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Abstract

Proponents of the Mobility as a Service concept claim that subscriptions to alternative

modes can effectively reduce car ownership and the adverse effects of underpriced car use. We

test this hypothesis in a microeconomic model with endogenous mode choice as well as car

and subscription ownership. The model contains congestible urban rail and car sharing options

as substitutes of underpriced private car use. We find that aggregate car ownership is not a

reliable proxy for road congestion: subscriptions may reduce car ownership while increasing the

vehicle miles travelled by remaining car owners. Subscriptions induce welfare losses for two

reasons. First, pass holders overconsume the alternative modes, as the marginal fare they face

drops to zero. Second, non-pass holders tend to shift to car use due to the crowding induced

by pass holders, causing additional distortions. We illustrate numerically that differentiated

pricing is more efficient in achieving the goals of MaaS.
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1 Introduction

Mobility as a Service (MaaS) has gained popularity in recent years in the transport policy arena as a

new way of promoting sustainable urban transport provision, where sustainability means a reduction

in private car use in policy terminology. The concept proposes integration between various shared

transport modes, thus delivering a comprehensive service for travellers including all phases of the

door-to-door journey. The core aim behind integration is to replace individual car use, a major

source of often under-priced and consequently welfare degrading negative externalities. Proponents

of the MaaS concept claim that a customer oriented integration of public transport and shared

modes can make individual car ownership unnecessary, which may lead ultimately to a reduction

in car use, congestion, and harmful external costs (Aapaoja et al., 2017, Smith et al., 2018, Sochor

et al., 2018).

The MaaS concept envisages integration between alternative modes in various ways (Utriainen

and Pöllänen, 2018). Information provision and the use of advanced telecommunication technologies,

i.e. smart phones and other mobile devices, are key ingredients of the smooth integration between

services provided by transport operators. From an organisational point of view, the engine of

integration would be the MaaS operator, an agent that provides a two-sided platform for individual

transport operators on the one hand, and travellers on the other hand who would perceive all

available travel options in the city as a single mobility service (Jittrapirom et al., 2018). Finally,

and from the viewpoint of this paper most importantly, the majority of MaaS concepts propose that

the integrated service should be made available under a unified tariff system, in which customers

can access all alternative modes by purchasing subscriptions or predefined bundles of travel permits,

often labelled as mobility packages (Matyas and Kamargianni, 2018, Mulley et al., 2018, Guidon

et al., 2020). Intuitively, this proposition does make sense, as owning a car can be considered as a

commitment (subscription) to car use, and therefore offering subscriptions to alternative modes to

fight car ownership may seem like a reasonable strategy1. The ultimate aim is to make alternative

modes more attractive, which may well be a legitimate goal from an economic efficiency point of

view as well, if urban car use is underpriced and therefore overconsumed2.

Introducing subscriptions is more than reducing the price of alternative modes, however. Mi-

croeconomic theory classifies such techniques under the umbrella terms of nonuniform or nonlinear

pricing. Nonuniform pricing is identified as a form of second-degree price discrimination and an

efficient way of revenue generation3. In the presence of externalities, however, nonlinear pricing can

be increasingly distortionary, as it widens the gap between the marginal price and marginal social

cost of consumption for pass holders. In the context of urban transport, nonlinear pricing has to be

treated with caution for two reasons: (i) consumption does induce various externalities, and (ii) due

to network economies and the threat of natural monopolies, service providers are normally publicly

owned and regulated, and thus revenue generation is of secondary importance.

Based on the relatively small but rapidly growing quantitative literature of Mobility as a Service,

1Storme et al. (2020) and recent Belgian data hint that “the relationship between MaaS use and car ownership

might in reality be more complex than generally acknowledged”, as “a clear reduction of private car use remains

difficult in a real-life setting”, primarily due to non-repetitive leisure trips.
2Second-best public transport supply with substitution with underpriced car use is one of the most extensively

covered topics of public transport economics (see Parry and Small, 2009, Tirachini and Hensher, 2012, Basso and

Silva, 2014, De Borger and Proost, 2015). However, this literature is based on uniform pricing in public transport,

without subscriptions or other nonlinear pricing techniques.
3See a solid stream of microeconomics literature dating back to Oi (1971), Littlechild (1975), Leland and Meyer

(1976), and Brown and Sibley (1986).
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it seems that the majority of research efforts come from the demand modelling community. Several

recent contributions focus on estimating the impact of MaaS on travel demand, primarily in a

stated preference framework (Wong et al., 2018, Matyas and Kamargianni, 2018, Caiati et al., 2020,

Guidon et al., 2020, Ho et al., 2020). Although travel demand is indeed an important indicator of

the effectiveness of new policies, it does not uncover how the policy affects aggregate social welfare,

especially when externalities are present in consumption. Interestingly, the MaaS literature often

uses the terminology of profit oriented corporate management in the context of efficient policy

design for urban transport provision, which is somewhat confusing, given that this industry is

characterised by regulated natural monopolies and various externalities. Supply-side optimisation,

including pricing, is frequently labelled as developing business models (e.g. Aapaoja et al., 2017,

Kamargianni and Matyas, 2017, Polydoropoulou et al., 2020) in the business ecosystem of MaaS.

Some authors recognise that the personalised menu of ‘mobility boundles’ is suitable for price

discrimination (Guidon et al., 2020), but not enough attention is paid to the fact that such revenue

generating techniques may lead to the exploitation of monopoly power in a network industry, and

eventually a welfare loss for consumers. In general, socially optimal supply is rarely considered

as a ‘business model’ in applied welfare economics, which suggests that despite its popularity

in industry, the MaaS concept is still detached to some extent from the mainstream transport

economics literature.

Adopting the usual steps of the microeconomic analysis of transport supply to the MaaS frame-

work, one can identify four key gaps in the related literature. First, we know little about how a

future MaaS operator should/will set the price of subscriptions, mobility packages, and the remain-

ing usage dependent fees. Second, it is unclear how the available capacity in public and shared

transport modes (e.g. frequencies in public transport or the fleet size in shared modes) will react to

the introduction of a completely new tariff system. Third, we do not know at this moment how new

fare and capacity levels will affect (i) the net consumer benefit of urban transport provision, (ii)

operational costs and public subsidies to public transport, and (iii) the magnitude of externalities

generated by the transport sector as a whole. Fourthly, in general terms, it has not been proven

yet that non-linear pricing of alternative modes is an idea that improves social welfare in transport

markets.

Debates in the literature are inconclusive regarding the consensual definition of Mobility as

a Service. In this paper we focus on what is most relevant from a transport economics point of

view: the pricing aspects of MaaS. The paper is not about the introduction of a new mode of

transport, but rather about the evaluation of a specific nonlinear pricing technique which appears

in most MaaS concepts consistently. We develop a numerical model in which private car use, public

transport and car sharing are imperfect substitutes. Car ownership is endogenous in the long run,

the representative consumer can choose from usage dependent as well as subscription-based tariff

products for alternative modes in the medium run, and mode choice decisions, made in the short-

run, depend on whether someone owns a car or subscriptions to other modes. We assume that all

fares that customers face are set by one economic agent, the MaaS provider4. Supply-side variables,

4In an alternative implementation of MaaS, prices may be set by competing private and public operators, and the

integrating role of the MaaS provider might be limited to maintaining communication channels between operators

and travellers. As one of the referees has pointed out during the review process, with competing operators it would

be more relevant to model complementary transport services (i.e. multimodal trip chains) due to the threat of double

marginalisation. If price regulation is impossible, and a multimodal pass remains the only regulatory tool to achieve

integration between private operators on serial links, then it might be an efficient alternative of profit maximising

usage fees, indeed. We acknowledge that this particular policy scenario offers a valuable extension for future research.
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including prices and capacities, are optimised numerically to derive conclusions about the future

behaviour of social welfare or profit oriented MaaS providers. We investigate whether multimodal

passes that allow unlimited travelling by both public transport and car sharing are efficient from an

economic point of view. From a methodological point of view, the contribution of this paper is that

we extent what we know about nonlinear pricing in isolated transport modes (Wang et al., 2011,

Hörcher et al., 2018) to a multimodal transport network with demand imbalances and endogenous

car ownership.

We find that replacing usage dependent fees with subscriptions to alternative modes induces

substantial welfare losses for two main reasons. The first one can be anticipated based on microe-

conomic theory: due to the zero marginal fare they face, pass holders overconsume public transport

and car sharing, if negative externalities are present in these modes. Second, those less frequent

users who do not own a pass experience constant or increasing usage fees combined with higher

crowding on rail and longer access times in car sharing, and therefore tend to shift to more indi-

vidual car use after the introduction of subscriptions. Subscriptions to alternative modes make a

group of commuters more captive to their personal cars. Thus, both groups of users are likely to

contribute to the deadweight loss of the policy. We argue, based on simulation results, that differ-

entiated pricing would be a better alternative of nonlinear pricing in terms of economic efficiency,

no matter whether the MaaS provider’s objective is profit or welfare maximisation.

The study is structured as follows. Section 2 reviews three branches of the related literature:

the ones on car ownership, nonlinear transport pricing, and car sharing. Section 3 describes the

model and the way how it can be used to simulate nonuniform pricing policies. Section 4 presents

the core numerical results of our analysis, and derives the paper’s qualitative conclusions. Finally,

the last section summarises the lessons learnt. As a side-product of this work, we derive analytical

expressions of first-best pricing and fleet management rules for the novel car sharing model we use

in the numerical exercise.

2 Ingredients from the literature

A realistic but sufficiently transparent model of MaaS supply has three key requirements in terms

of model components. First, car ownership should be endogenous to allow the model to show the

ability of MaaS tariff products to substitute the use of private vehicles. Second, consumer preferences

must be heterogeneous to some extent, otherwise nonuniform pricing, or any other kind of price

discrimination, looses its rationale. Third, alternative modes beyond traditional public transport

are now integral parts of the MaaS concept. We add car sharing as a third mode to the model. Let

us review the existing literature of these areas in the same order.

The decision on car ownership is in most cases neglected in theoretical studies of road supply.

The main reason is that owning a car does not generate externalities or other social costs by

itself. Car usage does depend on the availability of cars, but we can argue that the sensitivity of

ownership is accounted for when one measures the long-run elasticity of demand for road use, so

ownership does not need to be modelled explicitly. One stream of the literature, featuring De Borger

5The combination of taxes on car ownership and usage is also a form of non-uniform pricing in which the ownership

tax is an entry fee, while driving additional miles involves a usage tax. This is often called as a two-part tariff system.

