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A B S T R A C T

In this paper we consider a fiscal federation and study the effects of decentralised provision of loss-generating
public services with benefit spillovers to other regions. We use public transport provision across administrative
borders as a prototype example. We show in a formal model that local governments might be better off
when a higher-level government or a neighbouring region provides these services, and even privatisation to
a monopolist can be preferred over decentralisation. Our model reveals that these results are governed by
a variant of the tax exporting mechanism that applies to subsidised services, i.e., the possibility that local
consumers can exploit spillover benefits without contributing to the subsidy burden of service provision. Public
transport provision is one of the large sectors of public policy where decentralisation could provide social
benefits, but, as the paper reveals, the need for subsidies generates a genuine conflict of interest between the
governments involved.
1. Introduction

The assignment of public service provision in a multi-tier system of
government is one of the core subjects of fiscal federalism (Boadway
and Shah, 2009; Kitchen et al., 2019). This literature has identified
the conditions under which centralisation or decentralisation is the pre-
ferred option from the viewpoint of overall social welfare. The leading
preference-matching argument supporting decentralisation is the abil-
ity of lower-tier governments to better customise the attributes of the
service to the preferences of its constituents (Oates, 1972). By contrast,
if the service involves substantial spillovers between regions, centrali-
sation might be more efficient, because local governments may neglect
spillover effects on other regions. These include classical consumption
externalities (such as pollution and congestion) as well as fiscal exter-
nalities, for example due to tax exporting (Arnott and Grieson, 1981).
Several more recent studies questioned the implicit assumption in the
early fiscal federalism literature that central governments are unable
to provide differentiated local services (see, for example, Lockwood,
2002; Besley and Coate, 2003; Knight, 2004). Taking into account
the political decision making process and allowing such differenti-
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ated service provision then clearly weakens the case for centralised
decisions (Besley and Coate, 2003).

Importantly, the focus in the above literature has been on whether
or not decentralisation is desirable for society as a whole, using ag-
gregate social welfare as the relevant criterion. In this paper we take
another look at the assignment of authority to different government
levels, emphasising the implications for individual regions. The anal-
ysis of local welfare in multi-level governments has received limited
attention in the literature so far, probably because it seems obvious
that local communities would support decentralisation. In the original
framework of Oates (1972) this is a plausible hypothesis, since local
communities are the main beneficiaries of the decentralisation of public
goods, and their welfare is unaffected by any spillovers to other regions.
Moreover, the possibility of tax exporting implies that regions are
interested in attracting activities with outside users they can tax. The
present paper shows that by the same token, however, regions may
avoid producing public services that generate spillover benefits to other
regions. This is especially the case if service provision – e.g. due to
scale economies – imply financial losses to the region operating the
service. Regions may instead prefer that loss making services would be
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operated by other regions or by the federal government; it allows them
to benefit from the service offered while avoiding having to finance the
subsidies to cover the financial deficit. Public transport may well be the
prototype example of this behaviour. For example, a suburban region
may prefer that public transport connecting the suburbs and the inner
city is organised and financed by the city government. The suburban
region benefits from the service offered while the city may carry the
largest burden of covering the subsidies. In general, regions may prefer
other regions to offer the public transport service even when it implies
that the attributes of the service (such as its price and frequency) are
sub-optimal from the local perspective.

To the best of our knowledge, this is the first paper to investigate
the effects of decentralisation of loss-making services with spillovers
or individual regional authorities.1 We consider a federal system with

higher-level ‘federal’ government and several lower-level ‘regional’
overnments, and we study the provision of a public service that can
e provided by each of the different governments. To make this setting
ore concrete, we study the provision of a public transport service

onnecting the suburban and urban regions in a large metropolitan
rea. Both urban and suburban residents commute to a common central
usiness district. Household labour supply requires commuting, and
ue to agglomeration economies, transport supply has a positive impact
n urban productivity and wages. Road and public transport users
uffer from congestion and crowding externalities, respectively, and
oad use imposes further inconveniences on urban residents. There are
o congestion tolls; road use is under-priced. The two transport modes
re imperfect substitutes so that some of the negative externalities
f road use can be neutralised by high-quality and affordable public
ransport services. Public transport is operated under scale economies,
nd we consider both the fare and the frequency of service as explicit
olicy instruments. We then ask the following question: What is for
given region the preferred government to operate the public service

nder investigation? For example, under what conditions will the urban
suburban) region be better off if the public transport service were
perated by the suburban (urban) or federal government?

Within this setting, the model distinguishes four potential regimes of
ransport provision: (i) centralised, federal decision making; (ii) decen-
ralised decision making by the urban government; (iii) decentralised
ecision making by the suburban government; (iv) profit maximising ser-
ice provision in monopoly.2 We study how the choice between these
nstitutional regimes affects the quality and pricing of public transport.
ore importantly, using these results, we study the preferences of local

urban or suburban) residents in terms of public transport governance
egimes.

The analysis shows that, in general, which governance structure
s considered most appropriate by different regional communities de-
ends on the extent of benefit spillovers, the magnitude of operational
ubsidies, and the allocation of the financial burden of the subsidies
cross regions. On the one hand, the region operating the service has
ontrol over pricing and frequency decisions. On the other hand, both
he urban and suburban regions benefit from fiscal spillovers when
nother government provides the service. A free-rider strategy can
hen be realised in the centralised regime and especially when the
eighbouring region becomes responsible for service provision.

Numerical implementation of the model to a generic but not unre-
listic example finds that public transport provision leads to a financial
eficit in all centralised and decentralised scenarios. Under such cir-
umstances, local residents do not benefit from decentralising the

1 De Borger and Proost (2016) did study the conditions under which
egional authorities would deliberately transfer the authority to toll congested
egional roads to the federal level.

2 Profit maximisation serves as a benchmark in the analysis; even where
uburban public transport is privately provided (for example in Tokyo and
2

ong Kong), it is typically heavily regulated by the relevant public authorities. s
service to their own government, primarily due to the subsidy burden.
We find that the urban region achieves higher welfare with suburban
control over the service and, more surprisingly, they consider privatisa-
tion as superior to their own urban governance regime. The suburban
community would prefer federal service provision, because in this case
fares are low and service quality is very high, and the subsidy burden
can be shared with urbanites from a common tax pool. By contrast,
the federal regime is the least preferred alternative for urban residents.
These results suggest a potential conflicts of interest between the urban,
suburban, and federal governments.

Our analysis is motivated by the diversity we observe in the gov-
ernance of suburban public transport in cities around the world.3 For
example, in several countries such as Austria, Belgium and Denmark,
even purely suburban rail services are operated by national railway
companies. In Paris, suburban rail supply is controlled by a transport
authority owned by the surrounding Île-de-France region. In several
German conurbations, the commuter networks are tendered by regional
(state) authorities. The ownership structure of suburban railways may
also change over time. For example, the rail network of London’s
metropolitan area has been part of the national rail franchise system
since the 1990s, but Transport for London, owned by the urban gov-
ernment, is now taking control of several lines including Crossrail, a
new service linking the Eastern and Western suburbs through the city
centre. By contrast, the city of Budapest in Hungary has handed over
the suburban rail network it owned to the national railway operator
in 2016. These examples suggest that a fiscal federalism approach is
highly relevant in the context of public transport provision.

The paper is structured as follows. Section 2 relates the current
paper to the literature on fiscal federalism and on the economics of
public transport provision. In Section 3 we develop a model and derive
analytical pricing and frequency rules for four governance regimes
(centralised, urban, suburban, private). In Section 4 we implement
these rules in a numerical simulation and investigate the main de-
terminants of local support for decentralisation. Finally, Section 5
concludes.

2. Previous literature

Our study builds on three strands of literature. First, the paper
relates to the literature of local public service provision in a fiscal
federation. In a system of multi-tiered government, the policy ques-
tion is twofold: what is the appropriate government to provide the
public service, and how will it set the main attributes of the service
(user charge, quality level)? The fiscal federalism literature initiated
by Oates (1972) has studied these questions, from both normative
and political economy perspectives. The normative approach stressed
the importance of spillovers between jurisdictions, and it emphasised
the role of horizontal (tax exporting) and vertical (overlapping tax
bases) fiscal externalities that may emerge under decentralised service
provision (see, for example, Dahlby, 1996; Wilson, 1999; Boadway and
Shah, 2009). Political economy models showed that the implications for
the appropriate level of government to provide a public service may
drastically change as soon as the voting behaviour of elected repre-
sentatives is taken into account; see, among many others, Lockwood
(2002), Besley and Coate (2003), Knight (2004), Lörz and Willmann
(2005), and infrastructure-oriented analyses in Brueckner and Selod
(2006), Glaeser and Ponzetto (2018).4

3 Due to urban sprawl, millions of suburban commuters rely on inter-
egional transport services on a daily basis. For example, the ratio of the
opulation living within the official city limits relative to the entire metropoli-
an area is only 36% in Tokyo (13.5 million versus 37.3 million), 42% in
exico City (8.9 million and 20.9 million), and 61% in London (8.8 million
ithin Greater London and 14.4 million in its metropolitan conurbation).
4 Voters are typically assumed to be actual or potential users of the public

ervice, but this need not be the case. They may be motivated by social motives
uch as altruism (Coate, 1995), equity (Gasparini and Pinto, 2006), or social

tatus and reputation (Friedrichsen et al., 2021).
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Fig. 1. Schematic network layout.

Second, a number of studies have applied the principles of fiscal fed-
eralism and decision-making in multiple-level governments to transport
pricing and investment (for an early survey, see De Borger and Proost,
2012). Although models have been developed to study policy competi-
tion between ports and between airports, the majority of this literature
looks at tax and capacity competition for road transport. Given that the
tax base of road pricing is mobile by definition, the regional spillovers
that this implies are likely to lead to tax exporting behaviour, either
by direct price discrimination against outside users, or by charging
higher fees on local roads intensively used by outside users. A number
of papers have studied this horizontal fiscal externality on stylised
parallel (De Palma and Lindsey, 2000; De Borger et al., 2005) and
serial (Levinson, 2000; Van Dender, 2005; De Borger et al., 2007) net-
works. Moreover, horizontal competition in infrastructure development
has been studied by Borck and Wrede (2009) and Vandyck and Proost
(2012) in the local context. As decentralised decision making neglects
the spillover benefits of local investment, insufficient investment may
be undertaken by individual regions. However, if road pricing is in
place and the local government is able to attract foreign transport users,
excessive investment may result to facilitate tax exporting.5 Lastly, the
political economy of road pricing and public transport provision in a
federal system was explored in Xie and Levinson (2009) and De Borger
and Proost (2015, 2016).

Third, our model relies on the extensive literature of optimal pricing
and frequency decisions in public transport (see Hörcher and Tirachini,
2021, for a comprehensive review). Our model presented in Section 3
extends Hörcher et al. (2020) to multiple regions and multiple levels
of government. The model takes into account the costs of waiting time
at the station, ensuring scale economies in service provision (Mohring,
1972, 1976; Jansson, 1980). Moreover, it captures both external costs
and external benefits of public transport supply. On the one hand, extra
passengers per vehicle impose a crowding externality on other passen-
gers (Kraus, 1991; Jara-Díaz and Gschwender, 2003; Tirachini et al.,
2013; Hörcher and Graham, 2018). On the other hand, given the com-
plementarity between commuting demand and labour supply (Mayeres
and Proost, 1997; Parry and Bento, 2001; Tikoudis et al., 2015), public
transport may contribute to urban agglomeration economies (Graham,
2007; Melo et al., 2009; Hörcher et al., 2020). Our analysis further
relies on the extensive literature on the substitutability between public
transport and under-priced private car use and the potential justifica-
tion of public transport subsidies (Arnott and Yan, 2000; Ahn, 2009;
Parry and Small, 2009; Basso and Silva, 2014). Finally, the model takes
into account the distortions that subsidies generate due to the marginal
cost of public funds (Parry and Small, 2009; Basso and Silva, 2014;
Börjesson et al., 2018).

