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The Social Cost of Road Congestion in lle-de-Frandeegion (and France):

Empirical Evidences from the Paris Ring-Road

Martin Koning
Centre d’Economie de la Sorbonne (University oi$ay
March 2010
Abstract:

The aim of this article was to assess specific lprab concerning traffic congestion access to
the city of Paris. First, we attempted to evaluate evolution of the congestion cost for the
Paris Ring-Road (PRR), the major urban highwayosumding the French capital, during the
period from 2000-2007. A speed-density methodolygg implemented which enabled us to
differentiate the external costs of road congeshetween speed-classes of 5 km/h. These
results were useful to subsequently propose therafdmagnitude of time losses at national
and regional scales, as well as marginal pricinges®s which could potentially be used in

order to correct road congestion externality onRR&R.

Our empirical investigation concluded that, in 20& PRR was more costly for central Paris
area (130 M€) compared to that of seven yearseeddil7 M€). The deterioration of traffic

conditions, symbolized by the mean speed fall - %), dominates the infrastructure least
used (- 2.2 %). Based on these figures, the sookgil of road congestion is thought to reach
about 0.2 % of the French GDP. This ratio becorheset times higher once reported on a
regional scale and underlines that road congessiaan important issue for lle-de-France.

Finally, despite their analytical limitations, tpeoposed taxes clearly illustrate the challenges

related to road-pricing strategies.
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1. Introduction

Economists frequently present road congestion asoa-market interactich particularly
relevant to understand urban dynamics. If the catnagon of people and economic activities
within a limited area results in efficiency gaimdu¢anton and Puga 2003), road congestion is
in fact one of the majorpush-forces characterizing urban agglomerations (Thisse and
Lafourcade 2006). By increasing the cost of movpegple (Glaeser and Kahn 2004), this
impacts the spatial structure of cities and infhesntheir productive advantages (Anas and
alii. 1998). More recently, congestion issues haubsequently become critical because of
global warming and concerns linked to sustainaleleetbpment: pollutant emissions indeed
increase as traffic speed decreases. Consequttlfight against greenhouse gaz primarily
deals with the excessive use of private cars immudreas where road congestion has to be
relieved (OCDE 2005, European Commission 2007).

Nevertheless, and in spite major intetfestconomic scientific research has to date been
unable to homogenously assess this socio-spati@ngmhenon. Therefore, important
differences occur in the way road congestion issuesl (Lindsey and Verhoef 2000, Parry
and alii. 2006, De Palma and Zaouali 2007). Timesés related to the over-use of
transportation infrastructures have been repodedrige between 2 % and 0.1 % in the GDP
of developed countries (De Palma and Zaouali 2007¢. extent of market failures generally
conditions the force of public intervention. Conseuqtly, these academic divergences may
seem puzzling. In the French case, challengesecklad road congestion could impact
respectively either 36 billions euros or 180 mikoeuros. By focusing on one specific
transportation infrastructure, this research attertgp produce empirical information allowing

us to propose a credible order of magnitude fod m@ngestion costs.

The main object of our study was the Paris RingeRGBRR). This urban highway

surrounding the French capital is a strategic fater for the socio-economical life of the
Parisian agglomeration, one of the wealthiest ggugcal areas worldwide (Davezies 2008,
Gilli and Offner 2009). The infrastructure is knoor being one of the most frequented

roads in Europe. Therefore, the cost of its congess of major interest for at least three

% One other major concern linked to road congesttates to bil dependency(Parry and alii. 2006),
even if this dimension strongly depends on theonati provision sources.
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reasons. First, because our calculations were obteduor the years 2000 and 2007, the
evolution of PRR’s congestion should be considae@tiirate. Motorized traffic conditions in

Paris city have recently experienced a particwatwgion (Prud’homme and Kopp 2008) and
watching what happens to the PRR could logicallyrélevant. Second, figures on this
transportation infrastructure could be used asedutu®enchmark concerning the magnitude
of the social waste due to road congestion. Findllyrban road-pricing is implemented in the
lle-de-France Region (Lindsey and De Palma 2006e&u and Glachant 2008), the PRR
would certainly become a perfect candidate. Thistofa of course, must take into

consideration the various challenges at stake.

In order to assess these different questions, wanared our research as follows. Section 2
presents and discusses the methodological framewsdd in this article to estimate
congestion costs. Based on Prud’homme and Sud)20@ applied a speed-density model
which, combined with an extensive database, enaldetd differentiate congestion costs as
regards speed-classes of 5 km/h. Section 3 desdtieePRR and the context characterizing
up-to-date traffic conditions in the greater Paisa. We equally report the data and the
parameters involved. In section 4, we estimatedyestion costs for the PRR and analysed
their 2000-2007 evolution. This section will eqyaltontain sensitivity tests since we
“disaggregated our approach as regards temporal and geograplscales. Section 5
summarized results and attempted to extrapolata e both national and regional levels.
Finally, the discussion regarding PRR road-pricimgresented in section 6. Although the
principal forces of our model do not rely on thpedaific issue, it however permits one to
illustrate some lessons stressed by other studidisab topic.

2. Congestion Modeling

Congestion modeling has inspired both engineerseandomists for decades (Lighthill and
Whitham 1955, Walters 1961, Vickrey 1969). Time tivap occurs when an infrastructure
cannot effectively deal with a certain level offfi@ Whereas engineers have been more
interested in the supply side, i.e. the physicalst@in capacity, economists have in contrast
been more likely to concentrate on travel demandortier to estimate social waste which
occurs in the PRR, the traditional Pigouvian framawis used below. This focuses on the

social wastes resulting from the divergence betwetective and optimal equilibriums.
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Because motorists do not internalize the entireseqguences of their actions, they impose
time losses on others: private and social costhemarket of displacements differ. In order
to illustrate this, let us consider Figure 1.

Figure 1 — Equilibriums on the Market of Displacetse
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The market equilibrium is reached at the intersectf the demand curve (D{with the
private cost curve (I(d), i.e. pointa. It is however sub-optimal because of road congest
The traffic that would maximize the collective wak indeed lies at the intersection of D(q)
with the social cost (S(§) i.e. pointb. As a consequence, there is ancessof xy motorists

on the road. After thg point, each additional vehicle generates a sadat greater than its
social benefit. We can thus define road congesi®the cost supported by society when the

use of the transportation infrastructure isstead ofy. The correspondingdead weight loSs

* The demand is expressed as an inverse functidgheofoad use cost. We used a linear demand
function whose slope can be deduced from the pisgticity of the road use){ D(q) = b + a*q with
b = fixed cost if the road is empty and a =1dj in a point (q,p)
®> The private cost is composed of a fixed cogt, (hainly fuel, insurance and deterioration of the
vehicle) and of a time opportunity cost (w ; magmponent of the so-calledjéneralized cosf. 1(q)
varies inversely with the traffic speed (s(q)) hexmof travel duration: I(q) 5 # w/s(q).
® The social cost function is obtained by adding fhigate cost and its derivative multiplied by the
guantity of road use: S(q) = 1(q) + I'()*q.
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can be estimated by evaluating the variation ohenuc welfare associated to each situation
(=prbe-lra=plge-gba Quinet and Vickerman 2004). According to thisiams the market of

displacements is characterized by sub-optimalitysasn as the demand of road use is
positive. Note equally thathe road space is considered here as a public cditynohose

guality of service, i.e. the time necessary todladepends on traffic conditions. It can be
synthesized by the speed-density relationship {s¢ahich reflects either the infrastructure’s
physical capacity or drivers’ habits. It is possiltb interpret this relation as the distance
separating two vehicles for a given spe€lle speed-density function, or the speed-flow
depending on the output choSeprovides the basis of théuhdamental diagram’(Walters

1961, Evans 1992). By linking the level of road useprivate and social costs, this
technological relationship allows us to shape fiomst and subsequently, to measure

externalities.