In the rest of this paper we deal with two-part tariffs in public transport, which are normally different in the sense

that passengers have to choose between a fixed entry payment or usage dependent fees. That is, subscription holders

do not make additional payments, as opposed to car owners in the analysis of De Borger (2001), for example.
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(2001), De Borger and Mayeres (2007) and Mayeres and Proost (2013), does consider car ownership

and its taxation explicitly. They study the optimal taxation of private vehicle ownership, showing

that if car use is inefficiently priced, then optimally set second-best ownership taxes can correct

for some of the distortion caused5. Models with both endogenous car ownership and mode choice

are very rare. De Borger and Mayeres (2007) is a known exception, but their public transport

model is rather stylised, both in terms of the simplicity of user costs and the uniform tariff system

considered. From a methodological point of view, the papers above rely on the discrete choice

framework introduced by De Borger (2000), just as we do in the subsequent modelling exercise,

benefiting from its suitability for demand prediction as well as welfare analyses (Small and Rosen,

1981, Anderson et al., 1992).

Let us now turn to the challenge of modelling the combination of subscriptions and usage de-

pendent fees in a nonuniform tariff system. This subject is popular in the economics of public utility

pricing, where second-degree price discrimination in the form of quantity discounts, i.e. declining

block rates or multipart tariffs, is a usual industrial practice (Brown and Sibley, 1986). Entry fees

and quantity discounts are effective in revenue generation, because frequent users are normally

more price sensitive, and therefore this way the profit-oriented firm can charge higher prices for

small users without discouraging the one with higher price elasticity. A series of early studies,

including Oi (1971), Littlechild (1975) and Leland and Meyer (1976), investigate this mechanism

analytically, assuming a population of users with non-identical individual demand curves. They

find that nonlinear pricing may be applied by welfare oriented public utilities as well, provided that

they operate under scale economies and face an exogenous budget constraint, so that unavoidable

revenue generation must be performed as efficiently as possible (see Brown and Sibley, 1986, for a

thorough overview).

Does this imply that urban transport operators should also price discriminate? Using a similar

methodological framework, Carbajo (1988) derives that the combination of travel passes and single

tickets in public transport does mitigate some of the deadweight loss of revenue generation, so fi-

nancially constrained or profit oriented operators should not be restricted in applying this nonlinear

pricing technique6. In a recent contribution, Jara-Dı́az et al. (2016) extend Carbajo’s model with an

income effect, considering that if the expenditure on subscriptions constitutes a significant portion

of travellers’ income, then their individual demand for travelling must be affected (negatively) by

the price of this tariff product. They model income and car ownership inequalities as observed in

data from Santiago (Chile). They show that in a welfare optimum under (zero profit) financial

constraint, low and middle income groups should rely on subscriptions to public transport, and

only rich users, most likely car owners, would travel with single tickets.

The fundamental determinant of the efficiency of non-linear pricing is whether negative exter-

nalities are present in consumption. Wang et al. (2011) conclude in a numerical analysis of road

6The economic literature suggests that nonlinear pricing is a potentially efficient revenue generating tool. How-

ever, the authors of this paper are not convinced that this is a widely known and consensual fact in the public trans-

port industry. In fact, revenue generation is very rarely mentioned in policy debates as an argument supporting sub-

scriptions. We more often hear that travel passes are beneficial because they make public transport more attractive

versus car ownership, for example. In many cities, such as post-socialist Eastern European countries, equity related

arguments are also usual: passes are regarded as a product for the poor who cannot afford to have car and therefore

are constrained to rely on public transport. Note that cheaper usage fees and increased subsidisation could achieve

the same equity goals more efficiently. The ease of ticket inspection with subscriptions was also a frequent argument

that may become irrelevant, given the rapid spread of electronic ticketing technology. Finally, some operators argue

that subscription purchases imply advance payments, which is advantageous when an operator is facing persistent

liquidity problems. The last aspect has not been investigated in the economic literature so far.
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pricing that fixed entry fees on top of the usage dependent toll always improve profitability, but

their impact on social welfare is ambiguous. The ambiguity stems from the tension between al-

locative efficiency benefits and the welfare loss of diverging from pure marginal social cost tolls

under congestion. In fact, usage-only pricing performs better in their model if the road is heavily

congested. In an isolated public transport model, Hörcher et al. (2018) find that the availability of

travel passes is no longer efficient after adding crowding to Carbajo’s original model. This finding

remains robust, even if the operator is moderately financially constrained, as well as when one

allows for Mohring-type density economies with endogenous public transport capacity. This line of

literature hints that the idea of subscriptions in the MaaS concept may be problematic from a social

welfare point of view. However, the possibility of mode choice and the endogeneity of car ownership

prevents us from deducing such conclusions without a more thorough quantitative analysis.

Thirdly, we believe the analysis should go beyond the interaction between car use and what

we call traditional public transport, i.e. a scheduled rail or a bus service. The market penetration

of shared transport modes is increasing globally. At the same time, the technological gap between

public transport and car sharing, for example, is gradually narrowing, and this process is likely to

accelerate with the evolution of autonomous and connected vehicles. For this reason we consider

one-way car sharing in this paper as a third mode of transport, which can be a realistic competitor

of private car use and public transport in daily commuting.

Modelling car sharing is not a straightforward task in a microeconomic model destined to remain

as transparent as possible. Car sharing is indeed a hot topic in transport science, but the majority

of supply-side studies are optimising pricing and vehicle allocation strategies in large-scale agent

based simulators with numerical programming algorithms (see e.g. Boyacı et al., 2015, Weikl and

Bogenberger, 2013, Jorge et al., 2015, Xu et al., 2018). The economic rationale behind the outcomes

of these pricing algorithms is not transparent. Moreover, their objective functions are predominantly

profit oriented, and the analyses are not complemented with economic efficiency based evaluation.

Analytical rules for the optimal car sharing fee in a simple network, for example in the backhaul

problem we work with, are not available in the literature. Thus, as a side-product of the analysis

of MaaS, we develop our own car sharing module with the corresponding analytical formulae for

welfare maximising pricing.

3 The model

We model Mobility as a Service in the traditional back-haul problem, the simplest possible network

setting. There are two zones connected by a multimodal and bidirectional transport corridor, where

private car use, shared car use and an isolated public transport mode are available. The analysis

is limited to a sequence of peak periods, but travel demand within these peaks is homogeneous, so

dynamic trip scheduling is neglected. However, demand is unbalanced in spatial terms: Na residents

commute from zone A to zone B, while Nb << Na commuters travel in the opposite direction;

Na + Nb = N . We often call the calm direction the off-peak market. To sum up, throughout

this paper we refer to “peak and off-peak markets” in strictly directional (spatial) terms, and the

7Theoretically, frequency can be differentiated by direction providing significant benefits (Rietveld and van

Woudenberg, 2007), but only temporarily, because vehicles cannot disappear at the end of the busy direction. Even if

frequency is differentiated, this involves significant costs because vehicles have to be stored at the terminal, and total

fleet size increases with the degree of differentiation. For this reason, such differentiation is rarely applied in industry,

and it is a standard practice in the public transport literature as well that frequency is assumed to be undifferentiable.

6



temporal off-peak is neglected.

Despite the imbalance in demand, the users in the two markets rely on the same road capacity

K, train frequency7 f , and car sharing fleet size ρ, so road congestion, crowding and a shortage of

shared cars is expected in the busier market, even if transport prices are set to their (second-best)

optima. We believe this is a crucial property of real transport systems from a pricing point of view

that cannot be appropriately reflected if supply in a model is optimised for only one representative

OD-pair8. In subsequent numerical results we find that the mechanisms relating to car ownership

and mode choice can be fundamentally different in the peak and off-peak markets, thus justifying

the importance of including both directions in the model.

Morning and afternoon peaks are repeated sequentially, so if share cars are accumulated in zone

B by the end of the morning peak, then it will be easy to find a vacant car by the beginning of

the afternoon peak. This setting is a stylised representation of a radial corridor of the monocentric

city, where zone B is the central business district, while zone A is a suburban neighbourhood.

3.1 Demand

The representative travellers make three decisions in both markets:

I. Car ownership in the long run (outcome indexed by i);
II. Choice of tariff products, e.g. MaaS mobility packages, in the medium run (index j);
III. Individual travel demand and mode choice in the short run (indexed by m).

On the lowest level, commuters make daily choices between three modes of transport: individual

car use (m = c), public transport (m = p), and a shared mode, i.e. one-way car sharing (m = s).

Service quality in these modes is determined by road capacity, the frequency of public transport,

and the availability of shared vehicles. For technical reasons we introduce a fourth alternative on

the level of mode choice, which represents the outside option of not travelling at all. In this case

m = 0. The purpose of the outside option is to allow for aggregate travel demand to be elastic with

respect to the user cost of available modes.

On the second level, we consider the choice of tariff product j for alternative modes, which can

be either sticking to pay-as-you-go (j = 0), or buying a rail pass (j = 1), car sharing pass (j = 2),

or a multimodal subscription that allows free access to both alternative modes after an initial entry

payment (j = 3). Finally, on the first level, car ownership is captured by a binary index: i = 1 if

the representative user does own a car, and i = 0 if she does not. We assume that car ownership

decisions are re-evaluated on a yearly basis, while tariff products expire on a monthly basis.

We implement the three decision levels above in a nested random utility discrete choice frame-

work. This demand system is standard in the literature (see e.g. Basso and Silva, 2014, for another

public transport application), and useful in the sense that the expected consumer benefit of the

representative user can be derived analytically, complementing operational and external costs in

subsequent welfare analyses. Utility may have additively related deterministic as well as stochastic

elements on each decision level. In the following discussion we focus on the specification of the sys-

tematic part, while the random terms capture, with type I extreme value distribution, unobserved

heterogeneity in user preferences. Taste heterogeneity creates the basis for price discrimination

when the MaaS provider offers multiple travel products for users with non-uniform preferences for

alternative modes (Anderson et al., 1992). The representative user selects the alternative providing

8This point is illustrated in more details by the authors in Hörcher and Graham (2018), for the specific case of

public transport.
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the highest level of utility, which leads us to the well-known logit demand system under the assumed

distribution of ε.