5 The literature on transport tax competition between vertically related
overnments due to overlapping tax bases is much thinner. Examples
nclude Proost and Sen (2006) and Ubbels and Verhoef (2008).
3

m

3. The model

The spatial layout of the model is plotted in Fig. 1. We consider a
multimodal corridor linking a suburban area with the economic core
of a monocentric city. We distinguish two types of commuters and
their respective origin–destination pairs for daily travel. The first group
consists of 𝑁𝑠 suburban commuters who reside in the ‘suburb’ and work
in the ‘CBD’, crossing the boundary between the two municipalities on
their way to work. There is a second group of 𝑁𝑢 commuters who reside
in the same municipality where the employment centre is located. Let
us call them urban commuters. We assume suburban residents have two
options for travelling: a direct rail service to the CBD and private car
use, through two serial road links. The key property of this layout is that
the inner road link has fixed capacity and is shared between urban and
suburban commuters, and therefore they both contribute to the level of
congestion inside the city.

We make several assumptions to keep the model simple. First, urban
residents have no access to the suburban rail service; in other words,
we consider a direct connection between the suburban region and the
CBD.6 Second, we ignore purely local urban bus services, which may
be operated in a different institutional setting; as a consequence, urban
commuters are all car users. Third, only the urban road section (shared
by urban and suburban car users) is congested; the suburban road link
has sufficient capacity to accommodate demand without any travel
delay. Admittedly, these are strong assumptions, and it is conceptually
easy to extend the setup to a shared inter-regional commuter rail
service and to allow congestion on the suburban road section. However,
this complicates the analytics without offering extra insight into the
problem we want to focus on.

3.1. Household behaviour: labour supply and commuting demand

We discuss household behaviour for suburban residents. Urban
households’ preferences and constraints will be specified the same way,
except for the fact that they have no access to the inter-regional public
commuting service.

The representative suburban consumer’s utility is specified as a
strictly increasing and concave function of monetary spending on an
aggregate consumption good 𝑦 (its price is normalised at one), effective
leisure time 𝑙, and the number of commuting trips by rail and car 𝑥𝑟
nd 𝑥𝑐 . Household utility is

𝑈 = 𝑢(𝑦, 𝑙) − 𝜙(𝑥𝑟, 𝑥𝑐 ), (1)

where the second term 𝜙(𝑥𝑟, 𝑥𝑐 ) captures the disutility of travel, which
s independent of consumption and leisure time (this approach follows
arry and Bento, 2001). Consumers face two restrictions. The first one
s a monetary budget constraint

= (𝑥𝑟 + 𝑥𝑐 )𝑤 − 𝑥𝑟𝑝 − 𝑥𝑐𝜏, [𝜅] (2)

hich states that the difference between the total wage income earned
𝑤 is the daily wage) and the commuting cost is what is available for
onsumption; 𝑝 and 𝜏 denote the monetary expense per trip by public
ransport and private car use, respectively. The Lagrange multiplier of
he budget constraint is given in square brackets. The second constraint
s a time restriction:

= 𝐿̄ − (𝑥𝑟 + 𝑥𝑐 )𝐿 − 𝑥𝑟𝑔𝑟(𝑓,𝑄𝑟) − 𝑥𝑐𝑔𝑐 (𝑄𝑐 ). [𝜇] (3)

6 A series of sensitivity tests are performed in the Appendix and summarised
n Section 4.5. Importantly, in Appendix D we allow urban commuters to have
ccess to the suburban rail service as well. We find that this did not affect the
ain conclusions of the paper, see Appendix D below.
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In this expression, 𝐿̄ is the total time endowment, 𝐿 is the exogenous
daily working hours7 (e.g. eight hours), 𝑔𝑟(𝑓,𝑄𝑟) is the generalised travel
time by rail, and 𝑔𝑐 (𝑄𝑐 ) is the generalised travel time by car. Note that
𝑟(𝑓,𝑄𝑟) and 𝑔𝑐 (𝑄𝑐 ) include the travel time equivalent of crowding8

nd congestion-dependent discomfort. In other words, we interpret (3)
s an effective leisure time constraint; it not only takes into account the
ctual time needed for the commuting trip, but also the fact that time
pent in a crowded public transport vehicle or in heavily congested car
raffic makes consumers more exhausted and cuts into the remaining
ffective leisure. Train service frequency 𝑓 and total rail demand 𝑄𝑟

determine the waiting time and crowding experience of passengers;
𝜕𝑔𝑟∕𝜕𝑓 < 0 and 𝜕𝑔𝑟∕𝜕𝑄𝑟 > 0. 𝑄𝑐 is total car demand and thus a measure
of road congestion with 𝑔′𝑐 (𝑄𝑐 ) > 0. Aggregate traffic 𝑄𝑐 includes both
urban and suburban car commuters; see Section 3.2 for more details.

Households maximise (1) subject to (2) and (3), treating 𝑔𝑟 and 𝑔𝑐
as exogenous. First-order conditions of this problem are

𝑢𝑦 − 𝜅 = 0; 𝑢𝑙 − 𝜇 = 0;

𝜅(𝑤 − 𝑝) − 𝜇(𝐿 + 𝑔𝑟) − 𝜙𝑥𝑟 = 0;

(𝑤 − 𝜏) − 𝜇(𝐿 + 𝑔𝑐 ) − 𝜙𝑥𝑐 = 0,

(4)

here subscripts of 𝑢 and 𝜙 denote partial derivatives. Increased com-
uting (and hence days worked) yields higher monetary income for

he household, at the expense of leisure time and the monetary costs
nd inconvenience of travelling. The solution of (4) leads to individual
ravel demand functions

𝑟(𝑝, 𝑓 , 𝜏 ; 𝑤,𝑄𝑟, 𝑄𝑐 ) and 𝑥𝑐 (𝑝, 𝑓 , 𝜏 ; 𝑤,𝑄𝑟, 𝑄𝑐 ). (5)

he resulting indirect utility is

(𝑝, 𝑓 , 𝜏 ; 𝑤,𝑄𝑟, 𝑄𝑐 ). (6)

n these expressions, 𝑝, 𝑓 and 𝜏 are transport supply variables controlled
y a federal, regional, or private transport provider. The equilibrium
age and aggregate transport demand levels are further determinants
f individual demand and indirect utility through travel times and other
ravel inconveniences.

As mentioned previously, our modelling framework includes two
rigin–destination pairs according to the network layout in Fig. 1. The
ehaviour of urban households is assumed to follow the same rules,
xcept for the fact that their only mode of commuting is the car. Their
ime and money constraints are equivalent to (2) and (3) after the
erms referring to rail commuting are removed. We do allow for other
arameters of utility to vary between urban and suburban commuters,
o that the preferences of the two groups might differ.

.2. Commuting, agglomeration, and urban productivity

As mentioned above, the urban road section is congestible, and pub-
ic transport may suffer from crowding. This subsection explains how
gglomeration benefits were introduced into the model. Let superscripts
and 𝑠 represent the urban and suburban groups of commuters. In the
etwork layout of Fig. 1, urban and suburban drivers share the inner

7 Just like Parry and Bento (2001) and others in the literature, we assume
hat workdays have a fixed length, the representative user commutes by
oth modes, and aggregate labour supply is proportional to the number of
ommuting trips, thus creating a direct link between travel demand and labour
upply. Hörcher et al. (2020) discuss the validity of, and empirical support for,
his assumption in more detail.

8 Expressing the inconvenience of crowding in terms of the equivalent
ravel time is a standard modelling practice in the public transport litera-
ure (Hörcher and Tirachini, 2021). Empirical evidence on crowding dependent
ravel time multipliers is reviewed in Wardman and Whelan (2011) and Li and
4

ensher (2011). t
road section, while the rail service is used by suburban residents only:

𝑄𝑐 = 𝑁𝑠𝑥𝑠𝑐 +𝑁𝑢𝑥𝑢𝑐 ; 𝑄𝑟 = 𝑁𝑠𝑥𝑠𝑟 . (7)

In these expressions, 𝑁𝑢 and 𝑁𝑠 refer to the population of the urban
and suburban regions, respectively.

Firms in the CBD produce a homogeneous output under constant
returns to firm size, using labour as the single production factor. We
assume that productivity depends on aggregate labour supply; it has
a positive impact on firms’ ability to share resources, and it allows
exploiting knowledge spillovers and matching jobs with appropriately
skilled employees. Firms cannot affect worker productivity internally
so that the size of individual firms has no role in the model. We
assume perfect competition between profit maximising producers and
competition on the labour market. This implies that commuters are paid
the value of the (internal) marginal product of the labour they supply.

We capture agglomeration economies by specifying the wage as
follows:

𝑤 = 𝑤0 ⋅ (𝑄𝑟 +𝑄𝑐 )𝜂−1, (8)

where 𝜂 is the elasticity of output with respect to total labour supply
and 𝑤0 is the base value of the marginal product if there are no
agglomeration economies (𝜂 = 1). In sum, the wage is endogenous
with respect to total labour supply due to the productivity benefits of
agglomeration. Therefore, suburban and urban residents are mutually
affected by changes in the other group’s labour supply.

Urban and suburban residents have different interests in the interre-
gional rail service. Suburban residents are users, so they are interested
in low fares and high frequency. Urban residents are not using the
service, but they have at least two reasons to support interregional rail.
First, it reduces congestion inside the city, reducing their commuting
costs. Second, public transport provision is just another way to boost
labour supply; given agglomeration economies this raises productivity
and the equilibrium wage rate.

3.3. Optimal transport supply

The transport provider’s fare and frequency decisions affect the
well-being of both urban and suburban commuters, but urban and
suburban local governments represent the interests of only a subset of
commuters affected. In what follows we consider the objectives of the
federal, urban and suburban governments; for the sake of completeness,
we also consider a profit-maximising private firm.

