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To my parents and brother

If a man takes no thought about what is distant, he will find sorrow near at hand

Confucius
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RESuUMO

O desenvolvimento urbano atingiu certos limitesagacidade, o que levou a saturacédo das vias para
utilizacdo do automovel. O desperdicio de tempo fi@ms de transito é hoje um dos maiores
transtornos da vida das pessoas, com elevadosscustmeadamente perda de tempo, aumento dos
gastos com combustivel, stress e impactos ambgentai

Urge por isso procurar solu¢des tendo em vistaserdelvimento sustentavel. Como uma situacéo de
falha de mercado, o congestionamento pode seradmplelo mecanismo preco. As portagens urbanas
tém sido defendidas como uma politica valida, axtaasobre gestdo da procura como alternativa ao
aumento da oferta.

Apbés uma pesquisa sobre os casos onde ja se imphman®m esquemas de taxacdo do
congestionamento, alguns com sucesso e outrosénéto um estudo para a cidade do Porto. A
avaliagdo do congestionamento no Porto é elaboeaddarés da utilizagdo de um modelo de
transportes multimodal.

As politicas de investimento publico em infra-esiras de transportes na Area Metropolitana do
Porto tém sido orientadas para o aumento da reldwiéoia e, apenas recentemente, para a criagdo de
uma rede de metropolitano, sendo que s6 esta wmaostrou eficaz no combate a crescente procura
automovel.

Ponderadas todas as premissas, concluimos quelegdsit actual ndo justifica a introducdo de
portagens.

PALAVRAS-CHAVE: Portagens Urbanas, Gestdo da Procura, Esquemas agacad do
Congestionamento, Congestionamento no Porto, Matielransportes.
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ABSTRACT

The development of the road network in urban regimached capacity limits and led to saturation
effects. The waste of time in traffic jams is origh® major liabilities of modern life, with higlosts,
including the cost of lost work and leisure timagreased fuel consumption, stress and environmental
costs.

Therefore, it urges to find solutions taking in @act a sustainable development. As a situation of
market failure, congestion can be regulated byptiwe mechanism. Urban road pricing is said to be a
valid way acting on traffic demand management,aeiathan raising the supply.

After analysing four implemented congestion chaggschemes, Singapore, Oslo, London and
Stockholm, some well succeeded others don't, aysfod the city of Porto is developed. The
evaluation of congestion in Porto is supported byudtimodal transport planning model.

Public investment policies in transport infrastuwes for the Metropolitan Area of Porto have been
directed to the expansion of the road network aadly recently, to the creation of an
underground/tramway network. This last one is thig efficient measure applied to tackle the growth
in car usage.

Considered all premises, our main findings wered tha present situation does not justify the
introduction of a congestion charging scheme irtd?or

KEYWORDS Road Pricing, Traffic Demand Management, Congedfibarging Schemes, Congestion
in Porto, Transport Planning Model.
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INTRODUCTION

1.1. GENERAL DESCRIPTION

Traffic congestion is one of the major liabilitie modern life. The time lost, not to mention the
personal discomfort, form a global diseconomy véitprice around 2% of the GPD in the European
Union. (Mezghani, 2006)

This phenomenon is the consequence of not haviradeance between supply and demand.

In the early sixties, the Buchanan Report suggestexiolutionary strategy to avoid road congestion
in urban centres. In fact, it was not possible d®se road capacity in the centre without major
intervention, so planners adopted that documentisaland connected radial axis by a ring road.

However, that policy which helped the growth of ta usage and the urban sprawl brought, decades
later, new congestion problems to cities and newratticable conditions to raise road network
capacity. “Indeed, because demand for travel dependhe cost, improvements in travel conditions
induce people to take more trips, and it would plp be impossible to eliminate congestion.”
[Lindsey and Verhoef, 1999, pp. 1]

Curiously, Buchanan also had other ideas to detl thie problem. He suggested, for example, a
"congestion tax" on car owners and the importaricgheap public transport in city centres. Except to
some cases, these proposals were not taken imarstcc

As a situation of market failure, congestion camdgpilated by a price mechanism. Urban road pricing
is said to be a valid way acting on the demantherathan the supply side. This economic measure has
been applied to regulate traffic in some cities sindle highways around the world.

Pricing this externality, over individual transposith great welfare gains, has always set the
discussion about equity effects and social accdityad he optimum design of an urban road pricing
scheme is therefore sought to reduce congestiorpanwide a better quality public transportation to
the community, on the one hand held by the redndticcongestion, imposed by cars on buses and on
the other hand by the application of the net regemhich is seen as the best way to gain public
acceptability.

Policies like this provide a sustainable developmeducing car dependency and improving global
mobility in nowadays agglomerations.



Urban Road Congestion Charging: The Case of Porto

1.2. OBJECTIVE

This dissertation is intended to study the intrdidunceffect of congestion charging schemes in urban
zones appealing to the most recent cases anddg 8ta introduction of this policy for the city of
Porto.

The effects have to be predicted attending on tindon from which the circulation would be taxed,
the payment level, impacts in the traffic, accetitstof the community, etc...

1.3. METHODOLOGY

This dissertation started with a convenient bibiagdnic research focused on the economic theory of
congestion and some notes from traffic engineering.

A second moment was the practical analysis of tbécyy constructing an overview on the
implemented case studies and a comparative stuiigof.

In order to assess road congestion in the city artd? it was acquired knowledge in transport
modelling, essentially on modelling road pricingddhence applied to a multimodal transport model.