On the mode choice level, the deterministic utility of choosing mode m for a consumer with

properties d, i, j is formulated as

vmdij = Am + δ · gm(d, i, j), (1)

where d ∈ (a, b) is the index of the two travel directions, Am is an alternative specific constant, δ

is the marginal utility of monetary expenditures, and gm(d, i, j) is a generalised price function in

monetary dimension, determined by the mode of transport, direction of travel, and the user’s car and

subscription ownership status. Utility after mode choice, denoted by umdij , can be derived by adding

the random taste component to deterministic utility. Mode shares among type d, i, j passengers

are then derived using the logit probability function. Note that in this framework we model the

mode choice of a representative user on a representative day. Following Anderson et al. (1992), we

interpret the random utility model as “a continuum of users whose tastes are deterministic and

distributed according to the same distribution”. As the representative day is repeated L times in

a subscription period, the choice probability derived on a single day captures trip frequency over

time. If a specific type of users, e.g. subscription holders, have a high probability of choosing a

particular mode on the representative day, then we can label them as frequent users in the long

run.

On the second level of the decision tree, the representative consumer selects one of the available

tariff products j. To determine the attractiveness of a tariff product, we have to derive the expected

utility in the mode choice situation for the user possessing tariff product j. Using the logsum

approach,

E[umdij ] = µ′′′ij · ln
(∑

m

exp(vmdij/µ
′′′
ij)
)
, (2)

in which µ′′′ij is the scale parameter of decision level III. Consumers travelling in direction d with

car ownership state i attach the following utility to owning tariff product j:

vdij = E[umdij ] + δ
Tj
L

= µ′′′ij · ln
(∑

m

exp(vmdij/µ
′′′
ij)
)

+ δ
Tj
L
, (3)

where Tj is the monetary price of tariff product j that we normalise by the length of its availability

L to a daily level. As opposed to car ownership and mode choice decisions, we assume here that

users do not have constant tariff type specific preferences, so there is no alternative specific constant

in equation (3). Moreover, we change the conventional interpretation of the random component of

utility on level II, i.e. the tariff choice level. This requires more discussion.

According to the conventional interpretation, the random component of utility represents id-

iosyncratic preferences towards one of the available alternatives. This implies a love of variety, that

is, utility increases with the number of available alternatives. This interpretation would generate

unrealistic outcomes in the context of tariff products. Assume that a service provider sets the price

of usage fees to zero, and then introduces a travel pass, also for free. As the two free alternatives

provide the same level of utility, the logit model would predict an equal split between single ticket

and pass holders, and an increase in expected utility after the introduction of free passes. The

second consequence is certainly unrealistic. It is plausible that some level of randomness is present

in the choice of tariff products, for example due to the uncertainty regarding a passenger’s monthly
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trip frequency prior to a monthly pass purchase. But the model should not predict that introduc-

ing a large number of very cheap tariff products is a welfare improving supply strategy, as love of

variety is not plausible in this context. We would like to maintain the property of earlier nonlin-

ear transport pricing models (Carbajo, 1988, Wang et al., 2011, Jara-Dı́az et al., 2016) in which

expected utility is deterministic in the tariff choice situation. To comply with these principles, we

define tariff choice probabilities as

πdij =
exp(vdij/µ

′′
ij)∑

j′∈J exp(vdij′/µ
′′
ij)
, (4)

where J is the set of available tariff products, but expected utility on this level is computed deter-

ministically as

E[udij ] =
∑
j

πdij · vdij . (5)

Equation (5) replaces the more conventional logsum formula on level II. This approach implies that

we do not consider the uncertain part of utility when we quantify consumers’ economic surplus in

the tariff choice situation.

The decision on car ownership is eventually driven by utility gained with and without the

availability of the private car in the monthly tariff choice and daily mode choice situations outlined

above. On this level we return to the conventional practice, assuming that commuters might have

intrinsic preferences for having a car. Thus, the expected utility of car ownership in market d is

Vd1 = a1 + E[ud1j ] + δ
C

ML
. (6)

Notation: a1 represents the constant (dis)utility of owning a car, an alternative-specific constant;

E[ud1j ] quantifies expected utility for car owners on level II; C is the annualised monetary cost of

car ownership net of operational costs; and M measures the number of tariff product periods in a

year. Thus, we assume that car ownership decisions are re-evaluated on a yearly basis, but utility is

normalised to a daily basis9. Indirect utility for non-car owners (i.e.Vd0) is equivalent to (6), except

that the car ownership cost disappears, and in the logsum component Vd0j we measure expected

utility in the second nest without the private car option in daily mode choice. Once again, we assume

that the distribution of stochastic utility attached to car ownership leads to logit probabilities.

Eventually, the surplus that the representative consumer of market j attains can be expressed

in monetary terms using the marginal utility of income δ as

Ud = −1

δ
ML · E[Vdi] = −µ

′

δ
ML · ln

(∑
i

exp(Vdi/µ
′)
)

(7)

per year. Note that the scale of expected travel utility is not meaningful in a discrete choice model,

only changes in utility can be measured and transformed into monetary consumer surplus. Our aim

is to derive the amount of consumer surplus (i.e. net user benefit) of providing alternative modes

beside congestible road use. Let us define U refd as the reference level of utility. This is derived by

setting the price of alternative modes so high that no traveller is willing to use it; in this case U refd

9Alternatively, consumer surplus expressions could also be scaled up to yearly level without affecting the resulting

car ownership probabilities.
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is limited to the utility generated by road use in the absence of alternatives. Thus, the consumer

surplus of public transport and car sharing provision becomes

CS =
∑
d

Nd(Ud − U refd ). (8)

Based on choice probabilities on the three levels of consumer decisions, one can derive aggregate

demand for each mode, differentiating between travel directions:

qmd = Nd

∑
i,j

πdi πdij π
m
dij , (9)

where the choice probabilities πdi, πdij and πmdij are standard logit expressions, as explained above.

3.2 Transport technology

In equation (1) we define utility as a function of generalised price gm(d, i, j). The structure of this

function varies by mode, so let us elaborate the underlying technological features separately.

Private car use and public transport

In the car mode generalised cost includes the value of in-vehicle time, a monetary operational cost

c, and the cost of parking at the destination of market d, denoted by pcd:

gc(d, 1, j) = α tcd(q
c
d, q

s
d) + c+ pcd. (10)

In this formula α is the standard value of in-vehicle time and tcd measures travel time on the road

according to the BPR cost function.

tcd(q
c
d, q

s
d) = tc0 ·

[
1 + 0.15

(qcd + qsd
K

)4]
, (11)

where tc0 is free-flow journey time, and the degree of congestion depends on demand for private

and shared car trips in direction d. Parking cost pcd is an exponential function of qcd, just like the

congestion function, capturing in a simplified way competition for land10.

Road pricing is neglected in the model, as the fundamental motivation behind the MaaS concept

would not even exist if efficient congestion charging was already a widely accepted regulatory policy.

However, we can infer from the specification above that the marginal external cost of car trips

include both congestion and parking externalities. As road use is unpriced, second-best supply

rules suggest that the welfare maximising public transport and car sharing fees decrease with the

degree of road congestion and shortage of parking space (see Small and Verhoef, 2007, Chapter

4.5).

Let us move on to public transport:

gp(d, i, j) = αw f
−1 + α tp0

[
1 + ω

qpd
fS

]
+ φpj τ

p
d . (12)

This user cost specification is standard in the public transport literature. Generalised price has three

components. First is the cost of waiting time, modelled with the assumption of random passenger

10We assume in the model that car sharing does not induce parking costs, as these cars remain in use for intra-

zonal trips throughout the uncongested parts of the day between the two peaks.
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arrivals and constant headways: αw is half of the value of waiting time, while f−1 is the headway

between consecutive trains. Second, we have the value of in-vehicle travel time11, augmented by

an occupancy rate dependent crowding multiplier with slope ω. S in the formula is vehicle size

measured in interior floor space, so that fraction qpd · (fS)−1 is the density of users inside the

vehicle. The third element is the monetary fare paid. Specifically, τpd is the fare itself, and φpj is

a binary variable which equals to one if someone holding tariff product j still has to pay a usage

dependent fee for public transport trips, and zero otherwise12.

Note that the formulation above implies that externalities are present in public transport as well.

The crowding cost function is homogeneous of degree zero, just like the road congestion function,

so we expect that the first-best welfare maximising fare on this service would be positive. On the

other hand, the Mohring effect, i.e. density economies in waiting time costs, hints that revenues

from first-best pricing should not cover the costs of operation entirely.

Car sharing

In case of care sharing, we cannot rely on existing modelling practices as, to the best of our

knowledge, analytical microeconomic models in a context like ours have not been published in the

literature so far. Let us begin with the description of the technological process. Car sharing can be

station based, but the majority of recently launched services are free-floating, meaning that shared

vehicles can be left anywhere within a predefined area, and departing users locate them using a

smartphone application. This implies that an important part of gs should be an access cost, i.e. the

cost of walking from the trip origin to the closest vacant vehicle. In car sharing markets featuring

directionally imbalanced demand, this access cost is expected to increase gradually in the peak

direction, as the spatial density of vacant cars in the departure zone decreases. The zone may run

out of cars eventually, which translates in our model into a very high user cost, so that demand

cannot increase any more due to the capacity limit. On the other hand, if there are car sharing

users travelling in the opposite calm direction, then the reduction in the available fleet size may not

be monotonous. It is also possible that the departure zone runs out of cars temporarily, but later

on a bunch of arriving drivers make the service available once again. Replicating this complicated

dynamic mechanism requires simplifying assumptions in a static model like ours.

First of all it is evident that the average user cost depends on the initial endowment of shared

vehicles, i.e. on the split of fleet size ρ between the two zones at the beginning of the peak. Let

r0
d denote the number of cars located in the origin of market d, when the morning peak begins;

r1
d is the split by the end of the peak. We can describe the physical movement of cars with three

constraints:

ρ = r0
a + r0

b = r1
a + r1

b ; (13a)

r1
a = r0

a − qsa + qsb ; r1
b = r0

b − qsb + qsa; (13b)

11We assume that in-vehicle travel time is independent of demand, representing a high-capacity urban rail service.

The model can be extended with endogenous dwell times following the bus literature (see e.g. Tirachini, 2014). In that

case public transport use would imply another externality generated by boarding and alighting passengers, further

increasing the distortion caused by pass holders who face zero marginal fare.
12More specifically, φp

0 = φp
2 = 1 and φp

1 = φp
3 = 0.
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r0
b = r1

a; r0
a = r1

b . (13c)

Constraint (13a) states simply that cars should not disappear from the system. The second con-

straint describes how the available fleet size evolves during the peak: by the end of this period, fleet

size for market a equals its initial endowment, minus the net outflow of shared vehicles. Constraint

(13c) derives from the sequential alternation of morning and afternoon traffic flows: we assume

that the fleet left in the origin of market a by the end of the morning peak will serve as the initial

endowment of vehicles for market b in the afternoon peak. In equilibrium, morning and afternoon

peaks follow each other such that all three constraints above are satisfied. By combining them, the

initial endowments are

r0
a =

ρ+ qsa − qsb
2

; r0
b =

ρ+ qsb − qsa
2

, (14)

from which we will easily derive the marginal impact of car sharing demand in each direction on

the split of shared vehicles, e.g. ∂r0
a/∂q

s
a = 0.5 and ∂r0

a/∂q
s
b = −0.5.

