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Abstract: This article attempts to internalize the negatixéemal effects (congestion and
pollution) generated by using cars, by considetirgurban tax tool. To do this, we provide
the development of a microeconomic model of thizuartoll system, in order to minimize the
total social cost. Two modes of transportation taken into account: cars and public
transport, the latter being considered non-poltutifhe total social cost includes (1) the costs
generated by the two modes of transport, (2) thegestion costs, and we add (3)
environmental costs generated by using cars. Basedrnott et al. (1990, 1993), who
developed a bottleneck congestion model, threenaltiee tolls are compared: a fine toll, a
coarse toll and a uniform toll. Thus, several typésirban toll are investigated and we also
add a modal policy, which redistributes the gairsmf urban tax to public transport. We
analyse the implementation of an economic tool anghodal policy to achieve a social
optimum. Finally, we highlight that the uniform tpkovides the greatest impact on car traffic
reduction but induces the highest total social.cAstoarse toll and a uniform toll reduce the
social cost in comparison with a no-toll equilibniuWe also point out that adding a modal
policy to the toll is successful in reducing theatosocial cost. A review of urban toll

applications supports this theoretical analysis.
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1. Introduction

At both local and global scales, public actions@mesidered in terms of sustainability. In this
regard, the transport sector is no exception. Tingortant role of transport as a source of
greenhouse gas (GHG) emissions, in particulas €@ssions (Raux and Marlot, 2008) nho



longer in doubt and is growing rapidly (Stanleyakf 2011). In 2008, the transport sector was
responsible for 19% of total GHG emissions (Europé&mion, 2011). According to the
European Commission (EC, 2007), European citiesesgmt nearly 85% of the gross
domestic product (GDP) of the European Union arf 05 trips are made by car. Given that
the spatial distribution of C{emissions from cars is mostly urban, public actipnmarily
focus on urban transport. Hence, the personal toausport sector poses a significant

challenge for the reduction of pollution.

In Europe, Germany, Italy and France have adomteld to regulate urban traffic and reduce
pollution from motor vehicles. In Italy, the city ®ilan introduced an environmental toll in
January 2008. The most polluting vehicles must gdgx called Ecopass to access the city
centre from 7.30 a.m. to 7.30 p.m., Monday to Rridsccess is free and unrestricted to the
least polluting vehicles, public transit and bi@g(Rotaris et al., 2009, 2010). The aim of this
ecological toll is to encourage individuals to leaweir cars at the entrance to the city and
travel to the urban centre by an alternative madeh as public transport. In Germany, a
more drastic solution was chosen. The most potjutiars are simply prohibited in the city
centres of Berlin, Cologne and Hanover. The cang/dickers of different colours indicating
their level of pollution. Environmental zones aefided, corresponding to areas where only
vehicles complying with emission standards canealriWehicles with very high emissions

have to stay out of thenhtfp://www.stadtentwicklung.berlin.jleAs for France, following

the Grenelle de I'environmenf2007), the eco-vignette (also called the “ecdiff@y was
born. The objective was to encourage new car butgefavour less polluting models. An
incentive system of “bonus-malus” was chosen. Ausois available to purchasers of new
cars emitting less than 130 grams of Qqs@r kilometre and a penalty must be paid by buyers
of vehicles emitting more than 160 grams of,@@r kilometre. These three recent European
examples show the willingness of the authoritiecdasider the problem of car pollution.
However, this consideration of the environment rangportation policies has not always
existed. For years, the objectives of traffic flamd infrastructure financing were at the heart
of transport policy and, in particular, of urbamrnsport. The goal was to find relevant
solutions to congestion issues. Nowadays, it iseqdifferent. The aim is not only to reduce
car traffic but also to restrict all the other niaga externalities of the automobile, such as
pollution and noise.

Urban road pricing, like a Pigouvian tax, has beecommended as a welfare-increasing
policy (Pigou, 1920; Vickrey, 1963, 1969; Waltet®61). The damage generated by using



cars is taken into account by the urban tax. Armaroll was first used to reduce the number
of cars in the city centre but its aims have nowlesd. Singapore, London, Stockholm and
Milan have implemented this tool for travel intoetltity centre. Although the aim of
Singapore and London was to relieve traffic corigastin Stockholm the urban toll was
introduced not only for this reason but also foremvironmental one while in Milan it is an

ecological tax.