To conclude the Porto case, a final reflection munadlowed the exposition of some arguments that
aim at the explanation of the model results as agethe current situation of the road traffic ia tity.

1.4. STRUCTURE
The structure of this dissertation, apart fromghesent chapter, follows the methodology employed.

Chapter 2 presents the component of the econoraimrthof transportation associated to short-run
decisions on road traffic management. Overall, seomomic principles are analysed, followed by a
review on the road pricing theory and a possiblaragch from this to a congestion charging scheme.

From theory to implemented schemes, chapter 3 piesesummarised analysis on the case studies
focusing on their design options and the resultsinbd. Analogies to the economic theory appear
when found opportune and a final synthesis segtims the main aspects of the four analysed cases:
Singapore, Oslo, London and Stockholm.

From a general description of transport modelshogractical methodology used for evaluating the
implementation of a road pricing scheme on the oftyPorto, chapter 4 focus on aspects related to
modelling flows on road networks and how models ipport the decision making.

General data analysis and results from the Pottaissport model are reviewed in chapter 5. A
reflection on a possible introduction of road castigm charging for the city of Porto is also expbse

A final and single chapter presents the main caghs.



Urban Road Congestion Charging: The Case of Porto

2

ECONOMIC THEORY OF URBAN
TRAFFIC CONGESTION

The present chapter presents a part of the econtiicy of transportation associated to short-run
decisions on road traffic management. Overall, sepmomic principles are analysed, followed by a
review on the road pricing theory and a possibler@gch from this to a congestion charging scheme.
This chapter was inspired on the bdrdinciples of Transport Economitsy the authors Emile Quinet
and Roger Vickerman.

2.1. GENERAL PRINCIPLES
2.1.1. GENERALISED COST OF TRAVELLING

In analogy with the consumer behaviour theory tbevily travelling itself creates disutility. The
utility extension to transport is the generalisedt@f making a trip (GC), with a negative signisTis

a price for a good inclusive of not only the momgtzost of travelling but also the time cost and th
psychic cost.

Indeed, many elements compose the GC. For exatimpke costs can be divided in access time, wait
time, travel time, interchange time, schedule delag other costs. Psychic costs can reflect eleament
such as reliability (dimension of service quality) significance (prolonged waiting time or missed

travel connections). This composes an econometriction that in practice is the basis for transport
models software. (Quinet and Vickerman, 2004)

A simplified and more intuitive equation 2.1 incegdonly the monetary and travel time costs.
GC =m+VOT xt (2.1)

The first member of the equation 2.1 is the moryetast (m) which can be divided into three groups,
not equally perceived by users:

= Fixed costs (insurance, vehicle registration/lieefeses, vignettes, permits,...) that are
irrelevant for a second trip;

= Semi-fixed costs (vehicle depreciation, dependingooth age and cumulative distance
driven) relatively irrelevant per trip;

= Variable costs (fuel, oil, maintenance, tollsdirectly dependant on the trip.
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In this perspective, an urban congestion chargm ite variable character is very well perceived by
users. This fact is important for the existenca girice-elastic demand but it is also a lever tolipu
rejection of the policy.

Pricing time has been a valid idea in transporineotcs. Taking part in the second member of the
equation 2.1, the value of time (VOT), also knovenvalue of travel time savings (VTTS) or cost of
travel time, is the ratio between the marginaitytipf time and the marginal utility of income. @ther
words this represents the amount an individualilisng to pay to save a unit of travel time. Theaio
time cost is therefore the product between VOT tardotal trip time (t).

The generalised cost of travelling is an individoast. As a public measure, road pricing lead$i¢o t
notions of social cost and social surplus.

2.1.2. SoclAL CosT

The term social cost (SC) of a transport infragtmecis used to designate the sum of all individual
costs plus the total infrastructure cost (F).

SC(N,K) = iGC(N, K)+F(K) 2.2

n=0

Formula 2.2 particularly expresses the social oash road segment. For short-run decisions the road
capacity (K) is fixed, meaning that the social audy depends on the number of users (N).

2.1.3. SOCIAL SURPLUS

One alternative to set an optimal pricing rule barderived by using a partial equilibrium analysis
maximising social surplusidem

Social surplus is given by the area under the ddnsarnve minus the total of all individual costsrFo
simplicity it is considered the average cost ofeétting time multiplied by the number of travellers

S9N) = T p(N)dn—AC(N)x N (2.3)

n=0

In first-best conditions and without externalitifse optimal pricing rule is to set a price of seevat
its marginal cost of production (MC). However, iEvassume externalities, the optimal price equals
the marginal social cost (MSC).

First-best conditions subsist when the rest ofettenomy is operating efficiently and an externalty
said to exist when the actions of an agent or agaffiect the utility or production possibilities ather
agents without a market in which effects are priced

The concept of social welfare is similar to sosiatplus. Changes in social surplus are associatad t
welfare gain or lost.
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2.2. CONGESTION EXTERNALITY
2.2.1. PROBLEM ANALYSIS

Costs related to congestion include the cost aiask and leisure time, increased fuel consumption
increased vehicle wear and tear, additional ailupoh and associated health related problems and
unnecessary stress and discomfort. Congestion stevmovement of goods and services, adding to
the price of products and reducing the competitgsrof businessib{den)

However, for practical economic analysis the extkoost of congestion is merely linked to the livss
time.