Let us then express the average generalised user cost of car sharing as

gs(d, i, j) = α tcd(·) + αa t
s
0

[ qsd
r0
d + (qsk 6=d)

η

]h
+ φsj τ

s
d . (15)

In this formula the first term is the in-vehicle travel time cost which is equivalent to private car

users’ cost defined in equation (11). The second one is the expected access cost that we express

in terms of the ratio of demand qsd and the available fleet size in the same market. The available

fleet size is the initial endowment r0
d plus the contribution of cars brought by users arriving from

the opposite direction k. However, qsk is limited by factor 0 < η < 1. The purpose of η is to make

sure that the access cost cannot be kept low by simultaneously increasing qa and qb to significantly

higher levels than r0. This would be unrealistic because it is unlikely that shared cars can make

too many round-trips within the peak period. If car sharing demand is significantly lower than the

number of available cars, then the fraction in squared brackets approaches zero, and the access cost

becomes negligible. By contrast, tsd and h are calibrated such that if qsd = r0
d + (qsk)

η, which implies

a binding capacity constraint, then the access cost should prevent further growth in demand; αa is

the monetary value of access time. Finally, the last component in (15) is the rental fee, τ sd . If the

consumer possesses a subscription j ∈ (2, 3), then φsj = 0 eliminates additional usage dependent

payments; otherwise φsj = 1.

As the access cost formula in (15) is novel in the literature, we cannot have expectations a

priori about first-best car sharing supply in isolation. In Appendix B of this paper we derive the

supply rules analytically. In summary, we find that if the fee can be differentiated between the two

directions, both τ sa and τ sb are positive, thus indicating a negative access cost externality imposed on

fellow car sharing users. However, despite the peak direction is endowed with more cars initially, the

marginal external access cost might be higher in the peak, so that τ sa > τ sb in the welfare maximising

optimum; this also depends to the number of trips in the calm direction. The gap between peak

and off-peak fees is further widened by the marginal external congestion cost that car sharing users

induce the same way as private car drivers.

In Appendix C we test a specific pricing regime often used in the car sharing industry: the fee

may depend on the duration of service usage on the basis of a fixed charge for each minute travelled.

The Appendix reveals that in terms of economic efficiency, this pricing technique lays in between

flat fares and the optimal price differentiation. This is intuitively convincing, as travel time and the

magnitude of congestion externalities correlate on a given road section.
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3.3 Consumer surplus and social welfare

System-level revenues from public transport and car sharing operations are

R = M · L
∑
d,i,j

[
Nd π

p
dijφ

p
jτ
p
d +Nd π

s
dijφ

s
jτ
s
d td
]

+M
∑
d,i,j

[
Nd πdijTj

]
. (16)

In the first element of the revenue formula we have the payments from usage dependent public

transport and car sharing fees, while the second part measures revenues from subscription sales, if

nonlinear pricing is applied in a policy scenario. System profits is the sum of revenues in (16) and

the operational costs of public transport and car sharing provision. For the sake of simplicity, we

express these operational costs as a linear function of the public transport frequency and the car

sharing fleet size, so that the system profit becomes

R− zpf − zsρ, (17)

where zp and zs are exogenous slope parameters.

Finally, we define an aggregate measure of social welfare, to be able to express the net benefit

of service provision, considering both consumer costs and benefits, and the costs and revenues

generated on the operator’s side. This social welfare metric is simply the sum of the consumer

surplus and profit functions defined above.

W = CS +R− zpf − zsρ (18)

3.4 Policy simulation

In this research we assume that the entire transport system is regulated by a single entity, the

MaaS provider. That is, we neglect potentially very complicated interactions between the MaaS

provider and the operators of individual modes that may in reality lead to an uncertain bargaining

process13. Optimal supply and the system’s performance can be evaluated on the basis of various

economic criteria, including welfare maximisation, profit maximisation, congestion minimisation

and car ownership minimisation subject to additional constraints such as a budgetary restriction.

We use welfare maximisation as a benchmarking tool. In policy debates, profit oriented MaaS

provision is not outruled either, while welfare maximisation subject to an exogenous profit constraint

is also a reasonable subject for investigation.

We use the modelling framework to simulate five pricing scenarios. That is, we compare the

performance of the following pricing schemes:

(0) Flat fares only, with undifferentiated directions;

(1) Flat fares combined with an unlimited-use public transport subscription;

(2) Flat fares combined with unlimited-use car sharing subscription;

(3) Flat fares combined with a multimodal subscription;

(4) Direction-differentiated pricing, without any subscriptions.

Unlimited-use pass usage requires a one-off entry fee Tj , after which the marginal monetary cost of

travelling drops to zero for L days, that is 2L trips. We classify scenarios 1 to 3 as the aggregation

of the tariff system with subscriptions to alternative modes, while scenario 4 moves in the opposite

13Such interactions can be a relevant subject for future research, using the methodological toolbox of industrial

organisation.
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direction, by differentiating the price of travelling based on the intensity of use. Note that in the

simulations we introduce subscriptions 1-3 one by one, so the representative user will never have

the option to hold multiple types of passes simultaneously. The purpose of this rule is to keep

our numerical results intuitively tractable, and to make the performance of the three types of

subscriptions comparable.

We calibrate the model to reproduce a representative urban transport setting. We have Na =

8000 and Nb = 2000 potential users, so demand is heavily unbalanced, just in case of a typical

radial transport corridor of a monocentric city. Modal split in the initial equilibrium resembles a

representative European city in the near future when car sharing is expected to gain popularity;

mode shares are 47% for private car use, 45% for public transport, 6% for car sharing, and the

remaining potential users do not participate under the initial travel conditions; they choose the

outside option instead. Road capacity and public transport frequency are set such that the delay

caused by congestion is 55% of the free-flow travel time in the peak direction, and crowding on public

transport services reaches 3.7 passengers per square metre (approximations based on Christidis and

Rivas, 2012, Hörcher et al., 2017). Car sharing fleet size is fixed at 500 vehicles, and almost 20% of

this fleet is used twice in the simulated peak period .

Demand elasticities are kept in the range of reasonable estimates (Paulley et al., 2006, Wardman,

2014). The own-price elasticity of public transport is -0.2, while the elasticity of car use with respect

to the public transport fare is 0.12 on the system level. By varying the free flow travel time on

the road, we get an own travel time elasticity of -0.45 for private car use, while the proportional

increase in public transport ridership is 37% of the percentage change in car travel times. The

own-price elasticity of car sharing is significantly higher than in public transport, measuring -0.9,

which is due to the higher share of the monetary payment in the generalised cost of car sharing

usage. Cross-elasticities show that car sharing is more easily substituted with private car use than

public transport, which is in line with prior expectations.

Finally, public transport and car sharing usage fees, i.e. τp and τ s, are set to the welfare max-

imising flat fare levels in the baseline equilibrium14. The full set of parameters we use in subsequent

simulations is provided in Appendix A. Also, we provide more details about the share of each user

cost component in the generalised price functions in Table 10 of Appendix A.

4 Numerical analysis

The objective of this paper is to evaluate the performance of alternative tariff products proposed

in the MaaS framework. We achieve this goal through multiple steps of numerical exercises. In

Section 4.1 we provide preliminary insights by keeping all supply variables constant in the baseline

equilibrium, and introducing the three types of passes at a range of price levels. Then in Section 4.2

we allow usage fees to be optimised in parallel with the price of subscriptions, under the objective

of profit maximisation. Finally, in Section 4.3 the rail frequency and the car sharing fleet size are

made endogenous, to investigate whether subscriptions provide any further benefits by intensifying

demand as well as capacity supply.

14In the rest of this paper, by the initial equilibrium, the baseline equilibrium, the second-best optimum as well

as the baseline scenario with optimal (second-best) flat fares, we refer to the same initial state defined above.
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4.1 Subscriptions with fixed usage fees

In the first experiment we keep the flat rail and car sharing fares at second-best optimum, and

introduce either the rail pass, the car sharing pass, or a subscription that enables unlimited use of

both alternative modes. We investigate the impact of the price of these tariff products on demand

and economic efficiency.
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Figure 1: The share of subscription holders and car owners in the population of N commuters.

Results in Figure 1.a are in line with prior expectations in the sense that the lower the price

of subscriptions, the higher the share of pass holders in the population. Demand for subscriptions

depends on the price of competing usage fees. It is not surprising that car sharing passes are more

popular than the rail pass at a high price, because the usage fee for car sharing is more expensive, so

having a pass enables more substantial savings15. However, the car sharing pass cannot achieve very

high market penetration even when their price is very low, due to the limitations in fleet size. This

is not the case in the rail mode the market share of passes can exceed 50%. As intuition suggests,

demand for the multimodal pass is the highest at a given price, as this subscription allows for more

flexibility in mode choice. Figure 1.b is also reasonable in the sense that the slope of car ownership

curves is generally negative, so the average commuter tends to give up ownership if various passes

to alternative modes become more affordable.

15Based on the parameters we use here, performing all trips in a month costs $90 by rail and around $240 by car

sharing
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Table 1: Mode choice results with car sharing subscription

Market Off-peak Peak

Subscription available No Yes∗ No Yes∗

Car sharing utility

– non-pass holders -8.34 -8.98 -11.34 -11.53

– pass holders – -5.13 – -7.68

Private car use utility -4.01 -4.01 -6.18 -6.19

Rail utility -7.44 -7.37 -9.7 -9.69

Car sharing demand

– non-pass holders 250 81 342 259

– pass holders – 220 – 90

Private car use demand 846 887 3806 3808

Rail demand 902 810 3578 3573
∗Subscription price set to T2 = $140

The first interesting finding of the analysis relates to how car sharing subscriptions affect the

rate of car owners. In Figure 1.b, the grey dashed line represents the rate of car ownership in

the baseline equilibrium, with flat fares only. In the price range of Figure 1.b, the availability

of car sharing subscriptions actually increases the share of car owners by around 0.5%, which is

a counter-intuitive result that requires more explanation. Let us select an arbitrary subscription

price, T2 = $140, and show the impact of the introduction of the car sharing pass at this price. Table

1 shows that the subscription has a much bigger impact on modal split in the off-peak direction.