Relying on the partial equilibrium framework, thige of approach belongs to the so-called
“static’ family of congestion modelling (Verhoef 1999). Amted by the advocates of
“endogenous congestibfVickrey 1969, Arnott and alii. 1990, Lindsey angrhoef 2000,
Leurent 2005), thestatic’ methodologies fail in integrating to the decisabrprocess of
drivers the $cheduling costsrelated to predicable bottlenecks, i.e. late aryearrivals®.
Despite this limitation, we are nevertheless cooethof our methodology’s interests. In fact,
considering behavioural adjustments seems necessarger to correctly assess the impact
of changing travel conditions on the modal choiteammuters or on the re-localisation of
households within the intra-urban equilibrium framoek™’. The aim of this article is more

" We retain here a linear specification: s(q) = si*q with $ = speed if the road is empty (q=0).
& The flow (veh/h) is the product of the speed (Kmith the density (veh/km).
° The choice of the relevant output to study roadgestion has led to a strong debate among
transportation researchers. In this article, algfolFigure 1 retains the density for sakes of
comprehension, calculations rely on vehicle*kiloamgivkm) measurements. This unit of counting is
though to take better into account the socialtytif travel activity because merging the number of
vehicles and the length of each displacement.
% Drivers who are daily confronted with bottleneskben entering an infrastructure change their
displacement’s habits by adapting their departwig&d hours. From a theoretical point of view,alot
“scheduling costsare said to be equal to the total travel timetgegArnott and alii. 1993). Empirical
investigations have proved that they are non nidjgigor drivers (Small 82, De Palma and Fontan
2001).
1 «“Dynami¢ models are equally useful to understand the olesegrowing duration of peak-periods,
to introduce individual heterogeneity in the aney@rnott and alii. 1993), to assess the impact of
traffic information on drivers’ habits (Arnott aradii. 1999) or to fully appraise the effect of read
pricing on the level of traffic. In opposition tbe static situation, it in fact better catchesititricted
road usage resulting from improved traffic condiso
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humble. It just seeks to propose a reasonable ofdeagnitude for social losses due to road
congestion. The methodology presented above sdemstfficient for that purpose. Second,
the “picture’ of the PRR traffic conditions we will give in g&mn 4 may be more relevant

than others inside thestatic’ congestion family, for conceptual and practicsdsons.

Some authors prefer in fact to define road congesis the difference between the effective
number of hours spent on the infrastructure andotieewhich would prevail in cases of an
“empty road*? (Bouladon 1991, Quinet 1994, European Commiss@®b)L However, one
easily understands why such a definition is inappate. It completely denies the social
utility of the transportation infrastructdfeand ignores the demand side of the reasoning. In
fact, it does not take for referential the optiraglilibrium. A variant of this theoretical mis-
specification is furnished by studies which estenaiad congestion by comparing effective
travel times and what travel times would be undeze-regimé ** (INFRAS 2000, Schrank
and Lomax 2005, COMPETE 2006). One other rivalrdidin of road congestion could be
qualified as fiscal'. It stipulates that congestion losses may be @pprated by the amount
of taxes that would lead to the optimal situatible\yberry 1990). From Figure 1, one can
easily deduce the optimal tax that would force mists to fully internalize impacts of their
private decisions (). For the fiscal’ vision to be true, areggeembandbcashould be equal.
As we will see in section 5, there are no reasonshiis equality to be satisfitd Above alll,
our approach seems particularly accurate sincakist into account one major criticism
traditionally addressed tcstatic’ models, namely the uniqueness of the equilibrioimthe

market of displacements.

Speed-density or speed-flow methodologies indeeusider behaviours of motorists as
exogenous and tend to recognize a sole demand ¢uerboef 1999). Outputs and traffic

speed are therefore supposed to remain constartharetjuilibrium reached is unique. Such

2 This configuration is derived from the speed-dgnsélationship. It corresponds to the traffic gpee
when the density is zero.
13 As well as its funding.
“ Road use on a given infrastructure can be chaizeteby three types of traffic regime (Hall and
alii. 1992). ‘Free-regime” corresponds to the situation where drivers arennoterous on the road
and the traffic speed is therefore high. In sitwatf “transition regimé, the infrastructure receives its
maximal charge, a queue is formed and the flowgsakto the road capacity. Finally, during
“crowded regimé the flow and the speed progressively declinelluiie moment where all vehicles
are stopped.
!> “Even if such definition relies on the good refei@ntthe sub-optimality), it mistakes the end (to
reduce the congestion) with the mean (the't@Bgud’homme and Sun 2000).
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specification seems inappropriate. According togpeed-flow relationship, to a given traffic
speed in fact correspond two different levels @fdrase: one oveffree-regimé and one over
“crowded-regime It therefore follows that the intersection ofetldemand curve with the
private cost curve coincides with a double equillir. Because of non stationary forces, the
one corresponding tchypercongestidh i.e. over ‘trowded regimg is generally forgotten in
“static’ models (Verhoef 1999, Button 2004).

Conversely, we are able to use here an extensiabake which allows us to distinguish the
PRR'’s use as regards speed-classes of 5 km/h. Wéhaa differentiate the demand curve
thanks to an accepted elastitftyGiven that effective and optimal quantities depen the
demand curve’s level, we will distinguish severatial costs. Consequently, we will better
highlight the fact that the marginal vehicle is eaostly for society when it accesses an
infrastructure which is already crowded. Even iktdifferentiation process is notricro-
founded, it nevertheless constitutes a notable methodokdbgmprovement. Finally, because
our database can be exploited according to tempogographical dimensions, we will shed
light onwhenandwhereroad congestion mainly occurs on the PRR. We eqlially adjust
with parameters involved and geographically diff¢iete the speed-density relationship in

order to provide sensitivity tests.

3. PRR’s Presentation and Data

The Paris Ring-Road (PRRBuilt on “old fortifications and finished in 1973, the PRR is an
urban highway 35 kms in length surrounding the mipality of Paris. Like many
industrialized countries, France faced, during #Heventies, the co-development of the
automobile system and sub-urbanization (Brueckr®@0P The aim of the PRR was to
relieve Parisian streets from the excess of vehialed to help the spatial re-organization of
people and activities that the State just decidednthance with the creation aféw town’s
(Sheamur and Alvergne 2003). However, the PRR becaafictim of its own success and its
circulation routes were rapidly crowded (Gérond&8ud7). The demographic and economic
hegemony of the Parisian territory, as well as rddiocentric organization of the national

road system, are some rationales to justify thetfat, in 2000, the region concentrated 89 %

'8 By observing the effective equilibrium, point a Bigure 1, we first deduce the slope (a=1))
and then b.
7



of national queues (URF 2007). Although the inceeas motorized displacements mainly
occurred in the Grande Couronnk i.e. the ‘second beltof the agglomeration, over last
decadegEGT 2002) central Paris and the PRR were responsible fé¥%38 these wastes of
time in 2000 (29 % of national queues). In linehatihese figures, the infrastructure is often

taken as a symbol of congestion distress withirFtieeich collective imaginatioh

Since 1995, concrete action has been engaged ir ¢odreduce this problematicdr
dependency(Newman and Kenworthy 1989, Dupuy 2006). At tlegional level, financial
efforts were mainly oriented to the modernizatidrpoblic transit and a better configuration
of radial networks. At the municipal level, the rayf Paris decided in 2001 to couple a
“regulation by quantiti€s(Prud’homme and Kopp 2008), i.e. narrowing of tlo@d space
available for private cars by about 25 %, with Enagtation of alternative transportation
moded®. Available data clearly highlight effects of thesaicies. After a long stagnation, the
railway public has vigorously been re-born at botlgional and municipal levels (RATP
2007). The use of private cars in central Parissmasiitaneously decreased by 20 % between
2000 and 2007Bilan des Déplacements 2007), as well as the lefvpbllutant emissions (-
32 %° Airparif 2006). However, in accordance with thesiled political orientation, time
losses have risen because of the induced speebyfalbout 11 % (Prud’homme and Kopp
2008). Due to its links with the central city, aslwas the importance relying on
transportations issues in the current debate orf@mand Paris” (Crozet 2007, Gillli and
Offner 2009), i.e. the reform of the territorialvgonance of the Parisian agglomeration, it

seems to us of interest to examine what has happenthe PRR during this period.