Traffic flow on a given road section is studiedtiaffic engineering by a speed-flow curve (figure
2.1). Data collected from vehicle counts represdhts following curve. It can be divided into
congested and hypercongested (as named by ecogpmist

A

Speed (N)

S (Ne)

Hypercongested

ch F ID\V 5 N

Figure 2.1 - Speed-Flow Curve (Cohen, 1993)

This curve is usually divided in two parts by armdihat represents the capacity of the road. The
meaning of capacity in traffic engineering is thenf value N: close to the maximum hourly flow.

The congested branch (the upper part of the cueflcts a clear relation between speed and flow,
and can be analysed by static models. Howevertherhypercongested branch, the resource to
dynamic models is essentiadém

“For economic analysis (e.g. Button, 1992), it @ntnon to ignore the hypercongested branch of the
speed-flow curve and to specify a functional foron fravel cost (C(N)) on the congested branch
directly, rather than beginning with a speed-dgniinction and then deriving C(N)” [Lindsey and
Verhoef (1999), pp. 4]

The speed-flow curve can be presented as a costdiove by pricing the time. It is common to
associate this travel cost curve with an inverseatal function as shows the following figure 2.2.
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C(N)

Hypercongested

p(N)

» Flow

Figure 2.2 — Backward-bending travel cost curve, C(N) , and travel demand curve, p(N)

(Lindsey and Verhoef, 1999)

In this figure the hypercongested branch of theedgow curve is equivalent to the upper part @ th
cost curve C(N) from the capacity floweN

In order to analyse the congested part, the fiosiceptual framework for road pricing policy was
introduced by Walters (1961), producing a supplsrded diagram (figure 2.3). This models
congestion and congestion pricing by combininggbeed-flow curve with a demand curve for trips.
(Quinet and Vickerman, 2004)

Assumptions:

The only endogenous choice is the number of trips;

Travellers are identical (including their valuestiofie) except for their reservation price
for a trip;

Vehicles are identical in private and external @stigpn costs;

Demand for trips is given by a conventional dowrdwvsloping (inverse) demand curve
p(N) which represents marginal private and socaidfits;

The generalised cost of making a trip (GC) equadsaverage cost (AC) and rises with
the number of travellers (N);

The flow represents a stationary state, constaat time;

Congestion is the only externality.

The link between the individual and the social mptins is well achieved by representing the average
cost (AC) and the marginal social cost (MSC) curvdse AC curve expresses the average generalised
cost of travelling with the time element given lhetspeed-flow traffic engineering function. The
MSC is derived from differentiating the social cost
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_dSC_d(ACxN) _ \~,  9AC

MSC

Thus, the MSC is equivalent to the AC plus the nmaigcongestion externality cost defined by the
incremental cost of each user in the total cost.

In figure 2.3, where C(N) represents the cost gpr & simple road is a uniform lane width and no
junctions. The same graph can be applied to a givea as a simple model of analysis. (Prod’homme
and Bocajero, 2005)

c) A

MSC = AC + N dAC/IN

MSC(Ng)

SO
MSC(N,)=b,

Pe %//LNE

N, Ng Number of trips, N

p(N)

Figure 2.3 — Walters' diagram

The natural equilibrium (NE) on a non-taxed roagtsxfor a number of trips Nwith an average cost
of travelling . At this point of road usage, the level of the MiS@xtremely high, in accordance to a
raised marginal congestion externality cost.idlexcessive because the marginal benefit todsie |
traveller, g, is less than the MSC EN

The idea behind this diagram is to find a new digiiim, called social optimum (SO) (check 2.2.3 for
further developments) where the demand curve p(fgreepts the MSC curve. In other words,
congestion is always present and the objectiveetbes, should not be to eliminate congestion but t
make sure that the optimal level of congestion g@itevThe toll price to reduce the number of trips
from Ng to Ny is known as a ‘Pigouvian’ tax in honour of itsrépial father Pigou (1920).

2.2.2. PIGOUVIAN TOLL, REVENUE AND WELFARE GAIN

The optimal toll is calculated by the differencetvieen the MSC and the AC foroNrips. This
graphical interpretation can be formally derived bhyaximising social surplus. (Quinet and
Vickerman, 2004)
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JAC(N,)

T=Ng N

2.5)

The new user cost per trip is equal to Ag(dlust and the toll revenue results in multiplying th# to
price by the number of usergN

Congestion costs should be defined as what idlsbciety for not being at the optimum. They also
equalise the welfare gain associated with the ¢éaakh the number of trips fromgNto No.
(Prod’lhomme and Bocajero, 2005)

As said above, the welfare gain reveals an incréas8S that briefly represents the recover in
marginal social costs minus the loss derived frolowaer demand. Figure 2.4 shows both tax revenue
and welfare gain.

) A

/ MSC=AC + N dAC/dN
[ ] Welfare gain

P Tollrevenue
S0

MSC(N,)=b,
AC

p(N)

.
|

N, Ng Number of trips, N

Figure 2.4 — Walters’ diagram, Toll revenue and Welfare gain

A condition of natural equilibrium is that consunseirplus (CS) and social surplus (SS) have the same
value. In spite of this, on the social optimum diQuium SS further than retaining CS, sums theltota
toll revenue (TR). Although there is a decreas€from N: to N, the gain in TR exceeds that loss
in which forms the main objective of this policg, maximize SS. (Quinet and Vickerman, 2004)

2.2.3. THE SocCIAL OPTIMUM EQUILIBRIUM

Route choice models in transport are based on timgiples presented by Wardrop (1952). The first
principle describes network flow equilibrium in thabsence of regulation, also called ‘user
equilibrium’ or ‘natural equilibrium’. Wardrop’s if§t principle states that “travel cost is the same
all routes there are used and equal or higher loroates that are not usedidém “In a Wardrop
equilibrium no individual has incentive to changther his route or his decision whether to travel.
Wardrop’s equilibrium is therefore a Nash equililoni” [Lindsey and Verhoef (1999), pp. 11]