The pass makes car sharing much more attractive for pass holders: the disutility of a car sharing

trip decreases from −8.34 to −5.13 utils. Thus, the number of pass holders exceeds the number of

car sharing users in the baseline equilibrium, and this is partly due to mode shift from rail to car

sharing, which is an undesirable outcome from a policy point of view.

Not every non-car owner commuter decides to buy the pass, however. What this group of users

experiences is the same usage dependent car sharing fee as before, with significantly higher access

cost due to the extensive use by pass holders. For them, the disutility of a car sharing trip increases

from −8.34 to −8.98. Thus, many non-pass holders either switch to public transport, or decide to

buy a car eventually, because the disutility of private car use remains almost constant. This leads

eventually to a 0.5% increase in car ownership at T2 = $140. In summary, pass holders push the

remaining users out of the car sharing market, thus forcing them to use other modes, including

the private car. The same mechanism works more moderately in the peak direction, because car

congestion prevents the car sharing pass from becoming popular (at T2 = $140, 70% of pass holders

belong to the calm market), and those who do not own a pass are less likely to buy a car. This

analysis reveals that despite small share of potential users of the off-peak direction, their behaviour

has a significant impact on how subscriptions alter the aggregate car ownership rate.
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Figure 2: The degree of car congestion, measured in hours lost relative to free-flow conditions, and peak

rail crowding in passengers per square metre.

Figure 2 plots another less anticipated outcome of the model. Although car ownership gradually

declines with cheaper subscriptions, the degree of car congestion is actually intensifying. This

outcome may have high relevance for policy, because the idea of tackling car ownership in the MaaS

concept is built on the assumption that car ownership is closely connected to car use. Owning a car

does not generate externalities in itself. In the current simulation it seems that fewer car owners

tend to drive disproportionately more when we introduce subscriptions to alternative modes in the

simulation, thus leading to a net increase in congestion related travel time delay16.

What is the underlying reason behind the increase in congestion? Induced car sharing demand

can be one of the factors in case of j ∈ (2, 3) when car sharing becomes cheaper, but there is a

congestion effect when only a rail pass is introduced. To provide more numerical insights, let us

consider the case of a rail pass offered at T1 = $50, compared with the baseline scenario of flat

fares only. In the peak direction, both public transport and private car use increase, while in the

off-peak direction we observe a mode shift from both shared and private cars to the rail mode.

That is, the congestion delay is accumulated in the peak market. Now, focusing on this direction,

the simulation predicts that 70% of all public transport users are pass holders, and their excess

demand is the reason why crowding on rail services intensifies in the peak.

16We do not model environmental costs explicitly, but these results suggest that the environmental impact of

subscriptions may also be detrimental.
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Table 2: Mode choice results with rail subscription

Market Off-peak Peak

Subscription available No Yes∗ No Yes∗

Rail utility

– non-pass holders -7.44 -7.48 -9.7 -9.85

– pass holders – -6.48 – -8.85

Private car use utility -4.01 -4.01 -6.18 -6.23

Car sharing utility -8.34 -8.13 -11.34 -11.06

Rail demand

– non-pass holders 902 429 3578 1306

– pass holders – 521 – 2351

Private car use demand 846 831 3806 3837

Car sharing demand 250 217 342 331
∗Subscription price set to T1 = $50

Table 2 presents utility and demand levels before and after the introduction of the rail pass.

It is clear that rail commuting becomes more attractive for those who hold a rail pass, reducing

the corresponding disutility from −9.7 to −8.85 in the peak direction. Naturally, this leads to an

increase in public transport ridership, also diverting some former car sharing users to rail. On the

other hand, for non-pass holders, rail use becomes less convenient (rail disutility moves from -6.18 to

-6.23), and this effect exceeds the magnitude of the degradation of private car use which grows from

−6.70 to −6.90 due to congestion. That is, non-pass holders are also discouraged from using public

transport, as the usage fee does not become cheaper, but the service is more crowded due to pass

holders. It is inevitable that some of them decide to drive more, or even buy a car due to the adverse

conditions in public transport. The number of car owners actually increases in the peak market, in

parallel with the trips undertaken. Thus, at a relatively high subscription price, i.e.T1 ∈ ($50, $90),

the total car ownership ratio is higher than its original value without subscriptions (see Figure 1.b)

This effect is offset by the reduction in car ownership in the off-peak market when T1 falls under

$50.

We do not observe the same phenomenon in the off-peak direction, because crowding is not

such a pressing issue there, so introducing rail passes does not induce mode shift towards car use at

all. In this calm market passes have the expected impact: people tend to own fewer cars and drive

less. In fact, the total number of private vehicles remains relatively stable in the system as a whole.

When the rail pass is offered at an even lower price, say at T1 = $30, aggregate car ownership and

congestion delay starts decreasing due to the accelerated mode shift towards public transport in

the off-peak; peak car ownership and car use do not decline significantly even in this case, due to

the offsetting mode shift of non-pass holders.

As aggregate road congestion as well as rail crowding externalities increase when subscriptions

are introduced, it is not surprising that their impact on social welfare is negative. Moreover, the

higher the market penetration of subscriptions due to their low price, the bigger the deadweight loss

they generate; see Figure 3.a for numerical results. Hörcher et al. (2018) found the same outcome in

a mono-modal setting with crowding externalities. The authors argued in that case that the source

of deadweight loss is that pass holders face zero marginal fare, while the marginal external cost of

travelling is above zero due to crowding. In other words, pass holders overconsume the transport

service. In the present multimodal setting travel passes have a second negative impact on top of

the overconsumption by pass holders: they induce a mode shift of non-pass holders towards peak

18



car use. As road congestion is underpriced in the model (just as very often in reality), this kind of

mode shift is also welfare degrading.
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Figure 3: Social welfare and net operational profit in function of the price of subscriptions.

Figure 3.b shows that subscriptions cannot achieve substantial improvement in the profitability

of the transport system when usage fees are fixed to their baseline level. In order to make second-

degree price discrimination work, one has to increase the price of usage fees (i.e. pay-as-you-go fares

in a public transport context) that less frequent users with moderate price elasticity rely on (Brown

and Sibley, 1986). We return to the joint optimisation of subscriptions and usage fees in Section

4.2.

In Figures 1, 2 and 3 the dashed lines indicate the baseline scenario with optimal (second-best)

flat fares and the quasi-first-best optimum that can be achieved by differentiating the rail fare

and the car sharing fee between the two directions. It is not surprising that differentiated pricing

generates higher social welfare, as in this case travellers can be charged closer to the marginal social

cost of their trips17. It is remarkable that the magnitude of the potential welfare loss induced by

the introduction of subscriptions may be significantly higher in absolute terms than what society

gains by replacing flat fares with differentiated pricing. Still, the welfare gain in the latter case is

not negligible, and of course depends on various of input parameters.

In addition, note from Figure 1 that the decline in car ownership that differentiated pricing

achieves is comparable with subscription policies, even if the market share of passes is as high as

50%. This result seems to disprove the intuitively convincing proposition in policy debates that the

best way to tackle the commitment of owning a car is to make a similar commitment to alternative

17Note that the directionally differentiated pricing of public transport and car sharing is still not the absolute

first-best, as in our setting efficient road pricing is ruled out entirely. The optimal differentiated fares are therefore

reduced by a factor determined by road congestion externalities and the degree of substitution between car use and

alternative modes; for a detailed coverage of second-best public transport pricing with under-priced road use, see

e.g. Small and Verhoef (2007, Chapter 4.5), Parry and Small (2009) and Basso and Silva (2014).
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modes attractive for commuters. By taking a closer look at the numerical results we find that the

majority of the reduction in car ownership comes from the off-peak market, where differentiated

pricing makes rail and car sharing significantly cheaper, thus reducing the motorisation rate of 43%

with flat fares to 37%. Differentiated pricing leads to the ease of rail crowding as well, because the

peak rail fare ($2.23) is higher in optimum that the original flat fare ($2.00). As a consequence,

car congestion related delays slightly increase in the system; see Figure 2.b. Finally, Figure 3.b

reveals that beside the positive welfare effect of differentiated pricing, it also improves the financial

performance of operating alternative modes, thus neutralising to some extent the need for public

subsidies.

4.2 Revenue generation with nonlinear pricing

So far we assumed that the usage fees of public transport and car sharing remain constant when

subscriptions are introduced. This does not allow the operator to exploit the full potential of

price discrimination when its objective is, at least partly, revenue generation. The simultaneous

optimisation of entry and usage fees is relevant in at least two idealised policy scenarios: (i) when

the operator is a private monopolist an its sole objective is profit maximisation, and (ii) when a

welfare maximising operator is financially constrained to some extent, and it aims to generate some

revenues by minimising the welfare loss of raising fares.

In this section we numerically optimise the flat fare levels together with the price of one of

the three types of subscriptions. Table 3 documents the optimised decision variables. Its first row

repeats the parameters of the baseline scenario, i.e. the social optimum when only flat fares are

activated. In the second row we re-optimise these flat fares to maximise the system-level financial

result defined in equation (17). For ease of exposition, we construct two indices to measure the

financial and economic performance of subsequent pricing scenarios. The profit index is zero in

the baseline scenario and one with profit maximising flat fares, while the welfare index is defined

with the opposite boundaries, as the baseline equilibrium is indeed superior in terms of economic

efficiency. More explicitly, the welfare index for welfare level w is defined as IW (w) = w−wΠ
wmax−wΠ

,

where wΠ is social welfare with profit maximising flat fares, and wmax is the welfare maximum.

The profit index is defined with the opposite boundaries: IPr(π) = π−πW
πmax−πW , where πW represents

profits with welfare maximising flat fares, while πmax is the highest profit that can be achieved

with flat fares.

Table 3: Profit maximisation with flat fares, non-uniform tariffs, and differentiated pricing. Prices are

expressed in monetary units.