Traffic Data- The empirical support has been provided by thésizin de la Voierie et des
Déplacements, Section Tunnels, Berges et Périprérde la Ville de Paris. Data were
obtained from receptors incorporated into the retadcture and refer to what has happened
during the last 6 minutes (240 periods per daygach 500 meters-long section of the PRR

' The PRR is equally said to constitute a physicatier between central Paris and its suburbs. It
symbolises the lack of territorial cohesion amolng Parisian agglomeration (Pingon-Charlot 2008).
In order to solve this problem, it has been planteegrogressively cover the PRR. Works have even
begun on some sections of the infrastructure.
'8 Several developments have been engaged. Busesemmiit from dedicated lanes, a system of rent-
bicycles and a new line of street-car have beengmated. The parking pricing-scheme has equally
evolved in favour of residents.
!9 This last evolution cannot be completely attribute the municipal policy. In fact, it has mainly
been engendered by technological progress and refated car engines (- 26 %, Airparif 2006).
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(71 sections). The unit of counting is calleskttion-period (s-p). It has been decided to
restrict observations to Tuesdays and Thursdaysimé and Octob&t Although it offers us a
rich empirical support, this database has requaredhtense work of cleaning. It was in fact
composed of many broken-series that would have magmssible for any serious
comparison. Some geographical sections had no\ai&erT at all, others were incompl&te
For our estimates to be reliable, we need a complistribution of the observations, that is to
say, the exact full number of s-p for the two yearsd for each section/day. As a
consequence, we have divided the original databasethe smallest ones, each of them
according to temporal and geographical dimen$fofidis process has enabled us to sort and
to consider the sole comparable observations. Wdhen to accurately compare the number
of journeys that would constitute our sample anel tlamber of observation posts in each
geographical aré3 Table 1 presents descriptive statistics on thR BBffic** as well as the

speed-density relationship calculated for the entifrastructur®.

Table 1 — Descriptive Statistics and PRR’s SpeedsbeRelationship

Traffic conditions
2000 2007

Daily Traffic | Av. speed | Av. density | Daily Traffic | Av. speed | Av. density

(M vkms) (km/h) (veh/km) (M vkms) (km/h) (veh/km)

7,830 45.9 175 7,661 43.5 185

Speed-density relationship
s(g) = 90.285 - 0.253*q
(0.007) (0.000) R2 =0.75

Source:Author’s calculations after the work of cleanirgglised on the database of the Division de la \toietr
des Déplacements, Section Tunnels, Berges et é¢igple de la Ville de Paris.

PRR traffic conditions have undergone an evolusiomlar, in trend, as those of central Paris.
If the number of vkms driven daily has fallen betwe2000 and 2007 (- 2.2 %), it has not

been accompanied by any improvement in the sesviggiality: the average speed has

? These dates have been chosen because they dfedaal representative by municipal agents.
L The same can be said about the temporal dimension.
22 Five periods (00-07h, 07-10h, 10-17h, 17-20h, @B)0and four areas (North, East, West, South)
were retained.
% We have finally retained 6 days per year (3 ineJuin October) and 49 sections (on 71 possible).
Observations are then extrapolated to the whole &RRo 300 days a year.
24 Both circulation senses have been merged.
% We obtain it by leading a simple regression, aiee of heteroskedasticity, on data obtained from
our sample and corresponding to a single day cérebsion.
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decreased (- 5.2 %). Although the magnitude diffethis tendency is comparable to the one
given by official data. Note furthermore that theemge speed is about a half of that which
would correspond to theeipty roadl Above all, figures in Table 1 have led us toibed
that the PRR has shifted between 2000 and 2007 ftwen‘transition regimé to the
“crowded one. It is in fact possible to rewrite the spekahsity relationship as a flow-speed
function, f(s) = 356.86*s — 3.95*sThe flow then reaches its maximum when the déviea

of this equation is null, that is to say, when siag 45.2 km/h. The speed evolution passes
through this point and, consequently, traffic caiodis on the PRR seem to be characterized
currently by ‘hypercongestidif’. Despite the vkms’ decrease, one may legitimagalyect

congestion losses due to PRR’s over-use to haveadased between observation dates.

It should equally be pointed out that the traffeccbase on the PRR is minor compared to the
one registered for inner Paris, whatever the sowgt@@ned. Because the traffit andaround

the city are necessarily linked, two rationales bamadvanced to justify this. First and most
obvious, although there exist other transportatrwdes to cross the metropolitan territory,
the PRR always constitutes a major node of theonediroad system. Its frequency seems
therefore less elastic because of the sub-urbamizptocess still experienced by the Parisian
agglomeration (Gilli 2009, Gilli and Offner 2008y considering an average trip on the PRR
of 8 kms, it can thus be calculated that more 80000 vehicles travel via the infrastructure
every day. One can also dedtfdeom EGT (2002) that the PRR accounts for 6.4 %kohs
daily which take place in the region using a pmvear, ratio that has to be compared to the
sole 70 kms of road within it. Second, the infrasture might currently receive some former
Parisian motorists. As suggested in Prud’homme and (2009), displacement costs in
central Paris may have become so expensive in sitjwareas that motorists would now

receive incentives to use the PRR instead of théal®s streets. The average traffic speed on

% According to Indicateurs Généraux (2007), thefitrafas declined by 7 % (2,283 M vkms in 2000
and 2,120 M vkms in 2007), the average speed b%1B1.2 km/h in 2000 and 46 km/h in 2007).
Such divergence, relatively important, may origintom the panel’'s nature and from the necessary
work of cleaning preformed on the database. Oumptamight therefore under-estimate the traffic
evolution, a possibility that should be taken ictmnsideration during the presentation of estimate
results. We were unfortunately unable to learn hbw broken-series were treated during the
extraction of data providing the Indicateurs Géngra
" According to traffic speeds given by Indicateurén@raux (2007), the PRR in 2007 was over
“saturation regiméand cloth to tip overérowded one.
% From EGT (2002) we know that 44 % of the 35 M Hispments carried-out daily in the region
were motorised. We obtained the number of vkms bitiptying it with the average travel range (6.4
km), transformed into distance based on a 0.25ic@eft. This produces about 123.2 M vkms.
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the PRR is in fact 2.5 times higher than the actu in central Parig his possible foad
transfer might consequently soften the decline that wobhlke normally prevailed and,
inversely, trigger the congestion cost on the PRR.

Parameters- Estimates rely on two types of information: santelary values (especially the
time opportunity cost) and the demand elasticityoaid use. According to the Boiteux report
(2001, actualized in 2004 and 2005), i.e. the @fficeport used in France for transportation
studies, the mean value of a displacement (w) padd with a private car across the Parisian
agglomeration was equal to 9.3 €/h in 2000. By m#&sg a consumption growth rate of 2 %,
one obtains a time opportunity cost of 10.2 €/8007°. The use of mean parameters ignores
however displacements motives. To overcome thigdimon, we will consider a second value
of the time. For travels driven during peak-periods will retain the one related to Home-
Work displacements, namely 12.2 €/h. Following siaene method to up-date this value, it
becomes 13.4 €/h for 2007. These values are for oné passenger. We will therefore
consider the occupation rate of vehicles, i.e.(OB8euil 2008). Moreover, it is known that 23
% of the PRR’s traffic concerned goods delivery2000 (Bilan des Déplacements 2001).
Official reports advise in this case to retain lugaof the time equal to 31.4 €/h. It should not
be indexed annualf§. This differentiation of displacement motives wilad us to find a
coefficient which will be applied to congestion toexpressed in terms of vRmConcerning
the second component of the generalized cost,ixled tost (3), this is said to be equal to
0.30 €/vkm in 2006 (Orfeuil 2008). Because the gricdex of motorized displacements
experienced a 14.5 % increase between 2000 and (2 2007), we considered an initial
value of 0.26 €/vkm. The last parameter we areraésted in is the demand elasticity of the
road use €), i.e. the commuter's sensitivity to displacemeosts. We retained a usual
elasticity of - 0.8 (Goodwin 1992, Litman 2006).drder to provide sensitivity tests, we will
equally consider an alternative demand elasticifyaé to - 0.4 for trips carried-out during
peak-periods. This can be justified by the potért@nstrained nature of trips at these

periods of the day. All parameters are remembearéppendix.