This user equilibrium is suboptimal to society sinsocial costs are higher than in a ‘system
optimum’, also called ‘social optimum’ (SO), as ddlsed in Wardrop’s second principle. It stated tha
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in a system optimum, all used routes for an OD paire identical marginal social costs equal to the
marginal benefits for that OD pair, and there aseunused routes with marginal social costs lower
than this. (Small and Verhoef, 2007)

The relationship between these two principles fotineskey argument for road pricing regulation in

what specific matters route choice. Indeed, thiicpads essential on a network to reorganize toavfl

on the links from an individual optimum to a soadgtimum. This could globally generate a Pareto
improvement by the compensation principle althobghre losers are not directly compensated. (Hau,
1992) In practice, other measures, such as apptyi@doll revenue on public transports or creating
exemptions/discounts to some demand segmentslane to attempt equity.

2.3. URBAN CONGESTION CHARGING SCHEME

The majority of the studies in this policy are mhse network models, which have been applied to
present cities for empirical estimation. May et(@000) applied a network simulation model of the
city of Cambridge, U. K., to compute the effectsatiérnative pricing systems such as cordon prijcing
distance-based, congestion-based, etc. They mBoolysed on changes in spatial patterns of traffic
flow and congestion, and the level of economic armelfwas not discussed in detail. Santos, et al.
(2001) used a similar network simulation model lwain the optimal cordon tolls for eight English
towns. Alternatively, Verhoef (2002), Zhang and Ya(2004), Sumalee (2004) examined the
mathematical problem of obtaining optimal choicésodl levels and locations of toll collection in a
network. They mainly determined methods of commutisptimal solutions, and presented the
numerical results for testing the methods. (Akyanal, 2004)

“Although network models are useful for practicpphcations, they are not suitable for investiggtin
the general properties of the problem, since tealt® depend on the network structures specified fo
calculations. On the other hand, the continuousespaodels are useful for theoretical analysis on
qualitative properties of traffic pattern and ressuallocation under alternative pricing systems.”
[Akyama et al (2004), pp. 401-402]

Given this academic study, this dissertation iended to present only a simple model of analysis as
suggested by Prud’homme and Bocajero (2005) coimgetheir economic appraisal to the London
Congestion Charging Scheme.

A simplified generalised cost is considered onliatree to the congested branch of the cost-flow
curve.

GC =m+VOT xt (2.6)

Where,m is the gas price per kilometre [€/kmMOT is the value of time [€/h] and t is the time per
kilometre [h/km] so that time is the inverse of Hpeed.

t =E 2.7
S
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Speed can be estimated by a declining and largedgd function of road usage:
S(N)=A-BxN (2.8)
A is the free flow speed (observed for N=0 or fight traffic values) and B equals:

_A-s*(N)
N *

B (2.9)

Note that for the determination of the constansRadnsidered as fixed speed, s*(N), and flow, N*,
values for an observed period as a reference ample average values of speed and flow observed
in a zone).

The next step is to draw an individual cost cut@N), and a marginal social cost curve, MSC(N).
The first, IC(N) is the generalised cost equatd®) derived from equations (2.7), (2.8) and (2.9).

The marginal social cost curve equals the individoat, plus the cost of the additional time spgsnt
all other vehicles because of one extra vehicléherroad.

MSQ(N) = IC(N) +IC'(N)x N (2.10)

The Walter’'s diagram will then be completed witheanand curve, p(N).

Pp(N)=C-DxN (2.12)

For simplifications this is also linear so that@ld constants can be derived by using just twatpoi
The first point is the one used in (2.9) and theoed is the system reaction to a given toll (tlsis be
computed with a transport model or with previoutadehen the zone was taxed).

Note that in a supply-demand equilibrium, the gahsed cost GC(N) equals the demand p(N).

Once the Walters’ diagram is completed, it is egasi€alculate the Pigouvian toll.

As said, this methodology was used in an econompraisal of the London Congestion Charging
scheme and can help in the way that gives an ofdée toll value. From this value many adjustments
can be made. For example, in what concerns demandgement, the Pigouvian toll figures a third-
degree price discrimination when time consideratiane taken to reduce peak demand and/or to
generate off-peak demand.

10
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2.4. PRACTICAL CONSIDERATIONS FOR SCHEME IMPLEMENTATION

The Smeed report of 1964 found that charging vehiébr every mile travelled on congested roads
would “yield substantial benefits”. (Times Online)

The report, commissioned by the British Ministry Bfansport, concluded: “Given the immense
growth in the number of vehicles, the present iaramethods do not effectively restrain the use of
the roads in the right places at the right timed aaw methods may have much to contribute in
limiting the losses due to traffic congestiordgm)

In order to evaluate road pricing schemes Geor§auatos (2005) listed some criteria based both on
the Smeed report (1964) and on May (1992) additieraarks:

“The (expanded) Smeed criteria are a good benchifimarkhe evaluation of road-pricing policies
because they are comprehensive and cover all tieents that have been raised in the literaturey eve
years after the report was published.” [Santos5200.513]

To achieve the social optimum equilibrium on a roatwork, as described in section 2.2.3, charges
should relate closely to road usage. As a demanthgesment tool, the price should be variable
spatially, temporally and modally. However, in spdf trying to perfectly match this objective, a
relatively simple and understandable scheme ismbfe so users can perceive the price structute an
adjust their travel behaviours as expected by seh@amners.