Federal governance
The federal government is assumed to maximise aggregate social

welfare putting equal weight on the individual utility of urban and
suburban users. Its objective is

max
𝑝,𝑓

𝛬 =𝑁𝑠𝑉 𝑠(𝑝, 𝑓 , 𝜏) +𝑁𝑢𝑉 𝑢(𝑝, 𝑓 , 𝜏)

+ 𝛽[𝑄𝑟 ⋅ 𝑝 +𝑄𝑐 ⋅ 𝜏 − 𝑧(𝑓 )].
(9)

he first two terms in (9) measure consumer surplus by adding up
he total indirect utility of the two groups. The final term has the
et financial result of transport provision in square brackets. Revenues
ome from two sources: fare revenues from public transport provision
nd toll revenues from road usage. We assume that the fare is a decision
ariable for the federal government. However, the road toll, if any,
s assumed to be exogenous, although it does affect the demand for
ar and public transport use.9 The last component, 𝑧(𝑓 ) captures the
perations cost of providing the rail service; this cost is a function of

9 Note that we do not treat the toll as a decision variable in our analysis.
ne justification for this assumption might be that public transport and road

olls are operated by separate federal agencies.
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the frequency offered. The budgetary result is then multiplied by 𝛽, the
arginal social value of income. This parameter transforms the surplus

r deficit into social utility (see e.g. Van Dender, 2003). We assume 𝛽 is
xogenous and known in the optimisation problem.10 This leads to an
bjective function in utility terms. In alternative governance regimes
e will allow 𝛽 to vary between various levels of governments to

epresent differences in their ability to raise taxes in their jurisdictions.
Section A.1 in the Appendix provides first-order conditions for (9)

nd a series of algebraic manipulations which lead to the following
ptimal pricing rule:

= 𝑀𝐶𝑟 +
(

𝑀𝐶𝑐 − 𝜏
)

𝜕𝑥𝑠𝑐
𝜕𝑝
𝜕𝑥𝑠𝑟
𝜕𝑝

+
(

𝑀𝐶𝑐 − 𝜏
) 𝑁𝑢

𝑁𝑠

𝜕𝑥𝑢𝑐
𝜕𝑝
𝜕𝑥𝑠𝑟
𝜕𝑝

+
𝜅𝑠 − 𝛽

𝛽
𝑥𝑠𝑟
𝜕𝑥𝑠𝑟
𝜕𝑥𝑝

, (10)

where 𝑀𝐶𝑟 and 𝑀𝐶𝑐 denote the marginal social costs of rail and car
ommuting trips. The former is given by

𝐶𝑟 =
𝜇𝑠

𝛽
𝑁𝑠𝑥𝑠𝑟 ⋅

𝜕𝑔𝑟
𝜕𝑄𝑟

−
(

𝜅𝑠

𝛽
𝑁𝑠 (𝑥𝑠𝑟 + 𝑥𝑠𝑐

)

+ 𝜅𝑢

𝛽
𝑁𝑢𝑥𝑢𝑐

)

⋅𝑤′. (11)

n Eq. (11) and through the rest of the paper 𝑓 ′ denotes the first
erivative of any function 𝑓 . The marginal social cost of rail commut-
ng includes the social value of the marginal external crowding cost
mposed on other rail users. Moreover, it takes account of a positive
roductivity externality that every commuter enjoys: a marginal in-
rease in labour supply implies a marginal increase in the wage paid.
he marginal social cost of car use also has two main components.

𝐶𝑐 =
∑

𝑖∈(𝑠,𝑢)

𝜇𝑖

𝛽
𝑁 𝑖𝑥𝑖𝑐𝑔

′
𝑐 (𝑄𝑐 )

−
(

𝜅𝑠

𝛽
𝑁𝑠 (𝑥𝑠𝑟 + 𝑥𝑠𝑐

)

+ 𝜅𝑢

𝛽
𝑁𝑢𝑥𝑢𝑐

)

⋅𝑤′.
(12)

he first term is the marginal external congestion delay and incon-
enience cost imposed on suburban and urban drivers. The second
omponent is the same agglomeration benefit as in 𝑀𝐶𝑟, as the model
ssumes that mode choice has no impact on commuters’ contributions
o urban productivity.

Interpretation of the pricing rule in (10) is straightforward. The
irst term is (11). It captures the (negative) crowding and (positive)
roductivity externalities of rail use, as explained above. The second
nd third terms reflect the second-best role that public transport fares
ay have if road pricing deviates from the net marginal social cost

f car trips. The degree to which such distortions in the road market
atters for rail pricing depends to the strength of modal substitution.

n the absence of modal substitution or with optimal road pricing
𝜏 = 𝑀𝐶𝑐), the second and third terms disappear from the formula. The
inal term of (10) measures the operator’s revenue generating pressure
ue to the marginal cost of public funds. If there are no distortions
lsewhere in the tax system, and therefore 𝜅𝑠 = 𝛽, so the government
valuates money the same way as households, then this mark-up would
lso disappear from the pricing rule. By contrast, if the government
ssigns much higher value to money than suburban residents, so that
≫ 𝜅𝑠, then the fraction (𝜅𝑠 − 𝛽)∕𝛽 approaches −1, and the last term

n (10) becomes a pure monopoly mark-up.
The analytical formula for the welfare-maximising service frequency

s derived in Section A.2 of Appendix. The frequency rule in Eq. (A.8)
ollows traditional results in the literature of public transport eco-
omics.

10 Mathematically, the optimality conditions derived from this objective
unction are formally identical to the optimisation of a Lagrangian function
ssociated with welfare maximisation subject to a budget constraint, 𝛬 =
𝑖 𝑁 𝑖𝑉 𝑖 − 𝛽

[

𝑄𝑟𝑝 +𝑄𝑐𝜏 − 𝑧(𝑓 ) −𝑀
]

, where 𝛽 is an endogenous Lagrange
ultiplier determined by the specific value of an explicit budget limit 𝑀 .

Indeed, in certain policy situations, public transport operators face an explicit
5

budget constraint.
Suburban governance
Under suburban service provision, the objective function modifies in

three ways compared to (9). First, we assume the suburban government
does not consider the welfare of urban residents. Second, the public
transport surplus or deficit now enters the suburban government’s
budget; its marginal value to the local government is denoted 𝛽𝑠. A
third modification concerns the treatment of the revenues of road tolls.
Although other formulations are possible, we assume that road tax rev-
enues remain with the federal government, but the suburban supplier
takes into account that a 𝜃𝑠 share of the welfare effect of this federal
revenue will benefit suburban residents. To understand the treatment
of toll revenues, we assume that these revenues relax the federal
government’s budget constraint, and this is perceived as a welfare gain
by all residents of the federation because other distortionary federal
taxes can thus be reduced. The suburban government does not receive
a direct inter-governmental transfer in the model (road tax revenues are
not redistributed directly), but it does take the aforementioned welfare
gain of its residents into account.11 In sum, we specify the suburban
government’s decision problem as follows:

max
𝑝,𝑓

𝛬𝑠 = 𝑁𝑠𝑉 𝑠(𝑝, 𝑓 , 𝜏) + 𝛽𝑠[𝑄𝑟 ⋅ 𝑝 − 𝑧(𝑓 )] + 𝜃𝑠𝛽 𝑄𝑐 ⋅ 𝜏. (13)

The first-order condition of (13) with respect to the rail fare yields
the following expression, after rearrangement.

𝑝 =𝑀𝐶𝑠
𝑟 +

(

𝑀𝐶𝑠
𝑐 − 𝜏

)

𝜕𝑥𝑠𝑐
𝜕𝑝
𝜕𝑥𝑠𝑟
𝜕𝑝

+
(

𝑀𝐶𝑠
𝑐 −

𝜃𝑠𝛽
𝛽𝑠

𝜏
)

𝑁𝑢

𝑁𝑠

𝜕𝑥𝑢𝑐
𝜕𝑝
𝜕𝑥𝑠𝑟
𝜕𝑝

+
𝜅 − 𝛽𝑠

𝛽𝑠
𝑥𝑠𝑟
𝜕𝑥𝑠𝑟
𝜕𝑝

.

(14)

The structure of the fare formula is similar to the federal government’s
optimal pricing rule in (10). However, the difference is that 𝑀𝐶𝑠

𝑟 and
𝑀𝐶𝑠

𝑐 are the net marginal costs that rail and car travellers impose on
the welfare of suburban residents only. In particular,

𝑀𝐶𝑠
𝑟 =

𝜇𝑠

𝛽𝑠
𝑁𝑠𝑥𝑠𝑟 ⋅

𝜕𝑔𝑟
𝜕𝑄𝑟

− 𝜅𝑠

𝛽𝑠
𝑁𝑠(𝑥𝑠𝑟 + 𝑥𝑠𝑐 ) ⋅𝑤

′ (15)

nd

𝐶𝑠
𝑐 =

𝜇𝑠

𝛽𝑠
𝑁𝑠𝑥𝑠𝑐𝑔

′
𝑐 (𝑄𝑐 ) −

𝜅𝑠

𝛽𝑠
𝑁𝑠(𝑥𝑠𝑟 + 𝑥𝑠𝑐 ) ⋅𝑤

′ (16)

hese net marginal cost expressions do not include the external con-
estion costs and agglomeration benefits borne or enjoyed by urban
ouseholds. This implies that if the road toll is set to its social optimum,
t is likely that 𝑀𝐶𝑠

𝑐 ≠ 𝜏, and therefore the suburban operator’s rail
are would deviate even further from the socially optimal 𝑝. The sign

of this deviation remains ambiguous in the analytical model. The sub-
urban government’s optimal frequency rule is discussed in Section A.3
of Appendix.

Urban governance
The urban government takes into account the utility of urban res-

idents only. By analogy to the suburban case, the problem facing the
urban government is formulated as follows.

max
𝑝,𝑓

𝛬𝑢 = 𝑁𝑢𝑉 𝑢(𝑝, 𝑓 , 𝜏) + 𝛽𝑢[𝑄𝑟 ⋅ 𝑝 − 𝑧(𝑓 )] + 𝜃𝑢𝛽 𝑄𝑐 ⋅ 𝜏, (17)

here 𝛽𝑢 is the multiplier of the financial result of service provision
n its objective function. The interpretation for the treatment of toll
evenues is the same as before as well: road tax revenues relax the
ederal budget, and urban residents, as members of society, experience
𝜃𝑢 share of the corresponding welfare gain.

Recall that urban residents are not users of the suburban rail service.
he implications of this assumption on the urban government’s optimal

11 As mentioned, our assumption with respect to the treatment of toll
revenues is just one of several other possible scenarios. Note that in the special
case of 𝛽𝑠 = 𝛽, our results are equivalent to the case where federal revenues
are redistributed to local governments.
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decisions are clear (see Section 4.5 and Appendix D). The marginal
impact of rail demand on urban residents’ generalised consumption
𝜕𝑉 𝑢∕𝜕𝑥𝑠𝑟 , without considering induced demand effects, is limited to
the agglomeration benefit of increased labour supply. We denote this
marginal benefit of rail trips as 𝑀𝐵𝑢

𝑟 . Suburban road trips, however,
may still impose marginal external congestion costs on the urban
household. Thus,

𝑀𝐵𝑢
𝑟 = 𝜅𝑢

𝛽𝑢
𝑁𝑢𝑥𝑢𝑐 ⋅𝑤

′,

𝐶𝑢
𝑐 =

𝜇𝑢

𝛽𝑢
𝑁𝑢𝑥𝑢𝑐 ⋅ 𝑔

′
𝑐 (𝑄𝑐 ) −

𝜅𝑢

𝛽𝑢
𝑁𝑢𝑥𝑢𝑐 ⋅𝑤

′.
(18)

sing similar derivations as before, the optimal fare rule of the urban
rovider becomes

= −𝑀𝐵𝑢
𝑟 +

(

𝑀𝐶𝑢
𝑐 −

𝜃𝑢𝛽
𝛽𝑢

𝜏
)

⎛

⎜

⎜

⎝

𝜕𝑥𝑠𝑐
𝜕𝑝
𝜕𝑥𝑠𝑟
𝜕𝑝

+ 𝑁𝑢

𝑁𝑠

𝜕𝑥𝑢𝑐
𝜕𝑝
𝜕𝑥𝑠𝑟
𝜕𝑝

⎞

⎟

⎟

⎠

−
𝑥𝑠𝑟
𝜕𝑥𝑠𝑟
𝜕𝑥𝑝

. (19)

In the order of appearance in (19), the optimal fare has the following
components. First, the agglomeration benefit generated by the marginal
suburban rail commuter for urban workers reduces the urban govern-
ment’s preferred fare. Second, if the road toll is higher (lower) than
the marginal external congestion cost imposed on urban drivers, and
there is substitution between suburban rail and car usage, then the fare
moves downwards (upwards) to correct for the resulting distortion. The
third element applies the same correction if rail supply has an induced
demand effect on urban car usage as well. This effect may emerge due
to the congestion interaction between urban and suburban drivers, and
is expected to be weak. Fourth, there is also a monopoly mark-up in
(19). As opposed to previous fare formulae in (10) and (14), the mark-
up is now unaffected by the cost of public funds: the urban government
applies a mark-up similar to the profit maximising monopolist because
residents of its own constituency are not actual users of the service. The
optimal rail service rule is elaborated in Appendix A.4.