29 “This value of the time evolves from one year toother with respect to the unit consumption’s
expenditures of the households, (...), with an @i@gf -0.7 (Instruction Cadre 2004).
%1t « comes back to consider that productivity gains adlinpensate the charges’ increase resulting
from a better respect of social and road legislasio (Instruction Cadre 2004).
% Considering the general case, we find 1.367 (*32&+77*1.3*9.3)/(100*1.3*9.3)) for 2000 and
1.315 (= (23*31.4+77*1.3*10.2)/(100*1.3*10.2)) f@007.
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4. Congestion Costs on the PRR

General approach The first calculations’ stage consists in findiggps between effective
and optimal quantities of road use, i.e. betwreandy on Figure 1. For this purpose, we
equalize social cost functions and demand functwimgh have beead hocobtained due to

the travel elasticit?.

Table 2 — Gaps between Effective and Optimal Sadnston the PRR

Effective Situation Optimal Situation
Speed Density Flow Speed Density Flow
(km/h) (veh/km) | (veh/h) | (km/h) [ (veh/km) [ (veh/h)
2.5 347 867 13.9 302 4,191
7.5 327 2,454 23.0 266 6,115
12.5 307 3,843 28.8 243 7,00(
17.5 288 5,035 33.4 225 7,506
22.5 268 6,028 37.4 209 7,818
27.5 248 6,824 41.0 195 7,98%
32.5 228 7,423 39.9 199 7,948
37.5 209 7,824 47.5 169 8,032
42.5 189 8,027 50.8 156 7,927
47.5 169 8,033 54.4 142 7,719
52.5 149 7,841 57.6 129 7,437
57.5 130 7,451 61.4 114 7,00%
62.5 110 6,864 65.2 99 6,459
67.5 90 6,079 69.3 83 5,751
72.5 70 5,096 73.6 66 4,857
85.8 18 1,521 85.8 18 1,521

Source :Author’s calculations.

As predicted by the methodology, the PRR is alncosistantly used in a sub-optimal way.
This over-use is however not homogenous. It reath@saximum (30 %) between 15 and 35
km/h and it progressively declines for superiorespelasses. As a consequence, social costs
imposed by vkms in these speed-classes will terfsetoegligible. Even if it corresponds to
the highest social utility of the infrastructurbgttraffic speed which allows the maximum
flow on the PRR (45,2 km/h) is also associated wuthfare losses. We now have the entire
information necessary to calculate congestion cait# costs are obtained by estimating the

variation of economic surplus corresponding to egumded-class (be-lra=plge-gba. Then,

32 See note 16.
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we apply unit costs to the correspondent numberkais. An example based on the 5-10

km/h speed-class is given in Appendix.

Table 3 — PRR’s Congestion Costs

2000 2007

Speed | Distrib | Traffic |Unit costg Congestion Distrib Traffic | Unit costs| Congestion
(km/h) (%) | (M vkms)| (€/vkm) (M €) (%) (M vkms)| (€/vkm) (M €)

2,5 0.15 3.59 2.613 12.86 0.19 4.30 2.86/6 16.16

7,5 1.20 28.13 0.646 24.86 1.34 30.71 0.709 28.31
12,5 2.81 65.70 0.305 27.38 2.94 67.45 0.334 29.52
17,5 3.72 87.12 0.173 20.64 3.83 88.07 0.190 21.92
22,5 3.66 85.74 0.108 12.66 3.83 88.03 0.118 13.65
27,5 3.59 84.11 0.070 8.04 3.63 83.44 0.077 8.3f
32,5 3.38 79.23 0.031 3.36 3.27 75.08 0.034 3.34
37,5 2.88 67.52 0.031 2.83 2.69 61.7)7 0.034 2.7p
42,5 2.53 59.59 0.020 1.67 1.98 45.55 0.022 1.38
47,5 2.14 50.36 0.014 0.94 1.82 41.8p 0.015 0.8R
52,5 2.02 47.76 0.009 0.56 2.19 50.26 0.010 0.6
57,5 2.71 63.85 0.005 0.48 3.74 85.87 0.006 0.68
62,5 3.83 90.30 0.003 0.40 7.88 181.08 0.004 0.8¢4
67,5 5.82 136.98 0.001 0.34 15.58 358.09 0.002 0.93
72,5 8.19 192.53 0.000 0.25 20.16 463.21 0.001 0.64
85,8 51.38 | 1,206.50 0.000 0.00 24.94 573.37 0.000 .000
Total 100 2,349 117.2° 100 2,298 130.1°

Source:Author’s calculations.
Note: a: adjusted with the coefficient taking into calesiation the differentiation of displacements’ mes.

According to the figures in Table 3, the PRR wagenexpensive in 2007 for the Parisian
public as a transportation infrastructure, eitimealbsolute or relative terms. Time losses due
to its over-use had reached 130.1 M€, an amoun¢gponding to a 13 M€ (+ 11 %) increase
compared to 2000 (117.2 M#) In fact, more hours werednsumetlin 2007 on the PRR
(53 Mhs) as regards 2000 (51 Mhs). Of course, timgestion cost’s annual growth rate could
be considered as weak (+ 1.5 %), and even greatee corrected of which could be
sometimes termed itsafttificial” component (+ 0.8 %), i.e. the time opportunityst® up-

daté”®. However, introducing remarks on road congesteatlus to negatively assess these

3 We have performed calculations by using statistigsplied by Indicateurs Généraux (2007). We
find congestion costs equal to 116 M€ in 2000 and22 M€ in 2007. The possible bias resulting
from the sample’s construction seems thereforetmdtave a major influence on estimates’ results
even if it should be moderated. In fact, to perfdtnue” calculations we should have corrected the
vkms’ distribution, but we were unable to do it.
% To up-date the time opportunity cost, we have icemed an annual growth rate of consumption’s
expenditures equal to 2 %. We made this choiceusecaf ignorance concerning theedl” growth
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results. Even to smaller extent, notably compadvhat has been observed for traffic
conditions within Paris (Prud’homme and Kopp 20QBis increased cost of moving people
could restrict the territorial development of thggmeration. In order to illustrate this,
consider that the shift towardsrowded-regiméon the PRR dominates the traffic decrease.
Equal to 0.050 €/vkm in 2000, the mean congestast thus rises to 0.057 €/vkm in 2007 (+
14 %). Within our model, this deterioration impliaxhange of the vkms’ distribution. Two

main evolutions concerning this should be undedine

We first observed an important fall in the medigeed: it passes from 85 km/h in 2000 to
67.5 km/h in 2007. Following studies on that tofftorbett and Simon 1999, ONISR 2006),
we can explain this by the progressive introdugtigince 2004, of 8 speed-cameras on the
PRR. More than 334,600 motorists have thus beesdfiior speeding in 2007 (Bilan des
Déplacements 2007). While this road policy has rapact on the mean traffic speed (by
modifying drivers’ habits}, it does not have any significant implication iarms of
congestion costs since superior speed-classessoeiated with low unit cosfs Conversely,
worst effects of speed decline are reflected indik&ibution beginning. The relative share of
vkms driven below 20 km/h has grown from 7.9 % t8 8. This evolution, despite its
weakness, has even been coupled with an absohkurtzase of the number of vkms driven at
such speed§ This change mechanically increases the extenthefsocial waste. The
congestion cost resulting from thes#div’ vkms has thus experienced a 12 % increase over
the period (85.7 M€ in 2000 and 96.1 M€ in 200@)otder to better highlight this, we now

consider the PRR under the temporal and geogrdpimansions.