τpa τpb τsa τsb T1 T2 T3 Pr index W index

Baseline scenario 2.00 2.00 7.70 7.70 0 1

Flat fares 6.62 6.62 8.96 8.96 1 0

Rail subscription 8.58 8.58 8.87 8.87 191 1.12 -0.61

Car share subscription∗ 6.62 6.62 8.96 8.96 high∗ 1 0

Multimodal subscription 17.65 17.65 18.33 18.33 202 1.35 -0.84

Differentiated pricing 7.17 3.48 11.34 7.80 1.16 0.12
∗Note: Profits cannot be increased with car sharing subscriptions having non-zero market share.
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Table 4: System performance metrics at the profit maximising scenarios derived in Table 3

Car owners Congestion Pass share Peak crowding Ave. crowding

Units % 1000 hr/yr % pass/m2 pass/m2

Baseline scenario 46.9 205 0 3.73 2.33

Flat fares 58.0 312 0 2.53 1.35

Rail subscription 60.2 355 24.6 2.81 1.44

Car share subscription 58.0 312 0 2.53 1.35

Multimodal subscription 59.2 396 37.6 3.04 1.59

Differentiated pricing 53.9 313 0 2.35 1.49

Table 3 shows that the private monopolist MaaS operator is able to generate additional profits

with the introduction of a rail pass or a multimodal subscription. In both cases, the corresponding

pay-as-you-go fees are raised above the profit maximising flat fare levels, exploiting the benefits

of price discrimination: frequent users of alternative modes, who are more price sensitive, will not

pay these high fares as it is more likely that they own a subscription. Table 4 reveals additional

details of the simulation scenarios. With profit maximising rail passes, 24.6% of the population

decides to buy a subscription, while with multimodal passes (row 5), this increases to 37.6%, to a

considerable extent because usage fees are extremely expensive in this case. Note that despite the

popularity of subscriptions to alternative modes, car ownership does not decline in these scenarios;

there are slightly more car owners, actually. Moreover, the congestion related delay increases even

more substantially, especially when multimodal passes are offered. The insights gained in the simple

analyses of Section 4.1 suggest that the underlying mechanism is the following: those who are not

that frequent users of alternative modes do not consider the subscription as an affordable option

face higher fares and less convenient services in terms of crowding and car sharing availability.

This provides an incentive for them to stick to their private cars and use them more often for

daily commuting. Beside the degradation of service quality on the road, rail vehicles are also more

crowded when subscriptions are available, compared to the case of profit maximising flat fares.

Table 3 shows that allowing the private monopolist to apply non-linear pricing has severe

welfare implications. The welfare indices are negative for all subscription types, indicating that

profit maximising flat fares are less harmful for society that the combination of subscriptions and

usage fees.

In the final rows of the results tables we simulate profit maximisation with fares and rental fees

differentiated between the two directions. In Section 4.1 we saw that differentiated fares allow the

public operator to improve social welfare by bringing the price of travelling closer to its marginal

external cost. Now we see that differentiated fares are superior, similarly, when the private monop-

olist adapts them. The financial outcome in this case is comparable to the earlier scenarios with

subscriptions, so private MaaS operators may show willingness to replace flat fares with differenti-

ated ones. However, the welfare degradation is substantially lower now. In fact, society as a whole

is also better off with differentiated fares compared to both the initial flat fare alternative and all

17The equilibrium derived here for the car sharing subscription is a local profit maximum that we reach with a low

initial value of T2 in the optimisation. High initial value leads to a global profit maximum with no market share for the

subscription, where flat fare levels are set to what we have in row 2. In other words, car sharing subscriptions cannot

increase system profits in the present model and set of parameters. This suggests that the presence of externalities

prevents the mechanism of price discrimination to improve profitability in this mode.
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three scenarios with subscriptions. This result can be translated into the the observation that under

consumption externalities, profit maximisation with a nonuniform tariff system is not necessarily

more efficient than Ramsey pricing, as opposed to what Brown and Sibley (1986) found for public

utilities without negative externalities.

Due to the natural monopoly nature of urban transport provision it is unlikely that regulators

will not be able to prevent the entirely profit maximising behaviour of MaaS operators. It happens

more often, however, that publicly owned operators have to diverge from the welfare maximising

optimum due to an exogenous financial constraint. As part of this research we run additional

simulations incorporating the concept of costly public funds (MCPF; for an overview, see Small

and Verhoef, 2007, page 177). In practice, this means that profits enter our welfare function in

(18) with a multiplier that captures the marginal social cost of raising an additional dollar of

tax revenue, or the benefit of reducing existing taxes elsewhere in the economy. However, even

if we set the multiplier to 1.3, which is the upper bound of the usual values estimated in the

literature (see Basso and Silva, 2014, page 18), we did not find evidence of any beneficial effects of

subscriptions from a social welfare point of view. Depending on the type of subscription, there is

indeed a threshold level of MCPF where nonlinear pricing becomes more efficient than flat fares.

Additional simulation has revealed that in the case of the multimodal pass, this threshold level

would be 2.5, for instance, which could hardly ever emerge in reality. That is, under the current

set of parameters and model setup, it is unlikely that nonlinear pricing of MaaS services can be

justified with financial constraints. In the upcoming section we return to the issue of cost subsidies

to investigate whether the conclusions above hold with endogenous capacity as well.

4.3 Subscriptions with endogenous capacity

In previous sections we found that subscriptions are indeed effective tools to intensify demand.

One may argue that if capacity was allowed to grow endogenously with demand, then inherent

density economies in user and operational costs (i.e. the Mohring effect) could provide additional

benefits that would not exist without subscriptions. In the last experiment of the paper we test

this hypothesis by simultaneously optimising pricing and capacity variables with the aim of welfare

maximisation.

We made a number of unsuccessful attempts to show that subscriptions can improve social

welfare if rail capacity or the car sharing fleet size are optimised endogenously. In all attempts the

numerical optimisation led to so high subscription prices that their market share dropped to zero.

This implies that social welfare could not be increased by introducing subscriptions with non-zero

market share, in combination with pre-existing flat fares.

As in previous exercises, we learn more about the underlying mechanics by considering exoge-

nously set subscription prices. Table 5 presents a series of simulations in which both rail and car

sharing capacities (f and ρ) as well as the price of tariff products are simultaneously optimised. Its

first row repeats the baseline equilibrium with f = 8 trains per hour and 500 shared vehicles. In

row #2 we re-optimise these variables together with the flat fare levels in both modes. The welfare

maximising rail frequency is substantially higher than in the baseline. Increased rail capacity in-

duces a drop in the optimal rail usage fee, τpa , and the optimal car sharing fleet size also decreases.

These results are due to the disappearance of the crowding pressure in the rail system. Thus, a

modal shift to rail can effectively reduce the rate of car ownership and the delay attributed to road

congestion. We adjust the welfare index of Table 5 to this optimum with flat fares.
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Table 5: Optimal supply with exogenous subscription prices and endogenous rail frequency and car sharing

fleet size.

T3 f ρ τpa τsa Pass share Car own Cong delay Peak crowd Ave crowding W index

$ 1/h veh $ $ – – 1000 hr/yr pass/m2 pass/m2 –

Baseline equilibrium

– 8 500 2.00 7.70 0 0.469 205 3.73 2.33 0

Flat fares, no passes

– 15.3 391 0.37 6.46 0 0.298 37 2.74 1.79 1

Flat fares with multimodal pass

90 15.2 522 0.07 4.96 0.009 0.278 34 2.79 1.81 0.969

60 15.5 188 0.13 4.52 0.007 0.294 29 2.79 1.83 0.955

30 15.3 389 0.00 5.33 0.125 0.284 33 2.78 1.80 0.848

Differentiated fares, no passes

– 15.1 512 0.17 8.27 0 0.301 35 2.8 1.78 1.026

Now, let us introduce the multimodal at three distinct prices, i.e. $90, $60 and an extremely low

$30. To focus on the most relevant result, first note that the welfare index does not exceed the one

without subscriptions. In fact, the lower the price of the multimodal pass, the lower welfare index.

Second, we find that the optimal flat usages fees, τpa and τ sa , are both substantially lower than in the

absence of the pass. With very cheap passes, the optimal rail fee drops to zero. One may suspect that

this outcome is in order to minimise the use of cheap passes, which is successful in the sense that

their market share does not go above 15% even at T3 = 30. We conclude that the overconsumption

of pass holders is welfare degrading, even if rail and car sharing capacities are allowed to grow

endogenously with the intensifying demand. On the other hand, the second source of distortion

we have previously observed with fixed capacity disappears: car ownership and congestion mildly

decreases with the introduction of the subscription, as opposed to what we identified in Figure

2. Finally, the last row of Table 5 we benchmark the results with optimall differentiated pricing.

This pricing regime improves the efficiency of service provision by 2.6%, while the reduction in car

ownership and car congestion are comparable in magnitude to the nonlinear pricing scenarios.

The outcomes above are in line with Hörcher et al. (2018) who find for the case of isolated public

transport that endogenous capacity does not justify the use of travel passes, unless the operator

is facing a severe budget constraint, and therefore its objective is close to profit maximisation.

Thus, it might be important to check the model’s sensitivity with respect to the social cost of

subsidisation. Table 6 repeats the simulation of Table 5 with the marginal cost of public funds set

to 1.2. As anticipated, a positive tax revenue premium reduces the optimal rail and car sharing

capacities, and increases the optimal level of flat fares in row #2. Again, we introduce multimodal

subscriptions at three distinct price levels. A major difference compared to Table 5 is that the

re-optimised τpa and τ sa values are now substantially higher, and therefore the market share of the

subscription is also much higher at the exogenous price levels considered. Our interpretation is

the following: the social planner is unable to minimise the overconsumption of pass holders by

cheap usage fees, because in this case the system would require high subsidies, which is also welfare

degrading in the present setup. As a consequence, the welfare result is again apalling compared to

the second-best optimum of flat fares, while differentiated pricing provides a 3.4% improvement in

the welfare index. Another notable consequence is that the subscription is much less effective in

reducing car ownership and congestion, compared to the flat fare optimum in row #2.
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Table 6: Optimal supply with exogenous subscription prices, endogenous f and ρ, and costly public funds:

MCPF = 1.2.