Private service provision
The last governance regime we consider is that of a profit maximis-

ing monopolistic firm. The problem it solves is

max
𝑝,𝑓

𝛱 = 𝑄𝑟 ⋅ 𝑝 − 𝑧(𝑓 ). (20)

The private operator of course neglects the amount of road tax revenues
collected by federal agencies. The first-order condition with respect to
the fare yields

𝑝 = −
𝑥𝑠𝑟
𝜕𝑥𝑠𝑟
𝜕𝑝

. (21)

he profit maximising fare is the well-known monopoly price.

.4. Overview of analytical pricing rules

Table 1 summarises what additive components appear in the opti-
al pricing rules in Eqs. (10), (14), (19), and (21). We also indicate the

xpected sign of each component.
We observe that the ‘federal’ pricing rule includes all marginal

xternal costs and benefits of commuting and a correction for the cost of
ublic funds. The suburban and urban governance scenarios are indeed
ntermediate solutions between welfare and profit maximisation. We
lso note that in the absence of modal substitution between suburban
ar and rail use, the fare is expected to be higher in all regimes,
ue to the absence of congestion externalities. By contrast, in the
resence of perfect substitution, the fare should be higher because ag-
lomeration benefits in one mode are neutralised by fewer commuters
sing the other, and therefore the net impact of inducing rail trips on
gglomeration drops to zero (Hörcher et al., 2020).
6

Table 1
Optimal fare components under welfare maximising, decentralised and private transport
supply. Signs indicate the direction of quantitative impact on optimal fares.

Fare components (marginal values) Governance regimes

Federal Suburban Urban Private

Rail crowding externality + + 0 0
Road congestion externality on suburban users − − 0 0
Road congestion externality on urban users − 0 − 0
Agglomeration benefit for suburban residents − − 0 0
Agglomeration benefit for urban residents − 0 − 0
Mark-up due to costly public funds + + 0 0
Revenue maximising mark-up 0 0 + +

4. Numerical illustration

In this section, we are interested in the implications of different
governance structures for the local welfare of urban and suburban
households. In other words, which governance structure would house-
holds in the two regions prefer if they actually had the choice? To learn
more about the quantitative properties of centralised, decentralised and
private service delivery we move to a numerical version of the model.

4.1. Model specification

To facilitate the calibration of the numerical model and make use of
a number of parameters directly available in the literature, we specify
𝑢(𝑦, 𝑙) = 𝜅𝑦 + 𝜇𝑙, and introduce 𝛤 (𝑥𝑟, 𝑥𝑐 ) = 𝜅−1𝜙(𝑥𝑟, 𝑥𝑐 ) as a monetary
equivalent of consumption and leisure time independent modal prefer-
ences. Thus, the consumer problem in Section 3.1, i.e. maximising (1)
subject to (2) and (3), is equivalent to12

max
𝑥𝑟 ,𝑥𝑐

𝛬ℎ = (𝑤 − 𝑝)𝑥𝑟 + (𝑤 − 𝜏)𝑥𝑐

+ 𝜎[𝐿̄ − (𝐿 + 𝑔𝑟)𝑥𝑟 − (𝐿 + 𝑔𝑐 )𝑥𝑐 ] − 𝛤 (𝑥𝑟, 𝑥𝑐 ).
(22)

In this specification 𝜎 = 𝜇∕𝜅 is the marginal value of time.13 We adopt
this formulation because empirical estimates of the monetary value of
time are widely available in the transport literature, which simplifies
the calibration exercise. The calibration of 𝛤 (𝑥𝑟, 𝑥𝑐 ) ensures that the
demand system complies with base own and cross demand elasticities
available in the literature. To provide sufficient flexibility, we specify
it as a quadratic polynomial.14

The generalised time of rail trips includes the cost of in-vehicle time,
waiting time and crowding; it is specified as:

𝑔𝑟(𝑓,𝑄𝑟) = 𝜑𝑤0.5𝑓−1 + 𝑡0𝑟

(

1 + 𝜑𝑐
𝑄𝑟
𝑓𝑆

)

, (23)

in which 𝜑𝑤 is the unit value of waiting time, and 𝑡0𝑟 is the in-vehicle
travel time assumed to remain constant. 𝑆 denotes vehicle size, i.e. a
measure of the interior capacity of vehicles. Thus, 𝑄𝑟∕(𝑓𝑆) is the
average vehicle occupancy rate, and 𝜑𝑐 is the slope of the crowding-
dependent multiplier of travel time. The specification of the time cost

12 Superscripts 𝑠 denoting suburban households have been suppressed, as in
Eqs. (1)–(3).

13 Expression (22) is essentially the net generalised income of the household,
where the monetary, time and inconvenience costs of commuting are sub-
tracted from the sum of the monetary wage and the value of time endowment
𝐿̄.

14 The functional form we use is 𝛤 (𝑥𝑖𝑟, 𝑥
𝑖
𝑐 ) =

∑

𝑗 𝛼
𝑖
𝑗𝑥

𝑖
𝑗 +

∑

𝑗 0.5 𝛾
𝑖
𝑗 (𝑥

𝑖
𝑗 )

2 +
∑

𝑗 𝛿
𝑖
𝑗𝑥

𝑖
𝑗 (𝑥

𝑖
𝑗≠𝑗 )

2,∀𝑖 = (𝑠, 𝑢) and 𝑗, 𝑗 = (𝑟, 𝑐). We set parameters to replicate the
demand elasticities outlined in Table 2, presented below. Calibration yielded
𝛼𝑠
𝑟 = −59.3, 𝛼𝑠

𝑐 = −146.1, 𝛾𝑠𝑟 = 132.7, 𝛾𝑠𝑐 = 369.6, 𝛿𝑠𝑟 = 99.5, 𝛿𝑠𝑐 = 402.2 for
suburban commuters and 𝛼𝑢 = −11.2 and 𝛾𝑢 = 80.8 for urbanites.
𝑐 𝑐
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Table 2
Baseline simulation parameters.
Variable Value Unit Description

Local economy
𝑁𝑠 5,000 Number of suburban residents
𝑁𝑢 5,000 Number of urban residents
𝐿 8 h/day Exogenous daily working hours
𝐿̄ 12 h Total time endowment
𝜎 10 $/h Value of travel time savings
𝛽 1.1 – Marginal cost of public funds (MCPF), federal government
𝛽𝑢 1.1 – MCPF, urban government
𝛽𝑠 1.1 – MCPF, suburban government
𝑤 100 $/day Daily wage in initial equilibrium
𝜂 1.04 Agglomeration elasticity

Initial transport supply
𝑓 10 trains/h Rail frequency
𝑝𝑟 8 $/trip Rail fare of a round-trip
𝜏 5 $/trip Car tax of a round-trip
𝑆 m2/train Vehicle size (calibrated for a base crowding density)
𝑄𝑟∕(𝑓𝑆) 3 pass/m2 Average vehicle occupancy rate (crowding density)
𝜑𝑐 0.15 Slope of crowding multiplier
𝜑𝑤 1.2 Multiplier for waiting time
𝑡0𝑟 0.5 h In-vehicle rail travel time
𝑡0𝑐 0.25 h Uncongested travel time by car
𝜌 0.6 Self-financing ratio in initial equilibrium
𝜀 0.8 Operational cost elasticity w.r.t. output

Initial demand
𝑥𝑠𝑟 0.25 trip/day Suburban rail demand
𝑥𝑠𝑐 0.25 trip/day Suburban car demand
𝑥𝑢𝑐 0.5 trip/day Urban car demand
𝜀𝑟,𝑝𝑟 −0.5 Own-price elasticity of suburban rail demand
𝜀𝑟,𝑓 −0.3 Headway elasticity of suburban rail demand
𝜀𝑐,𝑝𝑟 0.2 Cross-price elasticity of suburban car use
𝜀𝑐,𝑓 0.15 Cross-headway elasticity of suburban car use
𝜀𝑐 𝑢 −0.3 Travel time elasticity of urban car use
h

𝑊

of car use follows the well-known Bureau of Public Roads congestion
technology:

𝑔𝑐 (𝑄𝑐 ) = 𝑡0𝑐
[

1 + 0.15
(

𝑄𝑐∕𝐾
)4
]

. (24)

n this formula, 𝑡0𝑐 is the uncongested travel time, and 𝐾 is the theoret-
cal capacity of the road.

We derive the utility maximising commuting flows by optimising
22) with respect to 𝑥𝑟 and 𝑥𝑐 , and updating 𝑔𝑟, 𝑔𝑐 and the wage rate

iteratively. The utility of urban households is equivalent to (22), but
emoves all rail commuting related components.

.2. Policy evaluation

With the functional specifications above, the objectives defined in
9), (13), (17) and (20) for the federal, suburban, urban and private
upply regimes are evaluated and optimised with a standard numerical
ptimisation algorithm. This gives the fare and the frequency under
ach of the four governance structures, together with the associated
elfare for the authority in charge of public transport provision.

Our objective is to evaluate the local welfare of both regions un-
er all four governance regimes. We replace 𝜃𝑠 and 𝜃𝑢, that is the
hare of region S and U in federal finances, with their share in total
opulation, 𝑁𝑠∕𝑁 and 𝑁𝑢∕𝑁 . As mentioned before, the tax on car
se is collected by the federal government in all regimes,15 and this
ax revenue remains with the federal government. However, urban

15 In Section 4.5 we discuss the sensitivity of simulation outcomes by setting
= 0 to exclude road tax revenues from the analysis entirely.
7

and suburban residents are shareholders in the federal government as
well, and therefore federal tax revenues and the corresponding tax
revenue premia do affect welfare of local residents. We assume this
welfare gain is also split between the two groups (urban, suburban)
of users according to their population ratios. Furthermore, we keep the
marginal cost of public funds differentiated between governments.16

According to the assumptions above, the representative suburban
ouseholds’ welfare function can be written as

𝑠∶𝑓 = 𝑁𝑠𝑉 𝑠(𝑓, 𝑝) + 𝑁𝑠

𝑁
𝛽
[

𝑄𝑟 𝑝 +𝑄𝑐 𝜏 − 𝑧(𝑓 )
]

;

𝑊𝑠∶𝑠 = 𝑁𝑠𝑉 𝑠(𝑓, 𝑝) + 𝛽𝑠
[

𝑄𝑟 𝑝 − 𝑧(𝑓 )
]

+ 𝑁𝑠

𝑁
𝛽 𝑄𝑐 𝜏;

𝑊𝑠∶𝑢 = 𝑊𝑠∶𝜋 = 𝑁𝑠𝑉 𝑠(𝑓, 𝑝) + 𝑁𝑠

𝑁
𝛽 𝑄𝑐 𝜏.