Temporal and Geographical “Disaggregations” During the database’s construction, we

have considered two peak-periods (07-10h and 1J-2@hers referring to off-periods (00-

rate, which could be considered as generous. Byilizioly the “economic base thedryDavezies
(2008) in fact shows that lle-de-France’s per hismome tended to grow slowly over last decade,
despite major economic performances.
% One other explanation could be drawn from thedased share of displacements realized in the
Parisian area with the use of two-wheels (Kopp 2008is transportation mode in fact necessitates
more vigilance from motorists because of accideng&s.
% The distribution’s settling induces thus a smaltrease of 2 M€ for speed-classes which was
between 50 and 75 km/h and @at6nomyof 0.3 M€ for the greater one.
%It passes from approximately 184.5 M vkms in 2@0090.5 M vkms in 2007 (+ 3.2 %).
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07h, 10-17h and 20-00%) Remember that alternative demand elasticity and values are
applied for estimates performed over peak-peridls. have equally decided to calculate
several speed-density relationstipéee Appendix) for the geographical areas whickeha
been defined (North, East, South, W&stThis process allows one to disregard the implicit

assumption of transportation infrastructure’s hoeragty. Some sub-sections of the PRR are

in fact structurally smaller and experience moaffit difficulties’’. Table 4 describes the

results.
Table 4 — Temporal and Geographical “Disaggregasbn
2000 2007
Traffic Av. speed| “Slow”® | Congestion| Traffic Av. speed| “Slow”® | Congestion

(M vkms) | (km/h) (%) (M€) (M vkms)| (km/h) (%) (M€)
Temporal “Disaggregation”
Peaks 723 30.4 17.3 85.9 737 28.6 17.7 100.5
Off-peaks 1,626 57.3 3.7 40.2 1561 544 4.0 44.9
Total 2,349 45.9 7.9 126.7 2,298 43.5 8.3 145.4
Geographical “Disaggregation”
North 695 53.8 4.6 22.8 685 49.7 5.5 26.9
East 595 47.7 7.0 43.8 569 43.3 7.9 53.8
South 548 37.9 12.3 42.6 527 33.9 14.7 51.2
West 511 45.0 8.6 27.0 516 49.8 5.9 19.7
Total 2,349 45.9 7.9 1362° 2,298 43.5 8.3 1516°

Source:Author’s calculations.

Notes:a: adjusted with the coefficient taking into calesiation the differentiation of displacements’ mes. b: share of

vkms driven under 20 km/h.

From the temporal point of view, figures in Tablecdnfirm the predominance of peak-

periods concerning the PRR congestion costs. Whég received 32 % of the total number

of vkms in 2007, these periods concentrated 69 %tma losses. One can furthermore remark
that the worsening of traffic conditions recordédh& global level has happened during peak-
periods. The average speed has thus decrease8 By, 4eading to a congestion over-bill of

17 % between 2000 and 2d87Even if it may come from the database speciésitit is also

% Sub-periods have been compiled to calculate vidisttibution. This tlisaggregatioh process is
therefore for relative simplification and does aoh at examining details as how the PRR’s trafis h
changed, minute after minute, which would necetgsaadynamic approach.
%9 Congestion unit costs directly depend on the telctyical function’s slope.
*0 North section goes fronPbrte de Champerréto “Porte Chaumorit(10 kms), East section from
“Prés Saint Gervaigo “Porte Canal (8 kms), South section fronQuai d’lvry” to “Quai d’'Issy (10
kms) and, finally, West section fronPtntaval to “Porte des Ternég8 kms).
*1 Since the road priority is given to vehicles eimgthe PRR, this differentiation might equally gjiv
insights about the dynamism of different zones.
2 Note that the extent of this growth is (artifitghlamplified by the higher value of the time.
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noticeable that this evolution is joined with a dnrecrease (+ 1.9 %) of the total number of
vkms driven on the PRR during the peak-periodsyemely to what is observed for off-
periods (- 3.9 %). This result may be in accordanitke the “endogenous congestibtiheory
since the adjustments of commuters confronted titlebecks may explain the observed
growing duration of peak-periods in many urban aggirations (Boiteux report 2001,
Berthier 1998). By spreading departure/arrival 8men a wider range, transportation
infrastructures are used in a more intensive maandrreceive more vkms. This observation
is equally compatible with the already mentionnegduanption of foad report from the

Parisian streets towards the PRR.

From the geographical point of view, we notice thiate losses are more important on the
eastern and southern sub-sections of the‘RFdngestion costs have increased there by 22
% and 20 % respectively. Whereas the extent ofrtheket failure calculated for the eastern
sub-section can be mainly explained by more sigmifi unit cost$, the one corresponding to
southern PRR describes intrinsic difficulties ofstlgeographical zone (see Appendix).
Difficulties that may be otherwise exacerbated.&se of the road space narrowing required
to install a new street-car line on dedicated lattestraffic speed on the southern Maréchaux
boulevards (parallel and 400 meters away from sotPRR) has strongly declined between
2003 and 2007 (- 17 %). According to Prud’homme alid (2009), the tissing vkms on
Maréchaux boulevar8s appear to be potential candidates in order to ampWwhy the
southern PRR has embedded itself withamotvded regim&®. Even if one cannot fully
consider this as the geographical side of the phenon commented previou$ly the
important (and growing) share oflow’ vkms driven on that part of the infrastructurd.(d

*3 These two sub-sections counts for 65 % of the tiote waste generated on the PRR.
*4 By considering the 5-10 km/h speed class, unigestion costs for eastern, northern, southern and
western areas were equal to 0.882 €/vkm, 0.717n€/Mk693 €/vkm and 0.713 €/vkm in 2007
respectively. These figures are coherent sinceaasits are inversely dependent on the speed-density
relationship slope (see Appendix).
* Traffic on Maréchaux boulevards has strongly aedi(- 31 %) whereas the modal report towards
the street-car has been proved to be very limi2e@l ¥%). 42.000 vkms are thus dailjissing. See
Prud’homme and alii. (2009) for more details.
% According to geographical speed-flow relationshthe inflexion point for southern PRR is at 42.9
km/h. The eastern PRR has shifted frotrarisition” to “crowded-regimé (inflexion point at 45.5
km/h).
*" Each sub-section being ampened-system(conversely to the PRR considered on its allg th
decrease of the number of vkms driven on the soutARR (- 3.6 %) does not necessarily mean one
least used of the infrastructure on that geograblaoea. In fact, the flow decrease associatedhto a
increase of the density mechanically translates antdecline of the number of vkms driven on that
sub-section.
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% in 2007) forces us not to ignore this possibbtead-transfef. Inversely, the speed increase
(+ 11 %) resulting from the decline of vehicles sign on the western sub-section has
engendered a small growth of the vkms driven ot plaat of the PRR (+ 1 %). In fact, the
traffic regime can be characterized there tfrisitio’ agairf®. It therefore follows an
important fall of the share ofslow’ vkms driven there and a major economy in terms of

congestion cost (- 25 %).

Finally, differentiating parameters offers alteimat values to well-being loss€s The
congestion cost obtained in the temporal caserdaches 145.5 M€ in 2007, an amount 12 %
higher than the one previously calculated. It can deduced from these figures that
congestion cost’s elasticities as regards demanditsaty and time opportunity cost are
respectively equal to 0.11 and 0°%7Concerning the geographicatiiéaggregatiofy it
implies a total waste equal to 151.5 M€ (+ 14 %)erkif the elasticity of congestion cost as
regards speed-density relationship slope doesppaaa robust, the physical capacity of roads

seems to influence estimates in a similar mannéreame opportunity cost.

5. The Magnitude of Road Congestion Costs

According to results presented in this article, BRR was in 2007 more congested and more
expensive for society than seven years earlierspite of a reduced use (- 2.2 %), the
worsening of traffic conditions has engendered awtn of the time spent on itgdrmac.
Above all, the observed speed fall (- 5.2 %) sutgdsat the PRR is currently used, on
average, overcrowded regimé(or is cloth to tip on it). These results haveb® confirmed

by further studies. But if this trend continueseaould expect difficulties related to PRR’s
congestion to worsen, negative conclusion fromargji perspectives. In fact, the speed fall
concomitant to road congestion on the PRR may tfifecover-productivity of lle-de-France
by reducing the éffective size of labor marKet.e. the number of jobs that can be matched

*8 Western PRR has shifted from crowded regime tsttian one (inflexion point at 46.2 km/h). The
northern PRR has stayed over free-regime (46.5)km/h
*9 The temporal scenario combines two opposing fol#sereas one weakest elasticity reduces gaps
between effective and optimal quantities of road (end consequently the social waste induced by
infrastructure’s over-use), the higher tutelaryueatorresponding to Home-Work displacements raises
the bidding of time losses.
¥ One could expect the time opportunity cost’s @gtto be higher. Thislbw” value is explained
by the (recommended) non-indexation of the timeoofpmity cost for displacements related to goods
delivery.
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underx minutes of displacement (Prud’homme and Lee 18%9yero 200%}. In the same
logic, because the cost of moving people acrossPRagsian territory is progressively
increasing, push-forces could become significant enough to make the agei@tion really
explode in excessively de-concentratesiif-centers Despite their normative scope, the
importance of lle-de-France’s economy within thdioreal system of social redistribution
forces us not to neglect these types of argumédasezies 20085. From a more positive
point of view, this would certainly imply futurecubles linked to the motorized mobility.