A good information system is mandatory as pricesikhbe stable and readily ascertainable by road
users before embarking on a journey.

Payment in advance should be possible althouglit ¢aeilities may also be allowed.

The intention of the policy must be understood tovigle a progressive public acceptance and the
incidence of the system upon motorists should begted as fair.

It is expected a high degree of reliability on thstalled equipment for a better operating systech a
the enforcement should be reasonably free fronptssibility of fraud and evasion, both deliberate
and unintentional.

The same operating system of the scheme shoulgdaméable in terms of capability to be applied in
other cities. At the same time, the system shaaddifate integration with other technologies.

Foreign motorists, regional and occasional usedsatiner national visitors should be accommodated
rapidly and at low cost.

The drivers’ privacy should not be violated andidtide able to check the balance on their accounts
and the validity of the charges levied.

11
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CASE STUDIES

From theory to implemented schemes, this chaptsgmts a summarised analysis on the case studies
focusing on their design options and on the resdtained. Analogies to the economic theory appear
when found opportune and a final synthesis sectimmects the main aspects of the four cases.

3.1. SINGAPORE
3.1.1. SCHEME PRESENTATION

In the city of Singapore free space is really seaareating one of the biggest problems for the
Government. Some radical solutions such as conmgyeegrrain from the sea or allowing the
construction of high buildings in the business peeipresses the dimension of this problem.

This is the first case of urban road pricing. Ataeensing Scheme (ALS) was introduced in 1975
when congestion brought less economic advantagesapacity expansions than a demand
management policy. ALS was a cordon toll coverimgamea of about 7 Kin1.2% of the city
landscape, named Restricted Zone (RZ), figure ®Hich included the Central Business District
(CBD).

f | == EXPRESSWAY — East Goast
MALAYSIA Mo 1. Ayer Rajah 5. Pan-istand Parkway
y ¥ o 2. Bukit Timah 6. Seletar
T 3. Central 7. Tampines ~ —— Mass Hapid
> '“‘--\__\ A | 4. Kranj Transit line

/
i

S i
2
|

1 |

Figure 3.1 — Republic of Singapore and Charging Zone [Goh, 2006, pp. 30]
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The scheme was followed by a process of price-ddnaaijustment and other minimal changes till
1995 when some expressways were included and iatég898, when a new controlling system was
placed, the Electronic Road Pricing (ERP). (Sar2685)

There as been a gradual increase in the eladiéitiecERP for both the city roads and the expregswa
with the latter increasing at a faster rate, sitgeémplementation in 1998. This trend of incregsin
elasticity suggests that motorists seem to haveredtin a learning process and become more
conscious of the change in ERP prices over thesyaaat are today more willing to change their travel
patterns and behaviour when they are confronteld avitigher ERP charge. In other words, the ERP
has made the drivers more aware of the true cdseafjourney and encouraged them to make travel-
related decisions based on cost, the importanctheoftrip, the alternative routes and alternative
transport modes available. (ECMT, 2005)

In May 1999, Land Transport Authority (LTA) annowadc that the ERP system would be
progressively expanded beyond the RZ to relieviéidraongestion along roads in the Outer Cordon
area under Phase 2 of the ERP plan.

e U

Themeon Rd  \%

» '
SEATTD

ety

& I Phase 1(Sept 1998)
@ Phase 2A (Sept 1999)
@ Phase 2B

Figure 3.2 — Expansion beyond the RZ in Singapore (Cfit, 2006)
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Figure 3.3 — Present ERP gantries in Singapore (LTA)

Figure 3.2 shows the spatial design of the coradmhsmme ERP points. Total present ERP gantries are
represented in figure 3.3. The introduction of thlisctronic system not only leaves the enforcement
more efficient but also makes it possible to graeldhe price as a function of the congestion period
of time, which is a remarkable improvement to ccttyeapply the economic theory of congestion.
Vehicles are charged automatically each time thv@gsca gantry, instead of the previous manual
payment method which was only feasible for a dayrgé.

Table 3.1 characterizes the scheme before and1£6&.

Table 3.1 — Singapore’s Scheme Characteristics

Just Before 1998 Changes

After 1998 Changes

Objective

Reduce traffic congestion and
increase average speed in the CBD

Average speed ranging
between 20 and 30 kph on
arterial roads and between 45
and 65 kph on expressways

Charging Zone

CBD (33 entry points) and 3
expressways

Idem plus expansion (gantries
in April 2008, 9 on arterial
roads,13 on expressways and
31 at the RZ)

Car Tariff (1)

S$ 3 (€1.5) per day
S$ 60 (€30)per month

Between S$ 0,5 and S$ 5 for
crossing a gantry (€ 0.25 - 2.5)

Charging Period

Week days from 7.30am to 7pm
Saturdays from 7.30am to 2pm
Except public holidays

Variable (depending on the
road) (2)

Technology

Paper area license displayed on the
windscreen

In-vehicle units (1Us) (a cash-
card must be properly inserted
in the 1U)

Enforcement

Manually, by enforcement officers

Automatic, with video cameras
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Public transport buses and

Exemptions .
P emergency vehicles

Emergency vehicles only

(1) Vehicle type price discrimination toll cars = 2ltolotorcycle = 2/3 toll heavy vehicle goods
and small busses = ¥ toll very heavy vehicle goagproximately €1 = S$ 2 (1999 exchange
rate values)

(2) Annex A.1 for price table by gantry and by timetloé day

As mentioned above, ERP puts the economic theomongestion into practice. A research on the
optimal toll was directed by the Government of Singre. The price structure, as illustrates figures
3.4 and 3.5, expresses a charge variation as @umofithe entrance time, characteristic of a demand
management policy. The level of toll increases gadlgl until the maximum peak period and then
bends, in order to reach the optimal toll and teuema a better average speed ranging between 20 and
30 kph on arterial roads and between 45 and 650kpbxpressways, varying the charge value each
half an hour. There is also a transition phasejrutes before each change of tariff, to avoid spged

or slow down by drivers.