(25)

Note that 𝑊𝑠∶𝑠 is identical to (13), the objective function of the sub-
urban government’s optimisation problem. Similarly, urban households
realise the following supplier-dependent aggregate surplus:

𝑊𝑢∶𝑓 = 𝑁𝑢𝑉 𝑢(𝑓, 𝑝) + 𝑁𝑢

𝑁
𝛽
[

𝑄𝑟 𝑝 +𝑄𝑐 𝜏 − 𝑧(𝑓 )
]

;

𝑊𝑢∶𝑠 = 𝑊𝑢∶𝜋 = 𝑁𝑢𝑉 𝑢(𝑓, 𝑝) + 𝑁𝑢

𝑁
𝛽 𝑄𝑐 𝜏;

𝑊𝑢∶𝑢 = 𝑁𝑢𝑉 𝑢(𝑓, 𝑝) + 𝛽𝑢
[

𝑄𝑟 𝑝 − 𝑧(𝑓 )
]

+ 𝑁𝑢

𝑁
𝛽 𝑄𝑐 𝜏.

(26)

16 The differentiation of 𝛽, 𝛽𝑠 and 𝛽𝑢 would not be appropriate if (i)
frictionless monetary transfers were possible between governments, so that the
cost of public funds could be equated instantaneously, or (ii) various levels of
government had only one common budget. These assumptions do not hold in
most countries, and therefore we believe the differentiation of 𝛽’s does improve

the value of the modelling exercise.
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Fig. 2. Optimal supply (rail fare and frequency) under centralised, decentralised and private supply regimes.
Aggregate social welfare when government 𝑖 is in charge is defined by

𝑊𝑖 = 𝑊𝑠∶𝑖 +𝑊𝑢∶𝑖 ∀𝑖 ∈ {𝑓, 𝑠, 𝑢, 𝜋}. (27)

The financial outcome of public transport provision remains (20).

4.3. Model calibration

The model’s exogenous parameters are enlisted in Table 2. Note
that vehicle size 𝑆 is calibrated such that rail crowding in the initial
equilibrium is 3 passengers per square metre to represent a peak-hour
commuting service. Road capacity 𝐾 is calibrated to achieve that travel
time on the urban road section is twice the uncongested travel time,
𝑔𝑐 (𝑄𝑐 ) = 2 ⋅ 𝑡0𝑐 , where 𝑔𝑐 follows Eq. (24). The operational cost function
is specified as 𝑧(𝑓 ) = 𝑧0𝑓 𝜀. Elasticity 𝜀 is set to 0.8 to capture density
economies in operational costs, and we calibrate 𝑧0 by prescribing that
the cost recovery ratio 𝜌 = 𝑄𝑟𝑝∕𝑧(𝑓 ) = 60%, which is a typical value in
the European public transport context.17 We specify the value of 𝑤0 in
the wage equation of (8) by making sure that 𝑤 = $100 in the initial
equilibrium with agglomeration elasticity 𝜂 = 1.04. This value of 𝜂
is an approximation of the median estimate in the body of literature
reviewed by Graham and Gibbons (2019), which is also very close
to the estimate recommended by the UK Department for Transport’s
Transport Analysis Guidance for policy appraisal. The selected value of
𝛽 = 1.1, the parameter capturing the marginal cost of public funds, is
in the middle or the distribution of international estimates reviewed
by Basso and Silva (2014). As the range of empirical evidence is wide,
we perform a sensitivity analysis of 𝛽, 𝛽𝑢 and 𝛽𝑠 in Appendix C.

The calibration of the quadratic function 𝛤 (𝑥𝑟, 𝑥𝑐 ) requires a nu-
merical optimisation exercise. The objective of this optimisation is
to minimise the deviation of demand levels and demand elasticities
from their initial values provided in Table 2. To ensure that demand
sensitivity remains reasonable on a wide range of the supply variables,
we simulate 50% perturbations relative to the initial levels 𝑝 = $8 and
𝑓 = 10 trains/h in the calibration exercise.

17 More specifically, this is a long-run average of the self-financing ratios of
uropean members within the Community of Metros, a benchmarking group
f metro operators facilitated by Imperial College London.
8

4.4. Results

Let us begin the discussion of the numerical results with the pattern
of optimal fare and frequency values under the four supply regimes. The
results are graphically depicted in Fig. 2. This graph shows the optimal
supply levels identified by the coloured labels. The corresponding
coloured contour lines show the rate of reduction in each government’s
objective function as we deviate from their respective optima.

The relative position of social welfare and profit maximising supply
is in line with the literature: the private monopolist sets significantly
higher fares and lower frequencies compared to the first-best (federal)
optimum. This is primarily due to the monopoly mark-up that the pri-
vate provider applies. The welfare maximising fare level is influenced
by the off-setting effects of (negative) crowding and positive (agglom-
eration) externalities (Hörcher et al., 2020), which keeps the first-best
fare relatively low, despite the presence of substantial crowding (see
Fig. 3).

We observe that the decentralised governments’ optimal fare and
frequency are in between the centralised and privatised ones. This
can be explained by the structure of the fare and frequency formulae
derived in the theoretical part of the paper. In particular, the suburban
government does not consider the road congestion externality imposed
on urban drivers and the agglomeration benefits of urban residents,
while the federal government does (see a summary of theoretical results
in Table 1). These two externalities are also crucial when we compare
the urban government with the private transport provider. In both
regimes a revenue maximising mark-up appears in the fare formulae
(19) and (21), but the urban government additionally considers road
congestion and agglomeration externalities; its optimal rail fare is
therefore lower than the profit maximising one.

Fig. 3 zooms in on the implications of different governance struc-
tures for crowding in public transport. The contours on the figure
correspond to combinations of fare and frequency that imply the same
level of crowding, measured by the number of passengers per square
metre. The closer the contour is to the horizontal axis, the higher
the crowding level. The simulation suggests that despite the signif-
icant difference of fare-frequency combinations in the four regimes,
equilibrium occupancy rates are fairly similar level, near 4 passengers
per square metre. There is slightly more crowding at the federal and
suburban optima than under urban governance and profit maximising
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Fig. 3. The pattern of crowding density (in passengers per square metre) and the location of rail supply in four ownership regimes.
operations. This happens because the private and urban suppliers are
more interested in keeping rail users’ willingness to pay high in order
to increase service profitability.

The key numerical results are summarised in Table 3. The first
two columns give the numerical values of optimal fares and frequency
that were already graphically provided in Fig. 2 above. Using the
optimal fare, frequency and equilibrium rail demand levels, in col-
umn 3 we compute the self-financing ratio of interregional public
transport provision. Under the current set of parameters, the federal
regime relies almost entirely on public subsidies, as fare revenues cover
only 27.1% of the operational costs. Suburban and especially urban
provision achieve higher cost recovery ratios; these authorities have
lower costs because they offer lower frequencies, and they charge
higher prices than the federal level. The urban government is in fact
close to the break even point with a self-financing ratio of 95.1%.
Unsurprisingly, the best financial performance is achieved under a
profit maximising monopoly.

The welfare results are provided in terms of a welfare index in
Table 3:

𝜔𝑖 =
𝑊𝑖(𝑓, 𝑝) −𝑊𝑖(0,∞)
𝑊𝑖(𝑓 ∗

𝑖 , 𝑝
∗
𝑖 ) −𝑊𝑖(0,∞)

, (28)

where 𝑊𝑖(0,∞) is the reference welfare level in the absence of the
public transport service (𝑓 = 0 and 𝑝 = ∞, so that 𝑄𝑟 = 0), and
𝑊𝑖(𝑓 ∗

𝑖 , 𝑝
∗
𝑖 ) is the maximum welfare obtained when region 𝑖 is operating

the service. Let us first consider the aggregate (or federal) welfare as
an example. By definition, the model’s ‘federal’ scenario achieves the
highest level of social welfare; the aggregate welfare index we defined
before equals one. If the interregional public transport service were pro-
vided under the suburban and urban regimes, aggregate welfare would
become 97.2% and 57.8% of this maximum efficiency (remember that
zero is associated with social welfare in the absence of a suburban
public transport service). These findings are not surprising, given that
the users of the service are actually suburban residents. With a private
monopolist, the aggregate efficiency index drops to 43.1%.

The fiscal federalism literature suggests that decentralisation is
often preferred by local residents as it allows their local governments to
control the service and capture tax revenues from neighbouring regions.
Interestingly, in the present model this is not the case. The column
reporting ‘suburban welfare’ under the four governance regimes in
9

Table 3
Policy evaluation with aggregate as well as regional welfare indices.

Scenario Frequency Fare Cost recovery Welfare indices (𝜔)

𝑓 (trains/h) 𝑝 ($) 𝑄𝑟𝑝∕𝑧(𝑓 ) Aggregate Suburban Urban

Federal 7.9 2.64 0.271 1 2.160 −1.101
Suburban 6.7 4.50 0.449 0.972 1 2.161
Urban 4.3 11.83 0.951 0.578 0.691 1
Private 3.3 12.59 0.966 0.431 0.470 1.037

Table 3 shows that suburban commuters are better off under centralised
service provision than they would be if their own local government
organised the public transport connection with the urban region. Under
federal public transport provision, the welfare index of suburban resi-
dents is more than twice as large as under local suburban governance.
When the service were operated by the urban provider, suburban
welfare drops to 69.1% of the same basis.

Similarly, urban residents are better off if public transport is not
organised by their own government. Their most preferred governance
regime is decentralisation, but under the neighbouring suburban re-
gion’s control. Urban residents gain a lot with a suburban government
taking care of the public transport service compared to self-organising
the service: the resulting welfare gain is more than twice as high as
what the urban government could itself achieve. Remarkably, federal
public transport provision is by far the worst option for urban residents.
The welfare index is actually negative in this case: urban residents feel
worse off under federal service provision than in the complete absence
of the public transport service connecting the suburban region with the
urban employment area. Finally, another unanticipated result is that
privatisation is an attractive alternative for the urban community, as
this leads to a 3.7% net welfare gain compared to the ‘urban’ regime.

To learn more about the main driving forces behind these results, we
split the welfare measures defined in (25) and (26) into three categories
and compute the impact of public transport provision on each of them.
The three categories are:

(i) consumer surplus of public transport provision, i.e. the change
in household utility relative to the reference equilibrium in the

absence of public transport,
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Table 4
Elements of local welfare effects of public transport provision as perceived by suburban
(top) and urban (bottom) residents, in each supply regime. Welfare effects are relative
to the scenario with no public transport.

Scenario Consumer Surplus PT subsidies Road tax revenue Total

Suburban residents
Federal 16.7 −5.5 −1.5 9.8
Suburban 13.1 −7.3 −1.3 4.5
Urban 3.9 0.0 −0.8 3.1
Private 2.8 0.0 −0.6 2.1

Urban residents
Federal 5.2 −5.5 −1.5 −1.7
Suburban 4.6 0.0 −1.3 3.3
Urban 2.8 −0.4 −0.8 1.5
Private 2.2 0.0 −0.6 1.6

All quantities in $1,000.

(ii) the welfare effect of the passenger group’s contribution to public
transport subsidies,

(iii) the welfare effect of road tax revenues lost due to the availability
of public transport.18

In Table 4 consumer surplus is consistent with a priori expectations,
given the optimal fares and frequencies: federal supply leads to the
highest consumer surplus in both groups, and it gradually decreases as
we move towards higher fares and lower frequencies in other regimes.
The loss in road tax revenues is proportional with the quality of
public transport, but its magnitude is significantly lower. Importantly,
note that the contribution to public transport subsidies causes huge
variations in local welfare results.