This paper aims to improve this urban toll systeodet by making it more relevant and more
suited to the current environmental expectationsasfsport policies. To do this, we propose
to add several extensions to the existing bottlemengestion models of Arnott et al. (1990,
1993). First, in order to consider the environmeptapose of the tool better, we include the
environmental costs induced by car usage. Secomndyassociate a modal incentive policy
with the toll. The matter of redistribution of takvenues to public transport has been studied
and it was highlighted that it is necessary to owpr social equity and to finance public
transport (Hau, 1992; Small, 1992; Goodwin, 1983ryand Bento, 2001; Litman, 2005This
question of the modal policy of toll revenue redisition was also been discussed by Mirabel
(1996), Reymond (2005) and Mirabel and Reymond 120These authors investigated two
kinds of road toll: a fine toll and a uniform tdbut not the coarse toll. A bi-objective
optimization of traffic congestion and environméntast with toll and redistribution of
revenue was considered by Chen and Yang (2012)riytin a static network setting, while
we address essentially here the redistributionsaquential dynamic setting. Our approach is
so innovative and distinguishable from existingdgts insofar as it considers both the
environmental costs and the rebate of three kifdsllg, all in a sequential dynamic context.
Finally, the goal is to internalize, through a meconomic modelling of the urban toll, the
external effects of the transport (congestion antiufon) in order to minimize the total
social cost. Two modes of transportation are takenaccount: cars and public transport, the
latter being considered non-polluting (we use théuchi (1993) and Danielis and Marcucci
(2002) bimodal model). In the first part, we prdstre main characteristics of the bimodal
model. In the second part, we determine the mogailierium. Then, in the third part, we
add a modal policy to the model and we determieestitial optimum. We present the results
of different policies and analyse the best polieythe fourth part. Finally, we highlight the

analytical results of the model and discuss theth examples of urban toll implementation

2. Main characteristics of the bimodal model



We base our development on the reference modetradtfet al. (1990, 1993) but we assume
that there are two possible modes of transports Tidal split implies a modification of

certain assumptions of the reference model bufitstefour assumptions remain the same:
H1: If the arrival rate at the bottleneck exceelds toad capacit), a queue develops
(Vickrey, 1969 introduced this concept, which waveloped by Arnott et 211990, 1993).
The capacity constraint is a flow constraint, white queue discipline is first-in, first-out
(FIFO).

H2: All individuals want to arrive at work &t.

H3: All individuals have a total cost proportiortalthe cost of the travel time)(and to the
cost of schedule delay i.e. the costs of arrivinga@k early ) or late ¢).

H4: In the model, all individuals are considereentical.

However, assumptions 5 and 6 are changed and become

H5: N is fixed but we considéMa motorists andNg public transport commuters.

According to Tabuchi (1993), the sua+Ng=N is fixed.

H6: The equilibrium is not a Nash equilibrium budardrop equilibrium (1952) (i.e. at
equilibrium, individuals are indifferent to the twoodes of transportation inasmuch as travel
time costs are the same; by researching the hestaty individually, agents obtain an
equilibrium situation according to which “no commautcan improve his travel time by

changing itinerary” (Dagonzo and Sheffi, 1977).

To take into account the environmental cost of dagomobile, we consider an additional

assumption as follows:

H7: Each car emits a certain average level of earisse. This is monetized at a constant

average coste. Ce is strictly positive and introduced directly inteettotal social cost.



H7 is a simple hypothesis, insofar as it suggdstseénvironmental damage is proportional to

the emissions caused by automobile use, but #éésssary for solving the model.

The main characteristics of the model, including tew assumptions, are presented in the
table 1.

Equation (1) implies that if the number of userspablic transportNg) increases, then the

costCg decreases. Equation (2), meanwhile, representsabel cost of a motorist defined by
the model of Arnott et al. (1990). The modal eduilim, represented by equation (3) and
defined by assumption (H6), means that users ditfarent to the two modes, since the time
costs of travelling by public transport or by ces aentical.

A modal equilibrium based only on costs implies exf@ct substitution between the two
modes of transportation. This bimodal equilibriusnsipecified as a Wardrop equilibrium.
According to equations & and (4), if environmental costs are nuCé = 0), then we obtain

the total social costs of the Danielis and Marcucodel (2002).
3. Determination of modal equilibrium

Firstly, we determine the modal split in the edprilim, i.e. the number of motorists and users
of public transport without a regulatory policy bgi implemented. The aim of the
introduction of a toll and a modal policy is to irge the equilibrium in order to achieve a
second best optimum
Combining equations (1), (2) andaj3we have a quadratic function:

ONg?+ (cK + ON)Ng + FK = 0

Two conditions are added:

. L . . cK.
Condition 1. One solution is retained in order tHEuz? is always true.