Concerning the extent of the social waste, ourltesange between 130 M€ and 150 M€. Of
course, these amounts are closely linked to funatitorms related to shape demand, costs
and speed-density functions. However, the mannavhith we have conceptually defined
road congestion or differentiated demand curvesanee rationales to convince readers that
our methodology can be considered as relevantu@aicns using theempty road approach
thus result in a social waste equal to 370°Mér 2007. If one retains aggregated congestion
costs, as those proposed by INFRAS (2000), timsekslue to the PRR’s over-use would
reach 1,050 M¥. The gap between methodologies is therefore enssm@/ithout giving
them a universal scope, we can nevertheless mehldiz figures to propose an order of
magnitude to road congestion costs. For that, vesl ierther information, as well as some
assumptions. According to URF (2007), central Pamid the PRR were, in 2006, responsible
for 26 % of queues recorded at the national 1e881% at the regional levéf) We equally
know that vkms driven on the PRR correspond to 38.%f those driven in Paris (Kopp
2009). Unfortunately, we currently lack informatioon the respective importance of
congestion costsn and around the French capital. Consequently, Table 5 prestmts

variants: the first considers that the road congess relatively as costly (per vkm) in both

®l The «effective size of labor marketan be seen asneedia by which externalities resulting from
spatial concentration are spread across the udpetoty. It depends on the traffic speed, the size
and density (Prud’homme and Lee 1999).
*2 Davezies (2008) explains that productive advarstadle-de-France permits to redistribute 8% of
the national GDP to others regions.
%3 If the traffic speed were equal to 90.3 km/h, 28 would have been necessary to realize 2,298 M
vkms. It would then correspond to aecbnomy of 27.4 Mh, i.e. 370 M€ once valorized at 10.h €/
and corrected by the coefficient taking into coasidion the displacements for delivery goods.
*>* INFRAS (2000) proposes social costs (for highwagmal to 2.032 €/vkm in case afdhgested
road’ or to 1.907 €/vkm in case ofliénse road If one applies former ones to vkms effectivelwdn
under 15 km/h and later ones to vkms driven betviéeand 45 km/h, a bill of 1,051 M€ is reached.
% Because of the lack of information, we will corsithese ueuesas road congestion, although the
definition retained by the French Gendarmerie Netie (quoted by URF 2007) differs from ours.

18



zones while the second stipulates that trafficidiffies in Paris are relatively 2 times

superior. In a comparative perspective, we alssgmeresults associated to INFRAS (2000)
external costs.

Table 5 - Order of Magnitude for Congestion Costs

Aggregated case Geographical case| INFRAS
P=PRR| P=2*PRR P=PRR P=2*PRR P=PRR P=2*PRR
Paris+PRR 518 906 603 1,056 4,188 7,326
France 1,994 3,487 2,322 4,061 16,109 28,175
lle-de-France| 1,571 2,748 1,829 3,200 12,692 22,199
nat. GDP 0.11 0.20 0.13 0.23 0.90 1.58
reg. GDP 0.30 0.53 0.35 0.62 2.46 4.30
reg. Incomé 0.40 0.70 0.47 0.82 3.24 5.67

SourcesAuthor’s calculations from INFRAS (2000), URF (20Gnd Kopp (2009).
Notes:d: 1,780,000 M€. e: 516,200 M£. f: 391,600 M£.

Even if the numerous assumptions made force tedhé&ous, our data and our methodology
suggest that social losses due to roads’ over-qisal,ein France, around 0.2 % of the national
GDP. On the one hand, this result does not enteromiradiction with the fact that road
congestion is an expensive issue for French sock#gause of the lack of coordination
during individual displacements choices, a non igdgé share of available societal time is
daily sacrificed on transportation infrastructuresality often exacerbated by psychological
distress (Santos and Bharkarb 2006). On the othed,hfigures presented above tend to
moderate accusations against the unlimited coteomotorized mobility, for what concerns
time losses at least. As well as can be calculliaidwastes due to sub-optimality on the PRR
are equal to only 4 % of the total well-being ingeate?’, ratios in Table 5 are far away from
the 2 % of national GDP sometimes advanced (Eurogeemmission 2001). This conclusion
does not aim at defending any types of economiti@rests or territorial development’s
patterns. On the contrary, by providing empiriagflormation, we only seek to render the
French debate on the motorized mobility moseculaf, as hoped by some academics
convinced otherwise by the necessity of habitshgea (Orfeuil 2008). To illustrate this, one
may notice from same figures that challenges reledeoad congestion become more critical

on the regional scale. Once applied to regional GDMcome, social losses become three

*® The total well-being generated by the PRR is casedoby the number of hours driven (52.8

Mh=544 ME€), expenditures related to car use (689 k&l the economic surplus of consumers, i.e.
the difference between their willingness to pay #mal effective cost of road use. One can evaluate
this later at 2,000 M€, figure that amounts thaltaetell-being at 3,233 M£.
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times higher and constitute a major concern foid#éerance region. Therefore, the interest
relies on correcting this market failure. Because icrease of capacitiegia physical
investments does not constitute a successful salutithin our theoretical framewaotk let-
alone in reality (Duranton and Turner 2008), we #nd article with a brief reflection about

the “regulation by prices
6. Marginal Pricing on the PRR®

Even if road-pricing cannot yet be implemented lom PRR®, political willingness may soon
be likely to modify rules of game (Conseil d’AnatyStratégique 2008). In fact, time losses
are not the sole external effect resulting fromubke of private cars (Quinet 2004, Parry and
alii. 2006, De Palma and Zaouali 2007) and the grgwenvironmental constraints constitute
a severe call for changes. According to Figurehk, tax that would force motorists to
internalize road congestion is equalltg i.e. the marginal cost characterizing the optimal
situation (=S(g)-1(dopy). Based on that framework, Table 6 presents séwahemes of
marginal pricing. The two first columns considengestion charges, the second focusing on
the sole peak-periods. The two followings integrateder an additive forngxternal costs
related to noise, accidents, pollutants and greesteffect (Lindsey and De Palma 2086)
Because CO2 emissions depend on the traffic spares presented in the last column are
derived from a methodology which combines the spbthity relationship with an emission-
speed one (Prud’homme and alii. 2009, see Appentiixhat latter case, a ton of CO2 is
valorized at 32 € (Conseil d’Analyse Stratégiqué®0

Before commenting on results, let us remember phiaing schemes resulting from speed-

density methodologies are not the most relevans emdully estimate effects on the level of

" Analysis presented on Figure 1 corresponds toenginfrastructure. Any improvement of the road
capacity results in a shift to the right of the)lémd S(q) curves. It then corresponds to a dedfne
costs and leads to an increase of effective arithaptuantities. As a consequence, the sub-optiynali
is still present.
8 Analysis regarding road-pricing on the PRR wouktessitate further study which cannot be
substituted by this last section alone. It wouldalygity not to tackle this point since it consgtsithe
logical progression of this present research.
%9 According to the French law, road-pricing schemesonly allowed to cover funding necessary to
new investments. For a review, see Raux and Sd2€id) or Conseil d’Analyse Stratégique (2008).
® These external costs remain constant ones. LinaisdyDe Palma (2006) retain them from Quinet
(2004) and Unite (2001).
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road use. Even if a decrease of 10.5 ¢&an be calculated for the whole PRR (-12.6 % for

sole peak-periods), vkms induced by better trafbaditions are in fact hardly discernible
with the “static’ framework (Verhoef 1999). Despite this limitaticigures in Table 6 offer

interesting insights.