Suburban residents enjoy outstanding welfare effects under federal
provision because in that regime fares are low and frequencies high,
implying high consumer utility; moreover, they share financing the
deficit with urban residents. This makes the federal scenario much
more attractive for suburbanites than organising the service at the
suburban level; in that case they are solely responsible for the deficit
incurred. By contrast, the urban government would establish an almost
self-financing public transport service on its own. In the federal regime
they have to contribute to funding a huge subsidy that actually exceeds
the consumer surplus they realise from the availability of suburban
public transport. In fact, suburban provision of the inter-regional rail
link is the most preferred option from the viewpoint of urban residents.
In that case, they receive almost the same consumer surplus as in the
federal regime, with no further financial burden. Along the same lines,
we see that the absence of subsidies is what makes the private regime
also relatively attractive for urban commuters.

Our results illustrate an interesting phenomenon: local interest
groups (urban and suburban residents) have an incentive to delegate
the duty of inter-regional transport provision to federal control or to
the neighbouring region’s jurisdiction. For example, urban residents
want to take advantage from the benefit spillovers of a loss generating
service that the neighbouring suburban region subsidises. Similarly, the
suburbans would prefer that public transport is operated by the federal
level, because in that case the urban population co-subsidises the public
transport deficit. This type of behaviour is in a sense the opposite
of tax exporting behaviour. Tax exporting happens when a competing
decentralised government intends to control service provision and
realise high revenues paid by the residents of the neighbouring region.
What we identified in this paper is a new variant of tax exporting

18 Note that road tax revenues have a positive impact on welfare in (25) and
26), but the introduction of public transport actually reduces this tax revenue,
nd therefore the associated welfare effects in Table 4 are negative.
10

o

ehaviour: regions want to shift the subsidy burden of a loss-generating
ublic transport service to the federal level or to another region. They
refer not to operate the service themselves to avoid a heavy subsidy
urden, but they do benefit from its availability and the resulting
pillovers.

.5. Sensitivity analyses

The simulation exercise presented above reveals a number of impor-
ant properties of decentralised inter-regional public transport provi-
ion. We perform a series of sensitivity analyses to check the robustness
f our findings with respect to key assumptions and model parameters.
pecific details and quantitative results of these sensitivity analyses are
rovided in Appendix. Here we limit the discussion to a summary of the
ajor results.

In the first exercise in Appendix B we vary the level of exogenous
oad tax 𝜏. This determines federal tax revenues as well as the potential
nefficiencies in road commuting when 𝜏 deviates from the marginal
ocial cost of road use. We first consider unpriced road use. In that case,
he optimal rail fare drops in all four regimes, in line with the standard
econd-best argument (Arnott and Yan, 2000). As the urban and federal
overnments do take the congestion costs of urban commuters into
ccount, they also increase the frequency of rail services. Second,
e show that the road tax level is a key determinant of the urban
nd suburban local governments’ behaviour. Low 𝜏 implies a heavily
ubsidised public transport service. We find that suburban residents
eel better off under both urban and federal regimes. Urban residents
refer both suburban and private provision. With high road taxes, this
otivation disappears due to improved cost recovery under optimal rail
ricing.

The second exercise (Appendix C) deals with the possibility that
rban road users might generate additional external costs for city
esidents, beside the congestion externality we already include in the
aseline model. Environmental, accident and parking externalities are
ften mentioned as other adverse effects of urban car use. An ex-
ension of the numerical model to account for other external costs
oes not affect the qualitative conclusions of the paper. Of course,
he urban, suburban and federal governments’ optimal policies diverge
urther from the profit maximising fare and frequency; fares decline
nd frequencies increase to capture higher external costs.

Next, in Appendix D, we relax the assumption that urban commuters
ave no access to the suburban rail service. This turns the benefit of
he urban users of the suburban service into a relevant determinant
f supply in the urban and federal regimes. The consequence of this
xtension is that suburban commuters may be not necessarily refuse
he urban regime, provided that the share of the urban population,
𝑢∕(𝑁𝑢 +𝑁𝑠), is sufficiently large. The opposite finding holds for the

reference of urban residents: they no longer prefer the suburban regime
hen 𝑁𝑢∕(𝑁𝑢 +𝑁𝑠) is high, because the suburban government would
rovide insufficient capacity and high fares for the service mostly used
y urbanites. Nevertheless, we find that centralised (federal) supply
emains the most preferred regime of at least one of the two interest
roups in the entire range of the population distribution.

Finally, the fourth numerical test in Appendix E is concerned with
odel sensitivity with respect to 𝛽, 𝛽𝑢 and 𝛽𝑠, i.e. the value of the
arginal cost of public funds for the three governments. As it is difficult

o determine a priori what the relative magnitude of these parameters
hould be, we show in a randomised experiment that the frequency and
are optima of the private and urban regimes are not sensitive to the
ost of public funds. The suburban and federal regimes react more to
hanges in 𝛽’s, primarily by increasing the rail fare when the cost of
ublic funds increases. If the suburban budget is more relaxed than the
ederal one (𝛽𝑠 < 𝛽), then the rail fare can be lower under suburban
han under federal control. However, this does not affect the ranking
f centralised and decentralised regimes from the viewpoint of local
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residents’ welfare. Thus, we conclude that the paper’s main findings are
robust with respect to the cost of public funds at various governments.

5. Conclusions

What is for a given region of a fiscal federation the preferred gov-
ernment to operate specific public services?—This is the main research
question addressed by this paper. Most of the previous literature on
fiscal federalism agreed that preference matching and the possibility
of tax exporting makes decentralisation very attractive for regions.
We address this question in the context of public transport services
connecting multiple political jurisdictions, thus making more than one
governments reasonable candidates for service provision. We show that
whether residents of the region prefer the service to be operated by
their own local government depends on (i) whether or not the service
is profitable, (ii) the sign and magnitude of consumption externalities,
and (iii) the sharing rules of profits or losses when the outside gov-
ernment is in charge. Most importantly, when optimal pricing leads
to a financial deficit, decentralisation is only preferred by a region if
an outside government covers a significant part of the deficit. That is,
regions may not be in favour of taking the loss-generating service under
their control if another government may be ready to fund the loss whilst
keeping service quality acceptable. This creates a potential incentive
for local governments to act against decentralisation. This result is the
pposite of findings in previous papers on tax exporting.

In the simulations presented, suburban commuters prefer federal
ervice provision the most, while urban residents would even consider
rivatisation as superior to their own urban governance regime. These
esults are governed by the financial loss of a public service charac-
erised by scale economies and the assumed deficit sharing rules. Under
ifferent deficit sharing assumptions, some of our qualitative results
ay change. For example, if a political pact led to a fiscal arrangement

n which the suburban region had to cover the entire deficit of federal
ervice provision, then they would clearly prefer decentralisation to the
uburban government. Nevertheless, a conflict of interest between the
rban, suburban and federal governments is likely to prevail under a
ide range of assumptions and parameters, as a series of sensitivity
nalyses illustrated in this paper.

Our public transport application is based on several
ontext-specific assumptions, some of which could be relaxed or mod-
fied to adapt the model to different circumstances. For example, we
ssume that the tax on individual car use is exogenous. Making the
oad tax endogenous and jointly optimising policy variables for public
nd private transport would reflect an alternative policy scenario.
his would introduce vertical competition of governments where the
ultimodal commuting market is the overlapping tax base. Also, the

implified spatial layout of the present paper could be replaced with
he standard monocentric city framework (Basso et al., 2021, show the
mpact of public transport on urban form in this setup), in which an
xogenous administrative border between urban and suburban areas is
xpected to cause discontinuities in commuting costs, real estate prices
s well as the structural density of land use. Finally, this paper has
aken a normative approach without modelling the institutions and
olitical processes that lead to decisions in the federal and lower-tier
overnments. A political economy approach could shed light on the
mpact of the conflict of interest between horizontally related local
ommunities and the way how their interests are represented in central
ecision making.
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Appendix A. Optimal supply rules

A.1. Pricing under federal service provision

The first order condition of the welfare maximising problem de-
scribed by the Lagrangian in (9) is

𝜕𝛬
𝜕𝑝

=𝑁𝑠 𝜕𝑉 𝑠

𝜕𝑝
+𝑁𝑢 𝜕𝑉 𝑢

𝜕𝑝
+ 𝛽 ⋅

(

𝑄𝑟 +
𝜕𝑄𝑟
𝜕𝑝

⋅ 𝑝 +
𝜕𝑄𝑐
𝜕𝑝

⋅ 𝜏
)

= 0, (A.1)

The fare affects the indirect utility of both suburban and urban resi-
dents, and it affects the government’s revenues. Using Eqs. (1) to (4)
we show:
𝜕𝑉 𝑠

𝜕𝑝
= −𝜅𝑠𝑥𝑠𝑟 + 𝜅𝑠(𝑥𝑠𝑟 + 𝑥𝑠𝑐 )

𝜕𝑤
𝜕𝑝

− 𝜇𝑠𝑥𝑠𝑟
𝜕𝑔𝑟
𝜕𝑄𝑟

𝜕𝑄𝑟
𝜕𝑝

− 𝜇𝑠𝑥𝑠𝑐𝑔
′
𝑐 (𝑄𝑐 )

𝜕𝑄𝑐
𝜕𝑝

𝜕𝑉 𝑢

𝜕𝑝
= 𝜅𝑢𝑥𝑢𝑐

𝜕𝑤
𝜕𝑝

− 𝜇𝑢𝑥𝑢𝑐𝑔
′
𝑐 (𝑄𝑐 )

𝜕𝑄𝑐
𝜕𝑝

.
(A.2)

The impact of the fare on the endogenous wage and on overall road
ongestion depends on own and cross-price effects of travel demand.
e have:

𝜕𝑤
𝜕𝑝

=
(

𝑁𝑠 𝜕𝑥
𝑠
𝑐

𝜕𝑝
+𝑁𝑠 𝜕𝑥

𝑠
𝑐

𝜕𝑝
+𝑁𝑢 𝜕𝑥

𝑢
𝑐

𝜕𝑝

)

⋅𝑤′

𝜕𝑄𝑐
𝜕𝑝

= 𝑁𝑠 𝜕𝑥
𝑠
𝑐

𝜕𝑝
+𝑁𝑢 𝜕𝑥

𝑢
𝑐

𝜕𝑝

(A.3)

Let us now interpret Eqs. (A.2) in more detail. A marginal fare increase
affects the representative suburban user’s indirect utility in four ways.
First, it increases her monetary payments after each rail trip (causing
disutility at a marginal rate 𝜅𝑠). Second, pricing affects the individ-
ual’s wage through induced/discouraged commuting demand. Third,
induced rail demand generates crowding externalities through the
demand-dependent generalised travel time 𝑔𝑟(𝑓,𝑄𝑟). Fourth, a mode
shift towards car use induces road congestion externalities via gener-
alised time loss 𝑔′𝑐 (𝑄𝑐 ). This loss is evaluated at 𝜇𝑠. By contrast, urban
residents’ utility is unaffected by crowding and rail fare payments;
see the second row of (A.2). They perceive only the productivity and
road congestion externalities; their marginal money, time and travel
inconvenience valuations, 𝜅𝑢, 𝜇𝑢 and 𝜙𝑢

𝑥𝑐
, might also differ from those

f the representative suburban user.
Substituting (A.2) and (A.3) into first-order condition (A.1) and

earranging, we obtain the optimal pricing rule reported in Eq. (10) in
hich the net marginal cost expressions are in (11) for the rail mode
nd in (12) for car use.