Condition 2: A N limit is determined. It represents an economic tliafove which it is

reasonable to construct public transport. Unﬁerthe car is the only mode of transportation

! As we cannot obtain the first best social optimimecause the analytical framework is not perféntesthere
are difficulties in assessing environmental damage, several externalities, but only one econowit, tetc.),
we seek the second best. This is the best ecorsituation it is possible to achieve when the fivgst is not
available.



used. Aboveﬁ, cars and public transport are both used andixkd tosts are covered. Note

that the number of public transport commutegscannot be small at equilibrium because the
fixed costs F would not be covered. So, the distidn is discontinuous up tH= N . When
N<N, the distribution (NE,NE )is (N,0), but from N=N the distribution goes up
(Ns Ng).

With these new conditions, we obtain at equilibritia modal split as follows:

ForN>ﬁ:
N cK N ckK)> FK N cK N cK)® FK
(NE’NS): _+C__ (__C—] -, ——C—+ (——C—] - (Sa)
2 20 2 20 5 2 20 2 20 )
ForNsN
(Ns,Ng) =(NO (5b)

with N = % + 2‘/% value at which the square root is zero.

Note that the parameter related to time costs famvand delay)d] and the fixed costs of
public transportK) play an important role in equationaj5of the modal equilibrium and the
value of the threshold\ .

Combining these resultsgdband (%) with (4a) and (4) respectively, we obtain the total

social costs at equilibrium:

. N N  cK N cK) _K =
CST® =cN+—F+C_|—+—|-C..||———| -F— siN >N (6a)
N E 2 23 2 23 3
N2 —
CSTy =CcN+=— siN<N (60)

Again, if environmental costs are null, we obtagsults identical to those of Danielis and
Marcucci (2002). We can now continue with the deteation of the social optimum. This is
obtained by minimizing the total social cost. Thieative is to establish a modal split model
with different types of toll associated with a mbdadistribution policy to find the second-

best social optimum.

4. Adding a modal incentive policy and the social optimum



The external effects of congestion and pollutionegated by car use must be considered by
the urban toll, so that the collective total casmminimized. We take the three types of toll
identified by Arnott et al. (1990, 1993) to obtaire social optimum: a fine toll, a coarse toll
and a uniform toll. To implement a policy of suatgle mobility, an important assumption
must be added to the model concerning the encowgagiodal shift. This is our second

extension:

H8: We consider a redistribution policy of gainsrfr the toll, whatever its type. We assume
the toll is implemented in the peridd The redistribution of gains from the toll Thwill have
an impact on the ticket price in the peribgl.

The aim is to encourage individuals to take putshmisport because it is assumed to be non-
polluting. In fact, public transport ia priori only less polluting than cars. However, for
reasons of model resolution, we consider a pobjutmode (car) and a non-polluting
alternative (public transport).

To solve the model with these new assumptions, exeldp a nine-step approach. It is
divided into two periods: the period T when theasrlioll is introduced and the peridd-1
when the modal policy of revenue redistribution agplied. The various types of toll
considered follow the same methodology. Box n°limes the stages of resolution of the

model:

Box n°1: Methodology

Resolution to the period T consists of five steps:

Step 1: Determination of the cost incurred by tregarist with the toll implemented.

Step 2: Determination of the ticket price, i.e. tost incurred by the user of public transport.
Step 3: Determination of the modal equilibrium byualizing the cost sustained by the motorist arat th
incurred by the user of public transport (Wardropgple: H6).

Step 4: Calculation of the total social cost dutheomodal equilibrium determined in the previoteps

Step 5: Calculation of the toll revenue.

The analytical solution to the period T+1, taking into account the redistribution of income, is composed
of four steps:

Step 6: Calculation of the new cost of public trgors, and the price by removing the toll revenuedained in
Step 5.




Step 7: Determination of the new modal equilibrium.

Step 8: Determination of the new cost sustainethbymotorist with the new modal equilibrium.

Step 9: Calculation of the new total social cost.

We apply the nine steps of the methodology abovedetermine the social optimum in the

establishment of the fine toll.