Table 6 — Marginal Road-Pricing on the PRR

Congestion Peak-periods | “Full” Taxes “Full” Taxes
Taxes Taxes (1) )"
Taxes’ range (€/vkm) 4.05 -0.00 5.31-0.00 4.15-0.1 4.15 - 0.10
10-15 km/h (€/vkm) 0.77 0.99 0.87 0.87
40-45 km/h (€/vkm) 0.16 0.20 0.27 0.26
Toll Revenue (M€) 250.5 218.7 475.6 442.0

SourcesQuinet (2004), Unite (2001), Prud’lhomme and é#009), Conseil d’Analyse Stratégique (2008).
Notes:g: external costs derived from Quinet (2004) amitdJ(2001), see Appendix. h: CO2 unit costs from
Prud’homme and alii. (2009), see Appendix.

First, congestion taxes vary as regards trafficdd@ns. A trip of 8 kms on the PRR would
thus imply a toll equal to 7.2 € if the traffic gugewere of 12.5 km/h. This travel would cost
2.2 € when driven at 42.5 knfh This result highlights a first complexity linkeéd marginal
pricing strategies. The extreme volatility of pnigi schemes would in fact necessitate
expensive technologies and it may excessively uistiivers making their displacements’
choices. Second, time losses represent the maipament of tolls. External costs related to
noise, accidents, pollutants and greenhouse efbece added, exceed congestion tax only
above 50 km/h. Differentiating CO2 emissions asardg traffic speed marginally alters this
resulf®>. One may then legitimately wonder about this falich seems to be in contradiction
with the primacy accorded to environmental proble@mnsider thus that social losses due to
CO2 emissions on the PRR represent only 14 % otdngestion wasté Finally, it can be

drawn from Table 6 that thefiScal’ definition of road congestion is not verified. the

%1 From Table 3 we know gaps between effective aritnaplevel of road use, i.e. betwerandy on
Figure 1. We therefore correct the effective demanthis gap.
%2 Due to methodological specificities, congestiorrgiral costs even become excessively expensive
for worst traffic conditions (Verhoef 1999), asudtrated by the first speed-class.
% According to our methodology, CO2 emissions on BfRR have only decreased by 8,000 tons
between 2000 and 2007, i.e. an economy valorize®@latM€ (see Appendix). Even if it is biased
because of engines’ progresses (and the possilflie wver-evaluation), this result teteris paribus
coherent with the observed speed fall. Inferioesipelasses are in fact associated with more emissio
and, in 2007, compensate progresses realized adgerw
® Following this argument, one understands thatspartation projects would more often satisfy
economical appraisals thanks to time gains thewdedrather than environmental benefits they
generate.

21



simplest case, toll revenues appear twice as b M€) compared to the extent of time
losses. This result illustrates well one majoridifity linked to the implementation of road-
pricing, namely its social acceptability (Rothernga®003, Raux and Souche 2004). In fact,
introducing a toll on the PRR would induce surplirahsfers between the different types of
commuters (Bureau and Glachant 2008). Suddgulation by prices could worsen the
(already) unequal accessibility to the regionablaimarket among social categories (Donzelot
2004, Wenglenski 2007, Gobillon and Selod 2007), @nds, restrain the public support to

this type of intervention.

Despite of what seems to be major limitations, ohs are nevertheless available to make
road-pricing an effective regulation tool. Progesssrelated to NITCs and successful
experiments of dynamic pricing offer first reasdealperspectives to facilitate drivers’
adjustments (De Palma and alii. 2005). In ordemiarove the social acceptability, a practical
option would consist in implementing road-pricimggressively on the regional road network
(Lindsey and De Palma 2006). Introducing tollstlo® PRR first, despite the symbol it would
constitute, could in fact excessively disturb drs’ehabits and portfolios. Most of all, toll's
revenues should be used to finance quantitative qaralitative improvements of public
transits in lle-de-France (Small 1992, Crozet 200 HRese fiscal transfers would of course
exacerbate in the short run respective contribstimintravellers to transportation activity by
making the (already over-taxed) motorists pay f@ (already subsidized) public audience
(Orfeuil 2008). However, due to difficulties linkead infrastructures’ funding in lle-de-France
region, amounts presented in Table 6 could offedriwers effective possibilities to shift
towards cleaner transportation moesmproving the accessibiliy of public transits ttee

jobs centers would certainly constitue a major deanf policies sucesses.

To conclude, note that alternative actions to rpacing may equally be relevant in order to
relieve road congestion. From our figures, it canfact be calculated that increasing the
vehicle occupation rate to 2 (instead of curreitly) would induce a fall of vkms driven on

the PRR approximately equal to 33%Even if this result suffers from above documented

% To illustrate this, consider that one year @fll” toll revenues would be sufficient to cover the

creation of one street-car line as that mentioneBriod’homme and alii. (2009).

% Note first that 2,298 M vkms correspond to 2,52kgengerkms (pkms). Suppose then that we

keep constant the global mobility (in terms of pkras well as displacements due to goods’ delivery
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limitations concerningstatic’ analysis, it constitutes an appreciable perspectlhis ‘hon-
market interventiohwould thus save a congestion waste of 50°M©ne therefore easily
understands the interest relying in exploring apioelated to co-driving in particular (Small

and alii. 2006), and to cooperative practices ammogmuters in general (Orfeuil 2068)

(529 vkms=529 pkms). If one applies a vehiclestupation rate equal to 2, the 2,002 pkms
previously traveled transform into 1,001 vkms. Tl PRR use becomes 1,530 vkms.

" If one applies a total traffic on the PRR of 1,580ns to general congestion unit costs, a social
waste equal to 80 M€ is found.

% Finally, debates on sustainable development tdenofocus on transportation issues whereas
concrete solutions have equally to be found inrded estate’s domain. Focusing on the Parisian
agglomeration, Korsu and Massot (2006) have catedlshat building housings in order to bring

closer people and jobs, especially in the centrah,acould save about 8 % of daily regional
displacements. In addition, this strategy wouldtesofland speculation, other majopush-forces

stressed by urban economics.
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Appendix

Table 7 - Estimates Parameters

2000 2007
Fixed cost (€/vkm) 0.26 0.30
Av. time value (€/h) 9.3 10.2
House-Work time value (€/h) 12.2 13.4
Delivery goods time value (€/h) 31.4
Share of delivery goods (%) 23
Road demand elasticity -0.8/-0.4

SourcesMinistére de 'Equipement, des Transports, de IBRagement du territoire, du Tourisme et de la Mer
(2004), Orfeuil (2008), Insee (2007), Bilan des @épments (2001), Goodwin (1992), Litman (2006).

Calculation of the PRR’s congestion cost in 200tHe 5-10 km/h speed-class
We know coordinates of points necessary to calelaGEP-AGB) area on Figure 1:

X =327 veh/km

Y= 266 veh/km
L =1(327) = 1.66 €/km
M = S(266) = 2.04 €/km
P =1(266) = 0.74 € /km

We therefore obtain:

Kilometric cost.1o= LGEP — AGB = Y*(L - P) — (M - L)*(X — Y)/2 = 232.0E /km

It corresponds to the cost generated by 327 ved)ideving one kilometer on the PRR at a
traffic speed of 7.5 km/h instead of 23.0 km/h. Yk&nsform this in unit congestion cost

(€/vkm) by diving it by the number of vehicles pgason that kilometre, i.e. the density:

Unit cost.10= 232.01/327 = 0.709 € /vkm

It is then enough to multiply this unit cost by tie¢al number of vkms driven into this speed-

class:
Congestion cost; o= 0.709*30,713,000 = 28.51 M€
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This figure represents what has been lost by 3otie2007 due to the fact that 30.7 M vkms
have been realized on the PRR at a traffic spethetesl because of road congestion. We have
finally to correct this social waste. In fact, orghicle is occupied by 1.3 passengers (Orfeuil
2008). Moreover, 23 % of PRR’s traffic results frgoods’ delivery (Bilan des Déplacements
2001) whose time value is more expensive (31.4r&tead of 10.2 €/h). A simple calculation
(see note 42) conducts to find a 1.315 coefficidie ‘true” social waste caused by road

congestion on the PRR at the traffic speed of mBks:

Congestion costip= 28.51*1.315 = 37.49 M€

Table 8 - Geographical Speed-Density Relationships

Northern PRR s(q) =93.119 — 0.249*q

(0.152) (0.001) R2=0.76
Eastern PRR s(q) = 90.990 — 0.246*q

(0.140) (0.001) R2=0.78
Southern PRR s(q) = 85.353 — 0.264*q

(0.141) (0.001) R2=0.74
Western PRR s(q) =92.392 — 0.251*q

(0.110) (0.001) R2=0.79

Source:Author’s calculations.