.2. Optimal frequency under federal service provision

The derivation of the aggregate welfare maximising (i.e. federal)
ervice frequency requires similar analytical steps. The first-order con-
ition of the maximisation of our welfare function (9) with respect to
is

𝜕𝛬
𝜕𝑓

= 𝑁𝑠 𝜕𝑉 𝑠

𝜕𝑓
+𝑁𝑢 𝜕𝑉 𝑢

𝜕𝑓
+ 𝛽 ⋅

[

𝜕𝑄𝑟
𝜕𝑝

⋅ 𝑝 +
𝜕𝑄𝑐
𝜕𝑝

⋅ 𝜏 − 𝑧′(𝑓 )
]

= 0. (A.4)

he effect of frequency on the utility of suburban and urban consumers
an be expressed as, respectively,

𝜕𝑉 𝑠

𝜕𝑓
= − 𝜇𝑠𝑥𝑠𝑟

(

𝜕𝑔𝑟(𝑓,𝑄𝑟)
𝜕𝑓

+
𝜕𝑔𝑟(𝑓,𝑄𝑟)

𝜕𝑄𝑟

𝜕𝑄𝑟
𝜕𝑓

)

+ 𝜅𝑠(𝑥𝑠𝑟 + 𝑥𝑠𝑐 )
𝜕𝑤
𝜕𝑓

− 𝑥𝑠𝑐𝜇
𝑠𝑔′𝑐 (𝑄𝑐 )

𝜕𝑄𝑐
𝜕𝑓

(A.5)

nd
𝜕𝑉 𝑢

𝜕𝑓
= 𝜅𝑢𝑥𝑢𝑐

𝜕𝑤
𝜕𝑓

− 𝑥𝑢𝑐𝜇
𝑢𝑔′𝑐 (𝑄𝑐 )

𝜕𝑄𝑐
𝜕𝑓

. (A.6)

xpression (A.5) suggests that suburban residents are affected by 𝑓 in
three ways:

• frequency reduces rail travel time and crowding inconvenience by
𝜕𝑔 (𝑓,𝑄 )∕𝜕𝑓 , but
𝑟 𝑟
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• it has a feedback effect as well on crowding due to induced
demand, i.e. 𝜕𝑔𝑟

𝜕𝑄𝑟

𝜕𝑄𝑟
𝜕𝑓 ;

• it may affect the average wage via induced demand;
• it may affect car congestion if the marginal frequency adjustment

generates mode shift via 𝜕𝑄𝑐∕𝜕𝑓 .

After substituting (A.5) and (A.6) back into (A.4), we reach the follow-
ing frequency rule.

𝑧′(𝑓 ) = −
𝜇𝑠

𝛽
𝑁𝑠𝑥𝑠𝑟

𝑑𝑔𝑟(𝑓,𝑄𝑟)
𝑑𝑓

−
(

𝑀𝐶𝑟 − 𝑝
) 𝜕𝑄𝑟

𝜕𝑓
−
(

𝑀𝐶𝑐 − 𝜏
) 𝜕𝑄𝑐

𝜕𝑓
(A.7)

This suggests that frequency should be increased so long as its marginal
operational cost is less than the sum of marginal waiting time and
crowding benefits, plus the additional welfare effects of induced de-
mand in rail and commuting markets. Induced demand in the two
transport markets causes distortions if their respective prices (𝑝 for
suburban rail and 𝜏 for urban and suburban car commuting) deviate
from the relevant marginal costs. Frequency has a second-best role if
road use is underpriced.

The frequency rule in (A.7) can be transformed into a more familiar
form by introducing explicit expressions for the rail travel time function
𝑔𝑟(𝑓,𝑄𝑟). Let us split 𝑔𝑟 into a frequency-dependent time component,
i.e. waiting time 𝑡𝑤, and a crowding dependent element 𝛷(𝑓,𝑄𝑟), so
that 𝑔𝑟(𝑓,𝑄𝑟) = 𝑡𝑤(𝑓 ) +𝛷(𝑓,𝑄𝑟). If passengers arrive to their station of
origin randomly while train headways are fixed, then the average wait-
ing time is half of the headway, such that 𝑡𝑤(𝑓 ) = 0.5𝑓−1. Consequently,
𝑡′𝑤(𝑓 ) = −0.5𝑓−2. With this standard specification, the frequency rule in
(A.7) can be rearranged to

𝑓 =

√

√

√

√

√

𝜇𝑠
𝛽 0.5𝑄𝑟

𝑧′(𝑓 ) + 𝜇𝑠
𝛽 𝑁𝑠𝑥𝑠𝑟

𝑑𝛷
𝑑𝑓 +

(

𝑀𝐶𝑟 − 𝑝
) 𝜕𝑄𝑟

𝜕𝑓 +
(

𝑀𝐶𝑐 − 𝜏
) 𝜕𝑄𝑐

𝜕𝑓

. (A.8)

This resembles the well-known square root formula of optimal fre-
quency derived many times since Mohring (1972): frequency is pro-
portional to the square root of rail demand 𝑄𝑟. The numerator of
the formula measures the social value of the waiting time benefit
of frequency adjustment. In the denominator, we have the marginal
operational cost, the marginal impact of 𝑓 on crowding inconvenience,
and the value of further distortions in the rail and car commuting
markets that matter if (i) 𝑝 and 𝜏 are sub-optimal, and (ii) frequency
has a non-zero impact on rail and car demand.

A.3. Optimal frequency under the suburban government

We derive the suburban government’s frequency rule the same way
as in the previous case, taking first-order conditions of (13) with respect
to 𝑓 , we find

𝑧′(𝑓 ) = −
𝜇𝑠

𝛽𝑠
𝑁𝑠𝑥𝑠𝑟

𝑑𝑔𝑟(𝑓,𝑄𝑟)
𝑑𝑓

−
(

𝑀𝐶𝑠
𝑟 − 𝑝

) 𝜕𝑄𝑟
𝜕𝑓

−
(

𝑀𝐶𝑠
𝑐 −

𝜃𝑠𝛽
𝛽𝑠

𝜏
)

𝜕𝑄𝑐
𝜕𝑓

.

(A.9)

The frequency rule does not differ very much from (A.7). The rail ser-
vice is used by suburban residents only, and therefore marginal waiting
time and crowding benefits are considered by the suburban operator
the same way as the centralised government. The only difference is that
the marginal welfare effects of induced demand are based on 𝑀𝐶𝑠

𝑟 and
𝑀𝐶𝑠

𝑐 instead of the full marginal social costs considered by the federal
level. As the marginal waiting time saving is still 0.5𝑓−2, (A.9) can be
reformulated as a Mohring-type square root expression:

𝑓 =

√

√

√

√

√

√

𝜇𝑠
𝛽𝑠 0.5𝑄𝑟

𝑧′(𝑓 ) +
𝜙𝑠𝑘𝑟
𝛽𝑠 𝑁𝑠𝑥𝑠𝑟

𝑑𝛷
𝑑𝑓 +

(

𝑀𝐶𝑠
𝑟 − 𝑝

) 𝜕𝑄𝑟
𝜕𝑓 +

(

𝑀𝐶𝑠
𝑐 −

𝜃𝑠𝛽
𝛽𝑠 𝜏

)

𝜕𝑄𝑐
𝜕𝑓

(A.10)

The interpretation of (A.10) is equivalent to (A.8).
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A.4. Optimal frequency for the urban government

The first-order condition with respect to the frequency yields the
following rule:

𝑧′(𝑓 ) = −
(

−𝑀𝐵𝑢
𝑟 − 𝑝

) 𝜕𝑄𝑟
𝜕𝑓

−
(

𝑀𝐶𝑢
𝑐 −

𝜃𝑢𝛽
𝛽𝑢

𝜏
)

𝜕𝑄𝑐
𝜕𝑓

. (A.11)

We do recognise several components of (A.11) from comparing with
(A.7) and (A.9). However, note that the marginal waiting time and
crowding benefits of frequency adjustment are missing from the urban
government’s frequency decision as urban commuters do not enjoy
these benefits. Thus, the urban service provider increases frequency as
long as its marginal financial and welfare effects (i.e. agglomeration
benefits and congestion mitigation) outweigh the marginal operational
cost. In the absence of direct waiting time benefits, 𝑓 does not appear
xplicitly in (A.11), and we can no longer derive the usual square root
ormula.

.5. Optimal frequency for the private monopolist

The first-order condition of (20) yields a simple frequency rule.

′(𝑓 ) =
𝜕𝑄𝑟
𝜕𝑓

⋅ 𝑝 (A.12)

in which on the right hand side we have the revenue effects of in-
duced demand. That is, the operator raises frequency as long as the
marginal fare revenue is greater than the marginal operational cost. The
literature suggests that the magnitude of induced demand, i.e. 𝜕𝑥𝑠𝑟∕𝜕𝑓 ,
also depends on user externalities such as crowding and congestion
delay (see Small and Verhoef, 2007, Section 6.1), but these effects are
not explicitly visible in the present pricing and capacity formulae.

Appendix B. Sensitivity test: Exogenous road taxes

In the numerical analysis of the paper we assume that the tax
imposed on urban car users is exogenously fixed at 𝜏 = $6 for a
oundtrip. Of course, the theory of Section 3 showed that for several
egimes the optimal rail fair is affected by the gap between 𝜏 and the
arginal social cost of car commuting. This implies that the actual level

f an exogenous road/fuel tax might have a substantial impact on (i)
he optimal rail supply, (ii) road tax revenues, and (iii) the benefits of
ail service provision.

In Fig. B.1 we first re-run the numerical model simulating the
bsence of road taxes, i.e. 𝜏 = $0. The dashed contour lines are the
nes corresponding to the baseline plotted in Fig. 2, while the solid
ontours refer to the new optima when the tax is zero. The general
inding is that the optimal rail fare decreases consistently in all four
upply regimes. This is a departure from the baseline optimum in the
xpected direction: as the gap between 𝜏 and the positive marginal
xternal cost of driving increases, the second-best rail fare declines to
ompensate for part of the deadweight loss of underpriced road use.

The adjustment of the frequency in response to cheaper car com-
uting is not uniform among supply regimes, however. The urban and

ederal operators do increase service frequency, while the suburban and
rivate regimes result in lower 𝑓 ’s. The most plausible explanation for
his outcome is that the urban and federal governments do consider the
elfare loss borne by urban car drivers when congestion intensifies. The

uburban and private operators observe a drop in residual rail demand
ue to the removal of road pricing. For the private monopolist this
learly undermines the profitability of frequency provision. Frequency
eduction is more limited in the suburban regimes, as some of the sub-
rban commuters do experience congestion externalities, but overall,
ost rail demand and easing of the crowding pressure seems to be a
tronger effect compared to the second-best considerations.