For step 1, we determine the cost sustained bynthtorist with the toll implemented:

CF =—2 (7)which is composed of an hourly ca8f = —2 and the financial cost of the
K 2K

N
toll: CP = —2 .
2K

Step 2 determines the ticket price, i.e. the costred by the user of public transport:

F

©)

— P _—
P _CB =C+
B(T)

Then the modal equilibrium is obtained by equatizéguations (7) and (8L} = C{ with
N 2%. By solving the quadratic polynomial Mg, we obtain:

If N>NP

R R 2 (R

If N<NP
(N4, Ng)=(N,0) (9b)

with NP :%+ 21{ﬂ
fo) o

Combining equations & and (4€) with (9a) and (%) respectively, as shown in Step 4, we

find the total social cost:

If N>NP
P 2 2
CST = cN+ NPF_5(NA) +CE(E+%j_CE (E_%j _FK doa)
NS 2K 2 20 2 20 o)
If N< NP
2
CST” :d\l?+CEN (LOb)




with N° = 2JKF +%

S(NR)?
2K

The toll revenue is determined as follov®? = 7° x N} =

(X))

with 7°the fine toll.

We observe that the main difference compared teethalibrium (without a toll) (seed) is
that the implementation of a fine toll generatesereie that is deducted from the total social
cost (1&). The new cost of public transport is obtainedsiap 6 where the toll revenue

determined by equation (11) is deducted from ttieetiprice.

F ; F N-N§
Prey =Coray =C+ 5 - E\’(T) = C+—5 - 6( S B’(T))z @2
NB,(T+1) NB,(T+1) NB,(I’+1) 2KNB,(T+l)

We determine the new modal equilibrium by combiniigand (12) (cf. Appendix A):

If N>N"

(N?NSF{N+35_J¥KLHQW—2§K'_EE+J@KLHQW—2$KJ 03)
o2 J o2

If N<N”

(NX.Ng)=(N0) ()

with N™ = ,/ﬁ
o

For step 8, we determine the new cost sustaingbeoynotorist. By combining (B} and (7),

e . 2K2 + 52N2 - 20FK
weobtaln(:,i’:d\lKA :%+c—\/c 5K F

14

which implies:

N VeK2+ 5N 25K

Cr =
K
15
o N Je2K 2+ 52N2 - 20FK
Cg =—+c- "

The new total social cost is obtained in step 9;cbgnbining (15) with (4) and (4b) we

obtain:



If N>NP

2 (
CTS =cN +5NT + CE[N +%j - Jc2K2 + 52N2 - ZéFKL% +%Ej (163)

If N<NP

2
cTS =ONT +C.N  (L6b)

Note that the exponeRtrepresents the position of the fine toll (perigcand the exponer’
that of the fine toll with a revenue redistributitmpublic transport (tim& +1).
We apply the same methodology to the coarse talltha uniform toll. Table 2 presents all

the results.
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5. Analysis of optimal policies

The implementation of an economic instrument sigcaraurban toll changes the behaviour of
motorists. The importance of associating a modétyosuch as the development of public
transport or a decrease in the ticket price of ipubdnsport, in order to facilitate this change
in user behaviour has often been established. Hemvélve effectiveness of implementing a
modal incentive policy must still be proved.

By analysing the results presented in Table 2, e compare the effectiveness of the
different tolls studied to reduce the proportiomadtorists from the equilibrium. In addition,
we question whether the modal policy of redistribgtoll revenue, introduced ifi+1, has a
real impact on reducing the total social cost camgao the situation obtained Tn

Thus, in the subsections that follow, we compahdall analytically in period3 andT +1
compared to the no-toll equilibrium.

5.1. Finetoall

The no-toll equilibrium is exactly the same asfihe toll situation (without the redistribution
policy). This equality comes from the fact that fime toll does not reduce the proportion of
motorists. In fact, its aim is to make the traffiow during the rush hour. So, the
implementation of the fine toll does not modify tis¢al social cost. There are no changes for
the community.

On the other hand, a fine toll associated with @ah@olicy of redistribution of gains entails

some modifications. Thus, the proportion of motsritecrease:s;, > 7, ) while, in contrast,

the proportion of public transport commuters inse=a » < 75 ). We use the following

1
limited development (1+ e)é =1+% applied to the proportion of motorists to provésth

effect (see Appendix B). The fine toll only hasingact compared to the no-toll equilibrium
situation. However, the fine toll combined with aadal policy results in a modal transfer

from motorists to public transport. The total sboiast decrease:CST" < CST" ) because

the proportion of motorists is reduced, and there fall in environmental costs.

5.2. Coarsetoll

11



Contrary to the fine toll, the coarse toll has mpact on the proportion of motorists compared
to the no-toll equilibrium situation. We analysee timpacts of the modal policy on the

reduction of the proportion of motorists. We use fbreceding method i.e. the limited

ct

development and we findy€' >7%) and @75 <n75) (calculations are in Appendix C). The

coarse toll generates a reduction in the proportbnmotorists and the modal policy
intensifies this result. The total social cost ignimized in comparison with the no-toll

equilibrium situation. An economic tool added tonadal policy gives a social optimum in

relation to the benchmark situation, so the costiigmized: CST" <CST" <CST").