The toll for each type of vehicle is indicated Iratronic panels located before the gantries. #is®
possible to take note of all information on thelation of the tariffs, according to the gantry used
the Internet site of Land Transport Authority (LT@Xtp://www.lta.gov.sg/).

In order to confirm the link between Singapore’&@rstructure and demand management, the ERP
rates from two random checkpoints follow.

RZ at morning peak (Nicoll Highway)
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Figure 3.4 — Price-Time variation at a gantry in Singapore’'s RZ
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Expressway (PIE slip road into CTE)
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Figure 3.5 — Price-Time variation at a gantry in a Singapore expressway

Notice that these are charge values for cars, thdee tax varies with vehicle type, location of the
gantry and time of day. Furthermore, to ensurenagituse of road space price, structures are redewe
every three months.

3.1.2. RESULTS
3.1.2.1. Traffic and Congestion

There have been substantial modifications fromatiginal ALS to today’s ERP such as sequential
adjustments made to control demand, changes ichidrging period, changes in vehicle type charged,
introduction of new gantries and others, that desaltimescale comparative traffic analysis.

On the other hand, a summary from the main permdssome remarkable points seems interesting.
The introduction of this first urban road pricingstem created an impact somewhat above the
previously desired. “By the fourth week of ALS,ffraflow during peak hours had fallen by 45.3%,
number of cars dropped by 76.2%, and percentag®mimuters travelling by public transportation
rose from 35.9% to 43.9%. (Phang and Toh, 1977, M%) The average speed increased from 18 to
35 kph (Willioughby, 2000)” [Dhakal, 2002, pp. 6]

The implementation of the ERP, as described aldanaeight new choices to transport users inducing
changes on their behaviour and creating new tigattérns.

The first major demand adjustment was a decreaseooning peak and off-peak traffic flow by about
7-8% as compared to the ALS era, and an increa@8%f during the evening peak. This increase
could be justified by the lower cross gantry costhie evening when compared to the previous ALS.
Nevertheless, this raise was controlled and migtantional for the reason that capacity on the RZ
roads was sufficient enough to deal with this tca¥blumes during the evening peak hours. (ECMT,
2005)
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3.1.2.2. Costs and Funds Application

One of the Singapore’s ALS major success factors wgafinancial results, directly related to low
running costs.

“Capital costs associated with the original ALSatletd S$6.6 million in 1975, while capital costs fo
the revised ALS in 1989 amounted to only S$.17iamill In contrast, revenues from the sale of area
licenses amounted to S$47 million in the fiscal ryd893, while expenses related to sales,
enforcement, and maintenance were only 9 percemrtvehues.” [Phang and Toh, 2004, pp. 20]

Transforming the ALS manual system to today’'s Etetdt Road Pricing involved an important
financial effort. In October 1995, a project foetdesign and construction of the new scheme was
awarded to a Consortium at about S$197 million.nFFithe S$197 million, about S$100 million
covered the initial supply of IUs given to motosigor free during a 10-month period of grace thas w
given at the time. Since 2004, the payment of éaisipment has been addressed to drivers at S$150
including the installation cost. The remaining amowf S$97 milion was for the design,
development, supply, installation and 1-year waygrari ERP equipment, including gantries and the
central computer system. A separate 5-year maintenaontract at about S$39 million was also
awarded for 1998-2003, along with the main conti@antos, 2005)

As for ERP revenue, Singapore’s government colteatmut S$91 million in financial year 2006. The

revenue collected has been managed by the Govetsn@&nsolidated Fund, which funds various

government programmes for the benefit of all Simgaans. (LTA website, Parliament Questions and
Answers May 2007)

ERP annual operating costs reached S$16 millidz0B4, which includes the salary of the staff and
administrative expenses so as to manage the systérthe department, as well as maintenance of the
system. (Santos, 2005)

3.1.3. ACCEPTABILITY
The rate of violations fell by 40 per cent aftes fivst few months suggesting a decrease in opposit

A survey found that 75% of respondents felt it fiasto charge vehicles according to the congestion
they caused, and more than 60% supported congesioagement measures other than high vehicle
ownership taxes. (Cfit, 2006)

3.2.0sL0
3.2.1. SCHEME PRESENTATION

The use of tolls as a financial instrument for readstruction has been successfully used in Norway
for over 70 years (Weersted, 2005). This traditippli?@d to urban areas was first established in
Bergen in 1986 and later in Oslo (1990) and Troimd{&991).