T3 f ρ τpa τsa Pass share Car own Cong delay Peak crowd Ave crowding W index

$ 1/h veh $ $ – – 1000 hr/yr pass/m2 pass/m2 –

Baseline equilibrium

– 8 500 2 7.7 0 0.469 205 3.73 2.33 0

Flat fares, no passes

– 14.2 339 1.37 7.43 0 0.358 67 2.72 1.77 1

Flat fares with multimodal pass

90 14.9 14 4.19 5.65 0.552 0.447 98 2.46 1.54 0.697

60 14.8 6 2.90 3.17 0.592 0.401 71 2.61 1.68 0.849

30 14.5 3 1.12 2.50 0.415 0.359 50 2.79 1.84 0.881

Differentiated fares, no passes

– 14.1 418 1.07 8.96 0 0.36 62 2.79 1.76 1.034

We specified the public transport operator’s technology with neutral returns to density with

respect to its intermediate output, the frequency of service; see equation (17). One may argue

that public transport providers are normally operating under increasing returns to density, and the

model should reflect this. Note that this is not a precondition for density economies to be present

in the production of the final output, i.e. passenger trips, because the Mohring effect, derived from

the cost of waiting time, is functioning even with neutral density economies in technology. As part

of the sensitivity analyses we performed, we allowed for density economies in frequency production

as well, with with the operational cost function re-specified as zp f ε. Here ε is the elasticity of

operational costs with respect to frequency, which is a heavily context dependent parameter. In

Table 7 we repeat the previous two experiments setting ε to 0.8. This value resembles the degree

of density economies estimated by Anupriya et al. (2019) using a unique panel of operational cost

data provided by some of the largest metro operators around the world.

Table 7: Optimal supply with exogenous subscription prices, endogenous f and ρ, costly public funds, and

density economies in rail operations: MCPF = 1.2; ε = 0.8.

T3 f ρ τpa τsa Pass share Car own Cong delay Peak crowd Ave crowding W index

$ 1/h veh $ $ – – 1000 hr/yr pass/m2 pass/m2 –

Baseline equilibrium

– 8 500 2.00 7.70 0 0.469 205 3.73 2.33 0

Flat fares, no passes

– 18.0 272 1.56 7.58 0 0.333 45 2.28 1.48 1

Flat fares with multimodal pass

90 18.9 9 4.22 3.00 0.583 0.415 71 2.05 1.29 0.835

60 18.6 3 2.89 3.85 0.627 0.365 47 2.19 1.42 0.929

30 18.1 1 1.22 2.52 0.508 0.321 30 2.38 1.57 0.931

Differentiated fares, no passes

– 17.8 341 1.38 9.07 0 0.334 42 2.32 1.47 1.015

Expectations are reinforced in the sense that the optimal rail frequencies are substantially

higher than earlier in Table 7. Interestingly, we observe substitution between rail frequency and the
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optimal car sharing fleet size. This substitution becomes especially strong when the multimodal

pass is introduced in rows 3-5 of Table 7. The optimal fleet size drops to very low levels, meaning

that the welfare oriented supplier intends to shift char sharing demand to rail entirely, presumeably

to exploit density economies. Again, we find that the introduction of subscriptions does not lead

to efficiency gains. However, the welfare degradation is milder in the presence of density economies

in rail operations, as a comparison of the welfare indices in Table 6 and 7 shows cleary. It is

unsurprising that fare differentiation between the two directions turns out to be efficient again;

such disaggregation of the tariff system leads to lower crowding and road congestion, relative to

second-best flat fares.

During the investigation of the previous simulation scenarios we observed that the system level

welfare results are very sensitive to rail frequency compared to pricing related supply variables

(Rietveld and van Woudenberg, 2007, also highlight the importance of frequency in second-best

public transport provision). However, public transport operators are rarely capable of realising so

smooth frequency adjustments as what we allowed for in the numerical exercises. Frequency is often

predetermined by operational or regulatory constraints, e.g. regular interval timetabling policies on

many European railways. If frequency is exogenously fixed, does it matter whether it is fixed above

or below the optimal frequency derived in previous scenarios? A final set of simulations reveals that

even if frequency is exogenously oversupplied, it does not make the introduction of the multimodal

pass at T3 = $60 more efficient than the optimal flat fares regime.

Table 8: Optimal adjustment of flat fares, with exogenous service frequencies and multimodal pass prices.

f T3 ρ τp τs Pass share Car own Cong delay Peak crowd Ave crowding W index

$ 1/h veh $ $ – – 1000 hr/yr pass/m2 pass/m2 –

8 – 500 2.03 7.69 0 0.470 206 3.72 2.33 0

8 60 500 1.12 3.11 0.055 0.438 193 3.85 2.45 -0.188

12 – 500 0.18 6.35 0 0.329 65 3.25 2.13 0.881

12 60 500 0.00 3.87 0.019 0.320 62 3.27 2.13 0.806

16 – 500 0.44 6.18 0 0.287 36 2.63 1.72 0.992

16 60 500 0.00 3.90 0.017 0.266 29 2.70 1.74 0.925

20 – 500 0.72 5.91 0 0.262 23 2.21 1.42 0.849

20 60 500 0.23 3.87 0.020 0.236 17 2.28 1.46 0.780

To provide an overall economic evaluation of the simulations with endogenous capacity, let us

recall that we identified two sources of welfare loss when subscriptions are introduced. First, pass

holders overconsume, as the marginal price they face falls to zero, while the marginal social cost of

their trip remains above zero. Second, increased crowding and access costs for car sharing divert non-

pass holders to unpriced car use, causing additional distortions. Now, the second effect is probably

mitigated to some extent, as endogenous capacity may prevent substantial growth in crowding and

car sharing unavailability. That is, non-pass holders are more likely to stick to alternative modes18

with endogenous capacity. However, theory suggests that even if the operator internalises user

externalities such as crowding with higher capacity, the marginal social cost of travelling does not

disappear; the marginal external crowding cost is just transformed into the marginal operational

cost of capacity adjustment (Hörcher and Graham, 2018). As a consequence, pass holders still

18Note that in previous exercised the usage fee normally increased when subscriptions were introduced, which may

still divert non-pass holders to car use, even if crowding is kept constant via capacity adjustment.
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overconsume public transport and car sharing services, thus degrading the efficiency of transport

provision.

5 Conclusions

This paper introduces a representative consumer model of a multimodal, bidirectional transport

corridor in which commuters make decisions on three levels: they decide whether to own a car in

the long run, whether to buy a subscription to alternative modes in the medium run, and daily

mode choice is also endogenous in the short run. This demand mechanism is implemented as a

three-level nested discrete choice model in which car and subscription ownership probabilities are

determined on the basis of monetary prices and the expected utility in the daily mode choice

situation. Commuters can travel by private cars, shared cars, public transport (rail), and they also

have an outside option with fixed disutility to make aggregate transport demand endogenous. This

framework turns out to be useful to study the impact of subscription-style tariff products proposed

in the Mobility as a Service concept on car ownership, the degree of car congestion, economic

efficiency and financial performance.

We find that the introduction of subscriptions to public transport and car sharing induces

two types of market distortions. First, subscription holders face zero marginal fare in daily mode

choice, while external costs are present in both public transport and car sharing, in the form

of crowding and access costs, respectively. We know from the literature that zero marginal fare

leads to overconsumption under such circumstances. Second, numerical simulation reveals that the

behaviour of those infrequent travellers who do not buy a pass to public transport or car sharing

may cause additional distortions. As they experience constant or increasing usage fees combined

with more severe crowding and access costs after the introduction of subscriptions, they tend to

shift to private car use, even at the price of increasing their car ownership. As road use is unpriced

in the model, this mode shift is also welfare degrading.

From the simple backhaul setting of the model we learn that the impact of subscriptions can be

fundamentally different in spatially defined peak and off-peak markets. As crowding, for example,

is marginal in the off-peak direction, non-pass holders are less likely to shift to car use due to

subscriptions, and the model predicts that they reduce car ownership, as subscriptions become

cheaper. Thus, on the aggregate level, it is a possible outcome of the model that car ownership

decreases while the delay related to car congestion is increasing. From this outcome we conclude

that the rate of car ownership is not necessarily a good proxy for the degree of congestion in the

system, and therefore reducing the number of car owners may not be a valid policy goal in itself.

Despite the presence of externalities, nonlinear pricing turns out to be an effective way to price

discriminate and increase revenues above the level that can be achieved with flat fares. However,

subscriptions lead to severe welfare degradation under a profit maximising objective. We find, as

an alternative to the introduction of subscriptions, that differentiated usage fees are also able to

generate excess revenues compared to flat fares. Profit maximisation this way is less harmful from

a welfare point of view than nonlinear pricing with the combination flat fares and subscriptions.

Finally, we show that the welfare degradation due to subscriptions is milder if public transport and

car sharing capacities can be adjusted to accommodate induced demand, but the overconsumption

problem does not get resolved due to marginal operational costs. Differentiated pricing remains

more efficient with endogenous capacity as well, even if we consider costly subsidisation and density

economies in rail frequency.
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The magnitude of numerical results derived in this paper depend heavily on model parameters,

indeed. Our quantitative results above cannot be generalised for any geographical areas, but the

qualitative findings, e.g. the shape of the relationships plotted, remain robust when input parameters

are modified within a reasonable range. We believe that simply the possibility of the model outcomes

that we derived with the current set of parameters should urge researchers and policy makers that

quantitative analyses with local data are needed before the application of new pricing systems

under the MaaS framework.

Future research might address several limitations of the current paper. For example, we neglect

that car ownership and subscription related expenditures may form a significant proportion of

travellers’ disposable income. In the presence of an income effect, consumer surplus is not a precise

measure of individual welfare (Small and Rosen, 1981). The derivation of compensating variation

using the explicit formula of Dagsvik and Karlström (2005) turned out to be overly computation-

ally expensive, especially in numerical supply optimisation with an iteratively solved equilibrium

constraint. Jara-Dı́az et al. (2016) investigate travel pass provision with an income effect, in a de-

terministic choice framework. We infer from their analysis that the traditional measure of consumer

surplus overestimates the efficiency of travel passes relative to usage fees. In other words, one may

suspect that our numerical results represent a conservative estimate of the welfare degradation

caused by subscriptions to alternative modes.

Another obvious limitation of the present paper is that, for the sake of transparency, we work

with a highly stylised network setup. In a recent publication Becker et al. (2020) assess the welfare

impacts of MaaS in an agent-based simulation of Zurich’s entire transport system. Their experiment

considers the type and size of shared vehicle fleets, their integration with public transport and

additional taxes on car travel as policy variables, but the tariff structure and the actual levels

of pricing variables are exogenous. Their measure of consumer surplus is simply the generalised

cost of travelling, which implies that the impact of induced and discouraged demand on aggregate

social welfare is not accounted for. Despite these limitations of the pioneering work of Becker et al.

(2020), we believe that network-level agent based simulation is a feasible path for the extension of

the present paper’s microeconomic approach.