5.3. Uniform toll

The uniform toll (like the coarse toll) entails eduction in the proportion of motorists in
comparison with the no-toll equilibrium situationy(<75). The objective is to compare the
situation of the uniform toll alone with that ofetluniform toll combined with a modal policy.
The results prove that the toll plus the modalgokliave a bigger impact on the proportion of
motorists. The proportion of motorists decreased #re proportion of public transport
commuters increasesyy{ >7% ) and (75 <77y ) (calculations are in Appendix D). Note again
that the objective is achieved with the toll condalrwith the modal policy. Implementing a
uniform toll reduces the proportion of motoristsaamparison with the no-toll equilibrium
situation. Then, the modal policy intensifies thedal transfer from motorists to public
transport. So, the environmental cost is lower, e likthe total social cost

(CSTY <CST’ <CST).

6. Discussion

6.1. Theoretical results

After analysing the theoretical results, severalabasions can be made. The implementation
of a coarse toll, as well as a uniform toll, reduitiee proportion of drivers compared to the
no-toll equilibrium. However, the fine toll doestriave this advantage. It does not reduce the
proportion of motorists, since its main objectigega improve traffic flow during peak periods
rather than reduce it. However, this result chamnvgesn the modal policy of redistribution is

associated with the fine toll. The main conclusisrthe success of associating the toll, of

12



whatever type, with a modal incentive policy, emaplthe total social cost to be minimized
relative to the no-toll equilibrium. Whenever altd complemented by a redistribution
policy, the modal shift of motorists to public tegort increases, leading to a reduction in
pollution and a minimization of the total sociaktoThe effectiveness of the modal incentive

policy is demonstrated.

6.2. The application of an ecological toll: Stockholm to Milan

The Stockholm toll had many objectives: to reduedfit volume by 10 to 15%, to increase
traffic speeds in the city centre, to reduce emarssiand improve the environment/quality of
life of residents. Before the toll was finally ingphented, an experiment was carried out
lasting seven months, from January to July 200@daember 2005, a survey showed that
two thirds of those questioned were opposed toctmgestion system. Nevertheless, in the
referendum of September 2006, 51% voted for thebkshment of a permanent toll,
demonstrating that this seven-month experiment fivedly beneficial. During the testing
phase, the introduction of tolls generated a deered about 22% of the traffic in the area.
CO, and nitrogen dioxide emissions were reduced by.12%

However, a cost-benefit analysis performed by Pardime and Kopp (2007) showed an
inefficient economic toll. Gains by the toll, su@s traffic reduction, time saving and
environmental benefits, did not cover the costsseiting up the system and the public
transport congestion induced by the toll. In additithe congestion was low so the gains from
its reduction to its optimum level were low as weélbwever, this study focused only on the
test period of the toll, while the long-term visiaras discarded. According to the report of
Raux et al. (2009), the economic balance shedteoimiplementation of the toll was mixed.
For example, some original objectives were methaytoll, such as a more than 15% decline
in traffic volume, an increase in the speed ofudation in the centre from 22.9 km/h to 26.2
km/h and an increase in well-being in the centsesteown by satisfaction surveys (Hiselius et
al., 2007). However, the heavy investments of irmaeting the toll system and its operating
costs reveal economic inefficiency. The officiapoet of Transek (2006) (an engineering
company) was similar in showing that the toll systgenerated a social loss during the test
period. However, over a longer period, that isap som the fifth year, the report highlighted

a social benefit. Each additional year of operawdrthe toll would bring a profit of 760

13



million SEK (88 million euro9. The report also stated that if the toll was mpdemanent,
investment costs and maintenance would be coverdtie form of socio-economic gains
between 15 and 25 years. However, the resultsstflzenefit analyses should be viewed with
caution since they are very sensitive to estimatimethods and the values used for the

evaluation.