It may be observed that speed-density relationstpaiot fundamentally diverge across
PRR'’s sub-sections. The one related to the southiera offers the lowest maximum speed
(s0=85.4 km/h), result coherent with the fact thasitomposed on its main part by only two
circulation lanes. Inversely, the road capacityegpp superior for northerngg93.1 km/h)

and western (92.4 km/h) sub-sections.

The PRR’s emission-density relationship
The fuel consumption is a function of the velocityie graph hereafter shows it clearly. It is
infinite when speed is zero and decreases reguldrgn speed increases, up to 40-50 km/h. It

stagnates then between 40-50 km/h and 90-100 kna/imareases again beyond this limit.
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Figure 2 — Relationship between Speed and Fuel @opson

Vehicle Speed vs. Fuel Consumption
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Sourcewww.fueleconomy.gov/feg/drive-Habits.shtml
Note the fuel's consumption is measured in miles @diog (i.e. in kilometer per liter) which explains
the inversed form with respect to a graph expressétérs per kilometer.

One can deduce the function that connects fueluwopson and speed by considering the
point where the curve cuts the y-&Xisnd the point that corresponds to a speed of 30
miles/houf’. Once this function derived, one multiplies it the CO2 emissions associated

with 1 litter fuel consumption (2.35 kg):

For s <50 km/h (expressed in kg/km): CO2(s)620 — 0.00925*v
For s >50 km/h: CO2(s) =0.16

This function is derived for private cars. Actuallthe traffic on the PRR includes
approximately 23 % commercial vehicles, which eamtaverage twice as much CO2 than
cars. In that case, it will be advisable to multifiie obtained estimate by a coefficient of 1.13
(=(0.23*2+0.67*1)). It is then possible to crosg tamission-speed equation with the speed-
density relationship. One obtains the quantity @2Cemitted as a function of the density of
the road:
CO2 =f(s) =r+p*v  (with A = 0.624 and = -0.00925)
s = g(q) =a+p*q (with o = 90.3 and = -0.253)

s = 5 miles/h = 8.04 km/h ; fuel consumption =nies/gallon = 0.23 litter/km
05 = 48.27 km/h ; fuel consumption = 30 miles/gako0.078 litter/km
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This gives us:

Fors <50 km/h:  CO2 = h(g)k=+ w*a + p* B *q = 0.00234*q — 0.2111

For s > 50 km/h: C0O2=0.16

We then can apply the number of vkms driven intthespeed-class and sum it to obtain the

whole quantity of CO2 yearly emitted on the PRRthauit forgetting the coefficient

considering commercial vehicles. Since a ton of Gf2a@ be valorized at 32 € (Consell

d’Analyse Stratégique 2008), we are able to find é&mvironmental cost of one vkm as

regards speed-classes.

Table 9 — CO2 Emissions on the PRR

Speed Density | CO2(q) | Traffic2000 | Traffic2007 | CO2 2000 | CO2 2007| CO2 unit

(km/h) (veh/km) | (kg/vkm) | (M vkms) (M vkms) (tons) (tons) cost (€/vkm)
2.5 347 0.601 3.595 4.306 2,160 2,587 0.026
7.5 327 0.555 28.127 30.713 15,598 17,031 0.025
12.5 307 0.462 65.701 67.453 33,396 34,286 0.023
17.5 288 0.416 87.120 88.070 40,254 40,692 0.022
22.5 268 0.370 85.750 88.032 35,656 36,605 0.02(
27.5 248 0.277 84.109 83.450 31,084 30,840 0.018
32.5 228 0.231 79.232 75.090 25,617 24,217 0.017
37.5 209 0.185 67.523 61.772 18,709 17,115 0.016
42.5 189 0.160 59.595 45.558 13,756 10,516 0.014
47.5 169 0.160 50.380 41.867 9,299 7,728 0.013
52.5 149 0.160 47.764 50.265 7,642 8,04P 0.005
57.5 130 0.160 63.861 85.871 10,218 13,739 0.005
62.5 110 0.160 90.303 181.091 14,448 28,975 0.005%
67.5 90 0.160 136.983 358.100 21,91y 57,296 0.00%
72.5 70 0.160 192.537 463.212 30,806 74,114 0.005%
85.8 18 0.160 1,206.50 573.374 193,040 91,740 0.005%

Total 2,349 2,298 569,068 560,010

SourcesAuthor’s calculations from Prud’homme and alii0(®), Conseil d’Analyse Stratégique (2008).

According to Table 9, 0.56 M tons of CO2 have besmtted because of PRR’s use in 2007.
Once valorised at 32 per ton, the PRR'’s social cost due to greenhofiset@mounts at 18
M€ (14% of the congestion waste). This guardian valiuthe CO2 is actually higher than
alternatives ones. The Stern Report (2006) aduises to retain a value of 25 €/ton and

consider that one ton was exchanged at 10 € or\Biiegthe European spot market of C02, in

32



Februar 2009. With these values, the social cos€O2 emissions on the PRR would

respectively reach 14 M€ or 5.6 M€ (i.e. 11 % ar¥ 6f congestion externality).

This methodology is also interesting for analytigalrposes. In fact, it allows one to

differentiate CO2 emissions as regards traffic dffeand better highlight changes. CO2
emissions on the PRR have thus weakly decreas2d§) between dates. Because of the
speed fall, a more important share of PRR’s traffiacowadays realized into inferior speed-
classes, i.e. the more polluting ones. This cateédthe weakness of the evolutibrAbove

all, this methodology offers more precisions congeg CO2 unit costs.

Marginal taxes on the PRR

We now present different pricing schemes for ttegtilation by priceson the PRR. We first
consider the sole time losses, for the general @adeduring peak-periods (with a higher time
value). We thereafter integrate (under an additoren) others external costs due to noise,
accidents, greenhouse effect and pollutarfidl (taxes). These last ones, as in Lindsey and
De Palma (2006), are drawn from Quinet (2004) anddJ)2001), except for last column of
Table 11 whose CO2 unit costs are derived fromrtathodology presented above.

Table 10 — External Costs linked to Noise, Accisle@reenhouse Effect and Pollutants

Externality Noise Accidents Pollution Greenhouse Twal

Value €/vkm) 0.0056 0.0348 0.0422 0.0244 0.107

SourcesQuinet (2004) and Unite (2001).

" We do not have found any similar equation for Finench case. But Renaut communicated to us
that, in urban areas, passing from 10 km/h to 2¢hkimduced an “economy” equal to 25 %. Our
estimate results in a 17 % economy, amount noarsaviay.
2 This evolution is certainly under-evaluated. Intfat supposes constant unit CO2 emission whereas
technological progresses have made vehicles’ eadpeeome cleaner (Airparif 2006).
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Table 11 — Different Marginal Pricing Schemes foe PRR

Speed General Case | Peak-periods | “Full Taxes” (1)? | “Full Taxes” (2)"
(km/h) (€/vkm) (€/vkm) (€/vkm) (E/vkm)
2.5 4.046 5.315 4,153 4,155
7.5 1.316 1.707 1.423 1.423
12.5 0.767 0.993 0.874 0.872
17.5 0.530 0.685 0.637 0.634
22.5 0.392 0.506 0.499 0.495
27.5 0.305 0.394 0.412 0.407
32.5 0.327 0.422 0.435 0.427
37.5 0.197 0.254 0.304 0.295
42.5 0.159 0.204 0.266 0.256
47.5 0.127 0.163 0.234 0.222
52.5 0.103 0.132 0.210 0.191
57.5 0.080 0.102 0.187 0.168
62.5 0.062 0.079 0.169 0.150
67.5 0.046 0.059 0.153 0.134
72.5 0.033 0.041 0.140 0.121
85.8 0.000 0.000 0.107 0.095

SourcesAuthor’s calculations from Quinet (2004), Unit®d() and Prud’homme and alii. (2009).
Notes:g: external costs derived from Quinet (2004) amitéJ(2001). h: CO2 unit costs based on Prud’homme
and alii. (2009).
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