Oslo faced congestion problems and the plans fttetbéraffic flow needed investment on new
infrastructures that could be easily supportedheyrevenue from tolls. Indeed, the price mechanism,
in this situation, was used to maximise the tolleraie rather than achieve the social optimum
equilibrium as the already explained Pigouvian, iflapter 2 of this dissertation. Therefore, thgfta
was lower than conventional and the cut-down onatemexpected to tackle congestion, was not so
big.
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As figure 3.6 shows, a cordon scheme is composetBabperating toll stations located in a ring
around the city between 3 and 8 km from the cqmirely to maximise revenue. (leromonachou et al,
2006)

The selection of the Oslo tolling stations was Hdage a compromise between sites that offered the
highest revenues and a small number of collectiations located in areas where the land could be
acquired for a reasonable price. (TRB, 2005)
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Figure 3.6 — Oslo’s cordon scheme (Weersted, 2005)

Characteristics of the scheme are presented ie tal@l expressing a weak demand management
policy, as the tax of entry is constant throughthet day and hence does not fluctuates with traffic
flow. An additional remark in this perspective @t only ingoing traffic is charged for crossing th
cordon.

Table 3.2 — Oslo’s Scheme Characteristics

Oslo Package

Objective Financing Infrastructures

19 toll stations, about 40km?
Charging Zone (50% of the residents live
inside)

Constant, NOK 20 (€ 2.4), only

Car Tariff (1) for inbound traffic

Charging Period 24hours, 7days a week
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Possible to pay manually at a
coin box collection unit or by

Technology the AutoPASS system, with a
radio transmitter on the
windscreen

Enforcement (2) Automatic, with video cameras

Public transport, MC, EL-cars,
Exemptions ambulances, and handicapped
persons

(1) Heavy vehicles (up to 3500kg) pay double. Tarifires on ' January 2004. Approximately
€1 = NOK 8.4 (1 Jan 2004 exchange rates)

(2) An invoice is sent to drivers who do not have antoRASS account passing through the
AutoPASS lane or for those who do not pay at thi box collection unit.

3.2.2. RESULTS
3.2.2.1. Traffic and Congestion

The described price structure was not designedte la major impact neither on road traffic nor on
congestion. In a report on road pricing in urbagaarby the Swedish Road Administration, it is also
stated that in Oslo, “the fees were expressivelsigied not to change the traffic pattern”. Even
though there was a slight decrease in the firstsyeE090 traffic flow levels returned in 1993 and
exceeded in the subsequent years.

Average Daily Traffic

270.000
250.000
230.000
210.000 ¢
190.000

170.000

150.000
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Figure 3.7 — Oslo’s Scheme Traffic Tendency

In 1999, a reduction in traffic was observed buwtas mainly caused by the opening of the new dirpor
north of Oslo. (2002 Fjellinjen AS annual report)

In brief, results confirm a growth in demand, heélfy higher supply from the given investments on
road infrastructures.
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3.2.2.2. Costs and Funds Application

Funds are managed by a company owned by the cit9std (60%) and the county of Akershus
(40%). (Fjellinjen AS, 2006 Annual Report) In thest year of operation, the initial investment &02
million NOK (31M€) was covered by revenue of 750limm NOK (94M<€). Annual toll revenues were
approximately 1 billion NOK (125M€) and operatingsts consumed about 10% of the gross revenue.
(TRB, 2005) More recent data, available on theliRjeh 2006 annual report, assure this ratio of 10%
with the global operating income reaching 1248ionMlINOK (156 M€).

Financial applications, referred above as a Norardiradition”, report to strategic investments on
transport projects within a settled period of timigich is entitled Oslo Package. From these packages
of projects, toll revenue is set to cover 55% @ tosts while other part is covered by the Swedish
Government. (NPRA, 2006)

Oslo Package is an agreement on the way in whielctindon scheme should be used to generate
investment for transport in Oslo. First Oslo Paekagl1990 was primarily designed to raise funds for
road construction (80%, including a ring road, ast¢o west tunnel and a north to east tunnel) aith
lesser focus on public transport (20%). Howeveeg, ithtroduction of the Oslo Package 2 in 2002
inverted this situation with almost all revenueslidated to public transport. The recent Oslo Pagkag
3 postpones the removal of the urban road pricin@slo till 2025. It gives the same destinatiomht®
funds as the previous package, but with furtheestments to the whole transport system, and also
covers the operation cost of the toll scheriter()

3.2.3. ACCEPTABILITY

While the opposition in the initial phase was vstyong, there were threats of sabotage, most people
now seem to accept the cordons as a fact of kie piarking fees and parking restrictions. Opinion
polls have been carried out annually since 19886rder to monitor attitudes of the population in
respect to the toll cordon. (Larsen and Ostmoelp00

2003
2002
2001

2000 = POSITIV

1999 m NEGATIV

1998
1997
1996
1985
1994
1983
1982
1991

1980

30

1989 »

Figure 3.8 — Results from Oslo’s opinion polls (Waersted, 2005)
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The acceptability assessment in this case showshbapposition was stronger prior to the scheme
application as there were 70% of negative attitumgghat figure dropped to 64% immediately after.

Eight years later, 54% were against road pricingvéttheless, between the years 2000 and 2001, the
opposition grew stronger. This reality was indeadsed by the Oslo Package 2, since the funds were
not to be spent in capacity expansion or new raagegts but in public transports added with a fear
that the toll ring would not be removed in 2007 evhwas the original decision. (Weersted, 2005)

3.3. LONDON
3.3.1. SCHEME PRESENTATION

In 1964, the first document regarding urban tolhisoduced as a possible demand management tool,
as described in the previous chapter, the SmeegpeR It concluded that the contemporary methods
to tax vehicles (which changed little since) did netain people to make trips which imposed high
costs on others. This report was used in 1967 éBtitish Ministry of Transport in the study, ‘Bett
Towns with Less Traffic'.