In Italy, the city of Milan has been operating alegical toll since January 1, 2008. The
most polluting vehicles must pay a tax called Essp@a access the city centre from 7.30 to
19.30, Monday to Friday. Access is free for thesigmlluting vehicles, public transport, and
bicycles. The purpose of this environmental toltassncourage people to leave their cars at
the entrance to the city and to visit the city cerdy an alternative method, such as public
transport. The pricing system is based on “theupeil pays” principle (Pigouvian tax). The
implementation of this ecological toll had threeimabjectives: to reduce the concentration
of particulate matter by 30% in the area subjedbltis, to improve traffic flow by reducing
by 10% the number of vehicles entering the ared, @nstrengthen public transport by
redistributing Ecopass revenues. The results ptedaare from the assessment conducted by
the Agenzia Milanese Mobilita Ambiente (AMA) Concerning fine particles, a 19%
reduction of average concentrations of particulatgtter was observed compared to the
period 2002-2007. The goal was undoubtedly overedéd. However, according to the
report, in 2008 there was an 11% reduction in eomnssof nitrogen dioxide (Ng), a 37%
reduction in ammonia emissions and a 9% decreasarioon dioxide (Cg) emissions. There
was thus a general improvement in air quality. Eeeond objective of the toll was also
reached since there was a 14% decrease in the nainbehicles entering the area subject to
the toll (less than 22,000 vehicles per day). Tkeduction was particularly focused on the
most polluting vehicles as there was an increastenless polluting vehicles entering the
area. The toll system is a side benefit insofathaslong-term vehicle fleet will be renewed
but, on the other hand, the traffic of less patigtvehicles will increase in the charging zone.
An increase in traffic and congestion can therefmreexpected. The third objective targeted
by the implementation of the Ecopass was to reinttes revenue in the public transport
network. The estimated sum was € 24 million per ye# the actual amount in 2008 was only
12 million. Again, the cost of operation and impkartation of the instrument is relatively

% Conversion rate used 1SEK = 0.115813 EUR on 30
% Agenzia Milanese Mobilita Ambiente (AMA), ComuniMilano, 2009, Monitoraggio Ecopass: Gennaio-
Dicembre 2008, February 2009.
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high compared to the revenue generated, espesialtg revenues are expected to decrease
due to the replacement of the fleet. However, dusth be recognized that the environmental
toll has achieved its main objective, namely tousdemissions and decrease traffic in the

area.

This review of the application of this tool in tegies of Stockholm and Milan shows rather
positive results, at least from an ecological pahtview. Indeed, in both cases studied, the
polluting emissions have been reduced and the @mwiental objective achieved. However,
these results need to be qualified insofar as teaamic efficiency of the Stockholm toll is
debatable, at least in the short term, and theogwall toll of Milan has not provided the
expected revenue for the funding of public transgégevertheless, both have completed their

tolls based on improving the environment in thgesed areas.

7. Conclusion

The objective of this article was to develop a mémonomic model of urban tolls to take into
account external effects: congestion and pollutinrthe first section, we laid the foundation
for modelling. Relying in particular on the modallis model of Danielis and Marcucci
(2002), we introduced two new assumptions. Thé ¢oscerns the environmental cost of the
automobile and was added directly to the totaladamst. The second is the introduction of a
modal incentive policy. We have developed a metloggo for two periods. First, we
assumed that the toll had three different formsl aas introduced in the period In a
second step, we integrated the policy of redistigutoll revenue to public transport in the
periodT+1, to reduce the ticket price of the latter. Ourlginzal results highlight a reduction
in the number of motorists through a uniform tallaocoarse toll, but not with a fine toll.
However, in the period +1, the association of the redistribution policy @firgs with any
type of toll reduces the total social cost compdcethe equilibrium situation (without a toll).
Finally, we highlight that the uniform toll has tigeeatest impact on car traffic reduction but
induces the highest total social cost. Coarse #il$ uniform tolls reduce the social cost in
comparison with a no-toll equilibrium. The theocati model shows that the economic tool
and the policy of redistribution are complementaipce the modal shift of drivers towards
public transport increases, and efficient in thessethat the total social cost is minimized
compared to the equilibrium situation. In ordestdostantiate our theoretical results, we have
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presented two examples of urban tolls: Stockholnd afilan. The objectives of the
Stockholm toll are similar to those of our thearalimodel: to reduce congestion and
emissions in the city centre. The objectives of Milan toll are almost identical to those of
our theoretical model insofar as they focus on simis reduction (it is an ecological toll),
congestion reduction (fluidity of traffic) and stgthening public transport by redistributing
revenues. The analysis of both tolls shows thatréselts are disputable. A reduction in
polluting emissions is recorded and the environaleobjective is achieved. However, the
cost-benefit analysis carried out on the econonffciency of the Stockholm toll is
controversial, at least in the short term, and Mikan toll does not deliver the expected
revenue for financing public transport. On the othand, we know the effect of the time
value. Indeed, in the theoretical model, a higretialue reduces the effects of the regulatory
policies implemented. In contrast, a relatively ldme value increases the effectiveness of
tolls and a redistribution policy. For example, t@st-benefit analysis carried out on the
Stockholm experimental toll shows some economiffimency of the instrument. This can
be partly explained by the fact that these analgsedased on estimated values of time, and
it is therefore questionable to evaluate the ghm® reducing congestion. In this regard, the

time value is a key variable in the success otdhe
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APPENDIX A:

