair”, 

making its application less attractive from the political perspective. 

A scheme that leads to a balanced budget in each operator’s con- 

tribution to infrastructure finances seems, from that perspective, 

more attractive. 

The basic idea behind the scheme is simple. It exploits the no- 

tion that non-atomistic operators have an incentive to contribute 

voluntarily to the supply of capacity. This incentive is not so- 

cially optimal, so subsidization of capacity provision is necessary 

to achieve the first-best. Larger firms, apart from facing a lower 

optimal toll, have a larger incentive to contribute to capacity, and 

therefore need a lower optimal per-unit-of-capacity subsidy to do 

so. The balanced budget result means that the toll revenues are 

just sufficient to cover the subsidies on capacity provision that are 

required to make the firms collectively supply the first-best ag- 

gregate capacity. The budgets will be balanced exactly only if a 

particular “equi-proportionality” condition is fulfilled: each firm’s 

share in the total capacity cost should be equal to its share in the 

total output. It will be shown that this condition, although intu- 

itively plausible and natural, will not be satisfied spontaneously in 

the decentralized optimum. For exact self-financing to apply, the 

regulator would therefore have to make sure the condition is ex- 

actly satisfied; obviously, for smaller violations the relative deficits 

or surpluses are more modest than for larger deviations. 

The paper has the single main objective of presenting the the- 

oretical result, which is illustrated in the Appendix by a simple 

numerical exercise. Practical implementation issues will, however, 

also be addressed when they arise, albeit briefly. Arguabl y, the 

most pressing challenge in practice would be to cope with the 

non-stationarity of market equilibria, where capacity investments 

are typically long-lasting and irreversible. This would make firms 

unwilling to contribute to the cost of capacity, insofar as this con- 

cerns sunk costs from earlier investments. A promising way to cir- 

cumvent this in practice would be to tie the supply of capacity to 

a short-run flexible complementary service, for which it is credible 

that it can be reduced in size if smaller contributions are made, 

so that effective capacity remains flexible. In the context of avia- 

tion, airport staff would be a good example. Indeed, although the 

analysis applies to the general case of a congestible facility used 

by operators with market power, aviation is an important example 

and the one that motivated this paper in the first place. Still, the 

principle applies more broadly; other examples may include con- 

3 I thank a reviewer for pointing out that it is important to distinguish clearly 

between the different meanings of “market power” in the context of this paper. 

A first is that operators are so large relative to the facility that there is a non- 

negligible degree of self-imposed congestion that the operator internalizes without 

interference of a regulator. This mechanism motivates the central question of this 

paper, and is present throughout the analyses to be discussed. A second is that 

operators may face a downward sloping demand and hence find it profitable to 

apply a demand-related mark-up in their pricing. This mechanism is excluded from 

the analysis by assuming that corrective subsidization to restore efficiency would 

be financed form a separate budget, a budget that can subsequently be ignored by 

assuming that firms face perfectly elastic demands so that the mark-ups would fall 

to zero. The third is that operators are large enough to be able to exploit the fact 

that taxes and subsidies are set in response to their own actions, and can thus be 

manipulated by them. This aspect is, again, considered explicitly, in Section 4 . 
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