In Fig. B.2 we test a wider range of road tax levels, and investigate
ow the welfare of urban and suburban residents are affected by this

arameter. Just like in Table 3 of the main text, the welfare indices are
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Fig. B.1. Optimal supply levels at 𝜏 = $0 (solid contours), in comparison with the baseline equilibrium of 𝜏 = $6 (dashed contour lines).
Fig. B.2. Relative welfare outcome of local residents in function of 𝜏, the exogenous road tax level. The horizontal dashed lines represent welfare under local decision making,
hile the index is zero in the complete absence of the public transport service.
et to 0 in the absence of the public transport service, and 1 corresponds
o the optimal supply of each group’s own government.19

We find the following results. For suburban residents, federal supply
emains the most preferred regime in the entire range of tax levels
e simulate, and privatisation is always the least preferred option.
he attractiveness of the urban government’s supply depends, however,

19 Fig. B.2 shows that the welfare index decreases with the road tax in both
ases. Note, however, that these are relative welfare indices, and therefore the
bsolute level of social welfare might show an increasing pattern at certain
egions of toll values. With the present parameters, aggregate welfare is
aximised at 𝜏 = $7 under federal public transport provision, and $7.5, $8
13

and $8.5 in the ‘suburban’, ‘urban’ and ‘private’ regimes, respectively.
on 𝜏. With cheap car commuting, suburban residents would be better
off under both the federal and the urban regimes. The reason is that
excessive congestion puts pressure on the urban government in this case
to improve the quality of suburban public transport at its own cost,
and suburbanites would benefit from this without contributing to the
subsidies.

The right hand panel of Fig. B.2 plots the preferences of urban
commuters. From their point of view, federal supply is consistently
disadvantageous — even more so when road taxes are high, and there-
fore suburban public transport does not deliver substantial congestion
mitigation. Urban residents prefer private and suburban supply with
relatively low tax levels only; the threshold 𝜏 value is in the range of
$7 on the ‘private’ curve, and $10 on ‘suburban’ one, under the current
set of parameters. With high 𝜏, the residual demand for rail commuting
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Fig. B.3. Optimal supply by the urban government at various values of the urban road externality. Dashed contour lines represent the baseline equilibrium plotted in Fig. 2.
ncreases, and thus the urban government becomes capable of using this
ervice for tax exporting purposes under its own control.

ppendix C. Sensitivity test: Urban road externalities

In this exercise we consider that car commuting induces additional
xternal effects in the urban environment, beyond the congestion cost
mposed on urban car commuters. Additional urban externalities may
nclude local pollution, accident risks, parking externalities, etc. We
est the impact of such effects by adding an additional external cost
o the welfare function of urban households. We replace (26) with

𝑢(𝑓, 𝑝) + 𝑄𝑐 𝑒 in the numerical code, and test the model’s sensitivity
with respect to the exogenous value of 𝑒. Fig. B.3 plots the impact of
this parameter on the urban government’s optimal fare and frequency
offered, and Fig. C.1 shows the welfare effects.

In line with a priori expectations, additional urban road externalities
narrow the gap between the optimal supply of decentralised govern-
ments. With severe road externalities and limited road taxes, the urban
government becomes more interested in inter-regional public transport
provision as a second-best measure. However, in the present setup, the
value of e must be very high to make rail cheaper and more frequent
in the urban regime as compared to the suburban scenario.

Fig. C.1 plots the welfare index of suburban and urban users in
the four supply regimes. Once again, this index is 0 in the absence of
public transport, and 1 when their own local government provides the
service. From the suburban residents’ point of view, e has a qualitative
impact on how they perceive the urban government’s rail supply. When
this urban externality is sufficiently high (𝑒 > 9), suburbanites are
better off in the ‘urban’ regime, as compared to their own government’s
control. The reason is that in this case the urban government provides
a good rail service for suburban commuters to alleviate road traffic,
and suburbanites can enjoy benefit spillovers without contributing to
subsidies. On the right hand side of Fig. C.1 we see that for urban
households, suburban and private supply becomes less attractive as 𝑒
increases. This is caused by the fact that these types of operators do
not take the externality into account in their objectives. However, the
attractiveness of the federal regimes improves with parameter 𝑒. Severe
urban car externalities neutralise one finding in our baseline model,
namely that the federal regime is considered a worse outcome for urban
14

residents than having no suburban rail service at all.
Appendix D. Sensitivity test: Alternative service layout

In the core model of this paper, urban residents cannot commute
by rail. In many cases suburban public transport service may provide
connections within the boundaries of the urban area. The share of
urban and suburban residents among users of a suburban public trans-
port service may vary on a wide range, mostly depending on how
the administrative borders of the city are drawn and where (and how
frequently) stations are located. In this sensitivity test we amend the
network layout depicted in Fig. 1 by allowing commuters from Origin
#2 (that is, the urban residential area) to commute by rail as well.

In this extension of the numerical model, we assume that urban
and suburban residents have identical preferences. To simplify the
analysis, let us normalise the travel time on the suburban infrastructure
to zero for both modes of transport. These imply that mode split will
be identical among the two groups of commuters.20 Furthermore, we
recalibrate road and rail capacities to realise that the congested travel
time is twice the uncongested one and rail crowding is 3 passengers per
square metre in the initial equilibrium with 𝑥𝑢𝑟 = 𝑥𝑢𝑐 = 𝑥𝑠𝑟 = 𝑥𝑠𝑐 = 0.25.

Fig. D.1 plots the welfare indices of suburban and urban residents
under the four supply regimes we consider in the paper, varying the
share of urban and suburban residents whilst the total population 𝑁 =
𝑁𝑢 + 𝑁𝑠 remains constant. The welfare index of suburban (urban)
equals unity when the suburban (urban) government is in charge of
the service, and drop to zero in absence of public transport.

Fig. D.1 reveals that centralised service provision is strictly pre-
ferred by both region when urban residents are also rail commuters, the
attractiveness of this regime is even higher for the region in minority.
Private supply is the worst option for both groups, independent from
the their share in total population. When it comes to decentralised
service provision, the distribution of the population has a substantial
and mostly trivial impact on the welfare indices. Increasing the share
of region A makes service provision by region A more attractive for

20 With asymmetric preferences and non-identical mode shares, the qualita-
tive results may diverge in various directions. Urban/suburban residents may
be in a majority/minority and car/rail users may also be in majority/minority
in both groups. A comprehensive analysis of all possible combinations is
outside the scope of this paper.
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Fig. C.1. Welfare index for local residents in function of 𝑒, the urban rail externality.
Fig. D.1. Welfare index for local residents in function of 𝑁𝑢∕𝑁 , i.e., the share of urban residents among all commuters.
he residents of B, in vice versa. This implies that, as opposed to our
aseline results, the urban regime may be preferred by suburbanites
s well when 𝑁𝑢∕𝑁 exceeds a critical threshold. The main reason is
hat if the service is used by many urbanites, the urban government
educes the fares and increases frequencies, and suburban commuters
an exploit this outcome without contributing to subsidies.

The two plots in Fig. D.1 are symmetric due to the assumption that
ravel times are zero on the suburban infrastructure sections. There-
ore, geography has no role in this simplified setting, and the model
utcomes are only determined by the distribution of the population.
he presence of urban traffic externalities (𝑒 ≠ 0) can be another source
f asymmetry in reality. Fig. D.2 repeats the previous simulation with
= 5, thus inducing that commuting by car hurts urban residents more.
15
As we see on the left-hand side, the urban externality has little
impact on suburban commuters. The right-hand panel is no longer
symmetric, however. Urban inhabitants benefit more from the federal
regime under which the urban externality is indeed taken into consid-
eration but they can share a part of the subsidy burden with the other
region. By contrast, the suburban regime is less preferred by urbanites
in this case, because the suburban government would neglect the urban
road externality in the optimisation of public transport supply.

Future research may consider additional subtleties of the present
setting in which urban commuters are also suburban rail users. For
example, fares and even service frequencies may be differentiated along
the public transport line, thus allowing for price discrimination and

targeted tax exporting attempts by decentralised governments.
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Fig. D.2. Welfare index for local residents in function of 𝑁𝑢∕𝑁 , with a negative urban externality 𝑒 = 5.
Fig. E.1. Optimal supply with randomly generated parameters of the federal, urban and suburban tax revenue premia.
ppendix E. Sensitivity test: Tax revenue premia

In the baseline version of our simulation model we assume that
overnments on both levels share the same marginal cost of public
unds: 𝛽 = 𝛽𝑢 = 𝛽𝑠 = 1.1. That is, generating tax revenues to fund

the public transport deficit is equally distortionary under all regimes.
In practice, the cost of funds for regional governments is likely to
strongly depend on the vertical fiscal relations between regional and
federal governments, and reliable empirical evidence is not available.
In a country with unitary governance, i.e. where the tax levying rights
of local governments is effectively controlled by a central government,
it would be plausible to assume that local 𝛽’s are higher than the central
one, but there is little empirical evidence supporting this hypothesis.

In the absence of an explicit model describing the fiscal responsibil-
16

ities and taxing powers of different levels of government and given the
lack of more detailed information, we limit the analysis to checking the
model’s sensitivity with respect to the 𝛽 parameters. More specifically,
without further prior assumptions, we run a randomised experiment in
which each government receives a value from a uniform distribution
between 1 and 1.2. After each independent draw, we optimise the rail
fare and frequency. The results of this experiment are documented
in Fig. E.1, where contours of the welfare indices in the baseline
equilibrium are marked with dashed lines, and the randomly generated
optima are superimposed as a coloured scatter plot.

We observe that the urban optimum shows little sensitivity to the
cost of public funds. This is caused by the fact that public transport is
close to self-financing in this regime anyway. (Naturally, the private
optimum is unaffected by the tax revenue premium.) However, the
suburban and federal regimes feature substantial sensitivity along a

well-defined path in the fare-frequency plane. In the predefined range
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Fig. E.2. Optimal supply with relaxed suburban government budget (𝛽𝑠 = 1.05) and much higher tax revenue premium on the federal level (𝛽 = 1.2).
Table 5
Policy evaluation with regional welfare indices; 𝛽𝑠 = 1.05, 𝛽𝑢 = 1 and 𝛽 = 1.2.

Scenario Frequency Fare Cost recovery Welfare indices

𝑓 (trains/h) 𝑝 ($) 𝑄𝑟𝑝∕𝑧(𝑓 ) Aggregate Suburban Urban

Federal 7.2 5.21 0.510 1 1.558 −0.307
Suburban 6.8 1.80 0.186 1.160 1 2.288
Urban 4.2 11.86 0.952 0.637 0.628 1
Private 3.3 12.59 0.966 0.478 0.430 1.048

of the 𝛽’s, service frequency can never be higher in the suburban
scenario than under federal control, but the former may set lower fares,
as opposed to what we found in the baseline scenario (see Fig. 2).

To investigate this issue in more depth, Fig. E.2 shows the contour
plot of the defined welfare indices for the four governance regimes
(equal to one when the own government is in charge) as a function
of 𝑓 and 𝑝, by setting 𝛽 = 1.2, 𝛽𝑢 = 1.1, 𝛽𝑠 = 1.05. This represent the
case when suburban (regional) governments have a greater budgetary
flexibility, and therefore the marginal welfare loss of deficit funding
is higher on the federal level. We indeed find that suburban gover-
nance leads to lower rail fares as compared to the federal regime, but
frequencies are still the highest in the latter case. Does this induce a
major shift in local governments’ ability to pursue a free-rider strategy?
To provide an answer to this question, we recalculate the results of
Table 3 with the 𝛽 values above, as shown by Table 5. We find that
the ranking of governance regimes from the viewpoint of suburban and
urban residents is unaffected by this change in parameters, and the sign
of the welfare indices is also robust.
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