Finally, note that our model describes a world in which primarily congestion related negative

externalities dominate the transport system, and therefore underpricing and overconsumption are

valid threats in all transport modes considered. A growing body of literature shows that urban

commuting induces positive externalities as well, for example through agglomeration economies

(Graham and Gibbons, 2019). Arnott (2007) and Hörcher et al. (2019) discuss the theoretical

possibility that agglomeration benefits might offset negative road congestion as well as crowding

externalities, respectively. However, the measurement of trip-level disaggregate agglomeration ben-

efits is still in its infancy, and therefore we assumed as a working hypothesis that the net marginal

social cost of urban trips is positive.

This study concludes that travel subscriptions limit the possibility of price differentiation in

transport networks in which the marginal social cost of travelling may vary on a wide range. The

concept of Mobility as a Service is built on the availability of advanced IT solutions. MaaS offers a

perfect opportunity to promote differentiated pricing in urban transport. It is therefore surprising

that so many proponents of Mobility as a Service advocate trip bundling and subscriptions instead

of differentiated pricing, thus pushing tariff policy in the opposite direction to what the principles of

economic efficiency would prescribe, and what new technologies now allow for. We hope this research

can contribute to policy dialogues surrounding the MaaS concept and convince the community of
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transport researchers and professionals that differentiated pricing is the right direction to exploit

the full potential of Mobility as a Service.
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Appendix

A Simulation parameters

Table 9: Notation and calibrated values of simulation variables.

Notation Unit Value Description

Social characteristics

Na residents 8000 Potential commuters in peak direction

Nb residents 2000 Potential commuters in off-peak direction

L - 30 Number of peak periods within subscription validity (days/month)

M - 12 Number of subscription periods in a year

α $/h 20 In-vehicle value of time

αw $/h 25 Value of waiting time

Transport supply parameters

t0 h 15/60 Free-flow car travel time

tp0 h 25/60 Travel time by public transport

K veh/h 3,000 Road capacity

c $ 1.5 Fixed monetary cost of private car trips

C $/year 2,500 Yearly fixed ownernership cost of private cars

S m2 120 Train vehicle size (interior area)

ω - 0.177 Slope of crowding multiplier

αat
s
0 $ 30 Slope of car sharing access cost

h - 8 Exponent of car sharing access cost

η - 0.9 Coefficient on car-sharing inflow

zp $/year 672,000 Slope of train operational cost function

zs $/year 3,000 Yearly fixed operation cost of shared cars

Decision variables in baseline equilibrium

f 1/h 8 Train frequency

ρ veh 500 Car sharing fleet size

τpa $ 2.00 Public transport fare, peak direction

τpb $ 2.00 Public transport fare, off-peak

τsa $ 7.70 Car sharing fee, peak direction

τsb $ 7.70 Car sharing fee, off-peak

Choice model parameters

δ 1/$ -0.5 Marginal utility of monetary expenditures

v0
dij 1/$ -11.5 Fixed disutility of outside option

Ap - -0.8 Alternative specific constant: public transport

As - -0.6 Alternative specific constant: public transport

a1 - 0 Alternative specific constant of owning a car

µ′′′ij - 0.7 Scale parameter on mode choice level

µ′′i - 0.1 Scale parameter on subscription choice level

µ′ - 0.7 Scale paramter on car ownership level
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Table 10: Share of generalised price components in baseline equilibrium.

Travel market Busy direction Calm direction

Private car use

In-vehicle time 0.626 0.625

Operating cost 0.121 0.187

Parking cost 0.252 0.188

Car sharing

In-vehicle time 0.360 0.324

Access (walk) time 0.281 0.179

Fare 0.358 0.497

Public transport

In-vehicle time 0.468 0.627

In-vehicle crowding 0.332 0.104

Waiting time 0.088 0.118

Fare 0.112 0.151

B Optimal car sharing supply

In Section 3.2 we propose a simple static model of car sharing in which the average user cost of

accessing the system (walking to the nearest car) is expressed in terms of the initial fleet size in

the zone, and the net outflow of shared vehicles from the zone. Let us investigate this setting in

more depth. The core subject of interest is the welfare maximising set of rental fees and the optimal

fleet size. Although most car sharing services are provided by profit oriented operators, the social

optimum can be used as a benchmark for future efficiency analyses.

Let us consider car sharing in isolation, serving the bidirectional markets in the back-haul

setting. As demand functions in the two markets are independent, we can now represent marginal

willingness to pay with inverse demand functions ya(qa) and yb(qb). We maximise social welfare

defined by

w =
∑

d∈(a,b)

[ yd∫
0

yd(q
′
d) dq

′
d − qd · cd(r0

d, qd, qk 6=d)
]

+ z(ρ) (B.1)

subject to fleet movement constraints (13), and user equilibrium criteria

yd(qd) = cd(r
0
d, qd, qk 6=d) + τd ∀d ∈ (a, b). (B.2)

In this exercise we neglect the in-vehicle travel time cost and congestion, and cd(r
0
d, qd, qk 6=d) rep-

resents the average access cost, where, using generalised cost specification in (15),

∂cd
∂r0

d

< 0,
∂cd
∂qd

> 0,
∂cd
∂qk 6=d

< 0. (B.3)

The first-order optimality condition with respect to qa yields, after substituting (B.2), the following

fare formula:

τ sa = qa
∂ca
∂qa

(+)

+ qa
∂cb
∂qa

(−)

+ qa
∂ca
∂r0

a

∂r0
a

∂qa
(−)

+ qb
∂cb
∂r0

b

∂r0
b

∂qa
(+)

, (B.4)
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which is symmetric in the opposite direction.

The optimal rental fee has four components. The expected sign of each one is indicated in

brackets underneath equation (B.4). The first term is the straightforward marginal external access

time cost imposed on fellow users in the same market. If someone pick up a car, then others may

need to walk to more to reach a shared vehicle. The second component will offset this impact to

some extent, because the density of vehicles increases at the destination of the marginal trip, thus

reducing access times and cb there. The third and fourth elements of the optimal fare capture the

effect of the marginal change in the equilibrium split of the car fleet between the two zones. The

rearrangement due to the marginal trip in market a has a beneficial impact on others in the same

market, because at the beginning of the next peak period more vehicles will be available for use.

By contrast, consumers are worse of in the opposite direction for the same reason.

As the optimal rental fee in (B.4) has a symmetric structure, the sign of τ s in equilibrium is

ambiguous, and it is also possible for the first sight that the four components cancel each other

out completely. Due to the non-linear specification of cd(·), the analytical derivation of the pricing

rule is not possible for a predefined demand system. We run a series of numerical simulations with

linear inverse demand curves, and found that the under ordinary conditions the first component

of (B.4) is significantly greater in magnitude than the remaining three effects, so the direct access

time externality dominates the net marginal social cost of trips in the peak direction. This is due

to the convex form of cd(·).
From the welfare function in (B.1) we can express the optimality rule for the welfare maximising

size of the car sharing fleet:

z′(ρ) = −
∑

d∈(a,b)

qd
∂cd
∂r0

d

∂r0
d

∂ρ
. (B.5)

That is, the marginal cost adding more vehicles to the fleet must be equal to the marginal benefit

of access cost reduction in both markets, which is realised through the increase in vehicle density

right from the beginning of the peak period.

C Minute-based car-sharing fees

In the main analysis of this paper we consider flat (directionally undifferentiated) car sharing fees.

In reality, car sharing service providers sometimes apply usage fees, meaning that users are charged

for each minute they travel. Under demand fluctuations, time-dependent pricing implies that those

who travel on a congested road section pay more, and the monetary payment for the full trip

increases with the level of congestion. Intuition suggests that such pricing regimes are closer to the

first-best allocation, as the marginal external congestion cost also increases with traffic volumes.

This part of the Appendix investigates whether the choice of flat fares in the paper’s baseline model

could affect our qualitative conclusions.
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Table 11: Optimal supply with minute-based car sharing fees

τpa τpb τsa τsa τsa per min τsb per min W index Pr index

Welfare maximisation

Both flat fares 2.00 2.00 7.70 7.70 0.33 0.51 0 0

Flat τp, min-based τs 2.02 2.02 9.88 6.42 0.43 0.43 0.623 0.496

Differentiated τp, min-based τs 2.24 1.4 9.85 6.35 0.42 0.42 0.925 0.901

Both differentiated 2.23 1.49 9.54 6.79 0.41 0.45 1 1

Profit maximisation

Both flat fares 6.62 6.62 8.96 8.96 0.34 0.59 0 0

Flat τp, min-based τs 6.63 6.63 11.83 6.93 0.45 0.45 0.163 0.157

Differentiated τp, min-based τs 7.16 3.41 11.85 6.76 0.45 0.45 0.997 0.928

Both differentiated 7.17 3.48 11.34 7.81 0.43 0.52 1 1

Table 11 shows the results of a series of simulations with two objective functions, i.e. welfare

and profit maximisation, and four pricing regimes. These include:

• flat fares in both modes;

• flat rail fares combined with minute-based car sharing fees;

• directionally differentiated rail fares with minute-based car sharing fees;

• differentiated pricing in both modes.

In case of the optimised car sharing fees, Table 11 provides both the full fare for the entire trip, τ sa
and τ sb , and their per-minute equivalent that we get by dividing the full fare by the equilibrium travel

time on the road. The table contains welfare and profit indices, where the zero level corresponds to

the the baselines setup with flat fares, and the metrics equal to one when fares can be differented

between directions in both modes.

This exercise shows that, under the current model and set of parameters, the magnitude of the

benefits of travel time-based pricing depends on both the operator’s objective and the flexibility

of rail fares. In case of welfare maximisation, fixed minute-based fees (row #2) do increase social

welfare, relative to the baseline scenario (row #1). A comparison with first-best supply (row #4)

reveals that minute-based fees over-differentiate the price of car sharing in the two directions: the

optimal pair of peak and off-peak charges would be τ sa = 9.54 and τ sb = 6.79, while minute fees

lead to a somewhat wider gap between the two directions, τ sa = 9.88 and τ sb = 6.42. This implies

that only 62.3% of the welfare benefits of fare differentiation can be harnessed with this pricing

technique. In case of the profit maximising objective, switching from flat car sharing fees to minute

based ones provides no more than 16% improvement in financial performance. However, if the rail

fare is optimally differentiated, travel time pricing delivers 92.8% of the highest profits, relative to

the baseline scenario.

The in-depth economic analysis of time dependent pricing of car sharing is out of the scope

of this paper. It is indeed possible that a different model with a different set of parameters could

identify more benefits in support of this pricing technique. What we conclude from this exercise is

that the choice of flat fares in our model might not have serious implications in terms of the paper’s

core qualitative results.
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