Calculation of the stability
Finetoll:

After equalizing the costs of travel in the periQidtl), we obtain a first order recurrent

2
O(N - N J(N - NP
nonlinear equation: ( 0.0 =c+ PF - ( _ B,m)
K N 2KN

B,(T+1) B,(T+1)

If the solution converges to an equilibrium modaplit§N;,N7), it satisfies:
—-I(N§)? —=2cKN{ - 2FK+JN*= 0. Solving the polynomial iN;, we obtain the modal

equilibrium.

Calculation of the stability

It expresseNg, ., in terms ofNg ,, which generates the following relationship:

. ON-cK+,/@K2-2cKI N+ 2N & 2NN )+ B 2N, )= 4FI0
B,(T+1) —
20

we setx;,, = f(X) which implies:

ON - cK ++/ @ K2-2cKI N+ 332N2— &) 2Nx D 2x= 4AFK
20 ’

Global stability is verified if and only if the deative: f '(x) <1.
WesettJ K FcK %z ZKON+ d N2 4 N¢ @ %2 KO
= J(X) =(ON-cK)2+202(N- X2- 45 FK

f(x)=

with 262(N - x)2> Oand if N >—V45F§_+CKthen:«/J(x) >0:;
. v O(N=X . e
we find f (x)——ﬁso, becauseN > x and then f '(xX) <1. The global stability is
X
verified.
APPENDIX B:

Demonstration: ;7; >7; theproportion of motoristsin afinetoll situation only is higher

than that with fine tolls and a modal policy

The values obtained are:
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p_1 ck 1_ ck _ Fk ck [k 2Fk
Ny=—+—- — andn; =1+—- +1-
2 2N 2 2N) N N N2 N2

L £
We use the following limited developmefit:+ £)> =1+ 3

We can writer7; and s}, following:

1
p_1 ck { 1 ZCk c2k? Fk} 1 ck 1[ 2ck c2kx 4 Fk}2
+ + 1- + -

M= oNT| 2 anTane N2 27N 2T N TNz N2
. 2ck k2 4Fk
with = — + -
N2 N2
2 22
,7_1+c_k 1+02k_2Fk with ¢ = Sk _ 2Fk
N N2 N2 N2 N2

According to the conditiorN = ckand addingN > Fk
1
We use the limited developmerft:+ £)2 =1+ %With (Fk, ck<<1)

We have:

np_c_k+ik_<?k2 Fk_ ck Fk 2K
AT 2N 2n 4N2 N2 N N2 4N:?
7 = ck _ (:2k2 _Fk
ATN 2N2 ‘N2

c2k2
4N 2

>0

which implies:} -n; =

Demonstration: 77 <nf the proportion of users of public transport in a fine toll

situation only islower than that with a finetoll and revenueredistribution to the public

The values are:

np—l—c_k-{- }—ikz—ikandqpl—_c_k.}- C2k2+1—2|:k
B 2 2N 2 2N N 2 B N‘\/N2 N2

1
We use the following limited developmerft:+ £). = 1+%

We can writer7f and 7, :
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1
P = 1_ck [1 2ck, cke Fk 1 c_k+11_2ck+c2k2_4FkE
B2 2N 44N AN2 N2| 2 2N 2 N N2 N2
. 2ck 2k 4Fk
with £ = - + -
N2 N2

. _c_k+[1+02k2_2Fk} with ¢ = K2 2Fk
Nz N2 N2 N2

According to the following conditionN =ck and addindN = Fk, we use the limited

1
development{l + £)2 =1+ gwith (Fk, ck<<1)

2
We haverp{ —1—C—k—ﬂ( ¢ K
N N2 4Nz2
ne :—C_k+]_+ ('ka_ik
N 2N2 N2
.o C2k2
which implies:n; —ng =- N2 <0

APPENDIX C:

> Demongtration: 775 >75 the proportion of motoristsin a uniform toll situation

during peak periodsishigher than with a modal policy

The values are:

’ 2
o=ty ck \/(g_ ck]_ kF andn® =1+ ck _\/ ¢k _ Fk

2 4N |2  »N) BN 26N\ 492N2 §N2
. 1 &
We use the limited developmerft:+ £)2 =1+ >

We can writer7y and 75 :

1 ck 1 ck ek 2Fk . _Cck &k  2Fk
Na==+——-Z|1- withe = + -
2 49N 2 ¢N A¢2N2 PpN?2 PN  492N2 PN2
1
2 2 2|2
g = 14 ck_1 K szwithg:Ck—Fk
2¢N 4¢N2 P N2 49N2  @PN2
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According to the following conditionN = ck and addingN = Fk, we use the limited
1
development{l + £)2 =1+ %avec (Fk, ck<< 1)

We have:
ck N Fk ¢k
20N 29N2 169 N 2
ck k2 Fk
+

ct —
/7A_

ct' — _
T 20N 8p2N2 2pN?2
; ; ings pCt _ pct' — LS
which implies:n, —nx _16¢2N2>0

ct

> Demongtration: 775 <75 the proportion of usersof public transport in a uniform

toll situation during peak periodsislower than with modal policy of
redistribution

The values are:

1 ck 1 ck) kF . ck @k Fk
Mg =————*\| =~ - andng =- + - +1
2 49N \l2 #4N) BN 26N\ 462N2 $N2

! 3
We use the limited development followin@:+ £)2 =1+ P

We can writerg and 75 :

1
1 ck 1{ ck @k 2 FkT . _ck &k 2Fk
- + - withe& + -

/7§t:_——+_1 =
2 49N 2 PN 4P2N2 gN?2 PN 4¢2N2 @PN?2

1
et =— ck {1+ 2% FkT with £ = G2 _ Fk
B

20N |7 apN? gNe T 4gNZ2 N2

According to the following conditionN > ck and addingN = Fk, we use the limited

1
development{1+ £)> =1+ gwith (Fk, ck <<1)

We have:
o ck Fk ek o«  Ck k2 Fk
N =1- - + andrng =- +1+ -

20N  2¢N2 16/ N2 20N 8p2N2 N2
hich implies: 7 — 7 = — c2k2 <0
which implies:ng -ng = 162N 2
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APPENDI X D:

> Demongtration: ;7; >77, theproportion of motoristsin a uniform toll situation

only is higher than that with a uniform toll and a modal policy

The values are:

, 1 ck \/(1 ckj KF ck [eke_Fk
+ K +1

—+— ——— andn, =1+—-
T 2 4N 2 4N T

2N 2 2N 4N 2 N2
1
We use the limited development followin@:+ £). =1+ %

We can writer7, andz; :

1
v _ 1 ck [1 ck, ek 2Fk} 1 ck 1[ ck, ke 2Fk}2
—+— +—-=|1-

Ta = 2 4N | 4 4N 16N2 N 2 2 4N 2 N 4N2 N2
Wlth,s—c—k+Czkz 2Fk
N 4N2 N2
1
2 P 22
N = 1+C—k—[1 CK ik}Zwith g=CK_Fk
2N 4ANZ2 N2 4AN2 N2

According to the following conditionN = ck and addingN = Fk, we use the limited
1
development{1+ £)> =1+ gwith (Fk, ck<<1)

ck , Fk _ ck
We have:r, TON T 2NZ 16N2

v _Ck_Cck Fk
s "IN BNz 2Nz
c2kz
16N 2

>0

which implies:n7; -7, =

> Demonstration: 775 </, the proportion of usersof public transport in a uniform

toll situation only islower than that with a uniform toll and revenue

redistribution to public transport

The values are:

’ 2
v_1 ck \/(1_ ckj_ kF andp? = - ok, [CK Fk1

T =27 a2 an) N N VaNe N2

! £
We use the limited development followin@:+ £)2 =1+ P
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We can writer7y and 7, :

1
v _ 1 ck {1 ck ke qu_l ck 1[ ck ke
Mg ==———+|=——+ - ==+ |1-—+ -
2 AN |4 4N 1eN2 N 2 AN 2 2N 8N2 N

. _¢ck &k Fk
with e =—+ -——

2N 8N2 N2

1
. 2 2 2|2

7= _Ck . 1+(:2k_ Fk 2With£=Ck _ Fk

2N 4N2 2N?2 4N2  2N?2

According to the following conditiolN > ckand addingN > Fk
1
We use the limited developmerft:+ £)2 =1+ %avec (Fk,ck<< 1)

2
We havery, =1- ck__Fk, cK
2N  2N2 16N?2
2
T SN .
2N 8N2 2N?2

c2k2
16N 2

which implies:ng —n; =-
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