In the eighties, London Planning Advisory Commit{g€AC) concluded that the management of
congestion was central to transport policy in Lamdind that the only improvement of public

transport was not sufficient. There was a needdfiarct measurements to retain road traffic and to
obtain a better balance between supply and demand.

The succession of studies occurred until Road Q@mgr@ptions for London (ROCOL) in 1998,
forming a serious base for the proposed centralbnrcongestion charging scheme implemented in
2003.

This policy took almost forty years to be applied & variety of reasons such as problems of legal
applicability, pressure from the road lobby and fefadverse impacts caused by toll. In July 2000,
the mayor began the process of public consultatith an article called ‘Hearing London's Views'
which was sent to almost 400 key stakeholders agdime London boroughs, London MP’s, MEP’s,
business groups, transport operators, motoringnisgaons and minority groups. The results of this
exercise indicated that there were six times maferdlers of the concept of urban toll in central
London than those opposed to the initiative. Omgeptrocess of public consultation is finished, the
mayor took the decision to apply tolls in 2002 titgron 17th February 2003.

The charge aims to reduce traffic congestion angronre journey times by encouraging people to
choose other forms of transport if possible. Asaétin the Mayor’'s Transport Strategy Congestion
charging contributes directly to the achievemerfbaf of the Mayor’s transport priorities:

= Reduce congestion;

= Make radical improvements to bus services;

= Improve journey time reliability for car users;

= Make the distribution of goods and services mofieieht.

Furthermore, by reducing traffic levels it has atemtributed to reducing vehicle emissions. It also
generates net revenues to support the Mayor’s poainStrategy more generally. (TfL, 2007a)

London Congestion Charging Scheme (LCCS) is anlareasing scheme that originally covered 22
km2 in Central London. Since its western extensior2007 the congestion charging zone (CCZ)
figures an area of about 42km2. Although it caube areas of government, law, business, finance
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and entertainment within its boundaries, it onlyears 2.7% of Greater London. Therefore, this urban
centre has few residents in relation to Greaterdbon

O Crown copyright All rights reserved (GLA] (100032379](2003)

Figure 3.9 — Greater London, Inner London and Central London (TfL, 2007b)

Demographic data estimates for Greater London alptpn of about 7.5 million and for the city of
London 7.8 thousand. In the present case studyjrtigortant region can be subdivided in, biggest to
smallest, Outer London, Inner London and the CQas Tast one, inside the city of London, had its
original borders on Pentonville Road, City Roadd @treet, Commercial Street, Mansell Street,
Tower Bridge Road, New Kent Road, Elephant and I€astauxhall Bridge Road, Park Lane,
Edgware Road, Marylebone Road and Euston Roadelmulry 2007, extension was prompted to
capture more of the congested areas of Londornydimg Kensington, Chelsea, and Westminster.

The tax was £5 for circulating inside the mentiomede and it was restricted to workdays from 7am
to 6.30 pm. Since the 4th of July 2005, the am@BE and the charging period fell by 30 minutes to
finish at 6 pm. This price structure was maintaiegdn with the western extension in 19th February
2007. Figure 3.10 schematically represents thénai@CZ and the extension.
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Figure 3.10 — The original London CCZ and its extension (Scarlet Couriers)

The CCZ is now divided by a road where drivers dbpay for passing through.

Characteristics of the scheme are presented ie tald, expressing a weak demand management
policy, as tax does not oscillate with traffic flow

Table 3.3 — London’s Scheme Characteristics
LCCS

Reduce congestion and

Objective . .
improvements to bus service

Area-licensing scheme
Charging Zone covering the city centre,
concerning 40km2

Car Tariff Constant, £8 (10€)

From 7am to 6pm, only on

Charging Period workdays

No in-vehicle special
Technology equipment, automatic number
plate recognition software

Enforcement Automatic, with video cameras

Exemptions (consult annex A.2)
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3.3.2. RESULTS

The appraisal on this case is based on the anndilators provided by the monitoring reports by
Transport for London (TfL). It is not be possible work out the desired division by phases, but
instead a possible reflection by years and itdicglawith the implementation path will be.

3.3.2.1. Traffic and Congestion

Vehicle counts, figure 3.11, show that there wasngportant initial reduction of 18%, for vehicles
with 4 or more wheels, and later a slight drop By When the tax increased to £8. The results also
display that for the category “potentially chardedjowhich includes cars, minicabs, vans, lorried a
others, there was a fall of 27% in the first ydallpwed by variations of -1%,-3%, +1% respectively
for the subsequent years, which confirms a droZuD2 of 30%.

Traffic entering the CCZ
Thousands of vehicles
duringthecharging
period 400 ~

350 { T~

& & o
v v @ a4

300 1 —&— AllVehicles

;gg : -\.—.\'7 . —8— Potencially Chargeable

150
100 A
50 A

0

2002 2003 2004 2005 2006
Years

Figure 3.11 — Year-on-year traffic entering the CCZ

The first three months available data for the mogénsion period is still not very conclusive.
However, according to TfL, the entrance of vehiaégl or more wheels in the extension zone fell
approximately 10%. Vehicle counts also report aamincrease in the original zone due to the rafse o
users with 90% reduction, residents of the extensane.

Out of the CCZ, on the Inner Ring Road traffic levevere not affected and for the radial traffic
approaching the charging zone indicators revehgjatslecrease.

Traffic patterns prove a decrease in demand asseqoience of the price-mechanism. On the other
hand, as shown below, congestion indicators arementhusiastic.

In what concerns the average speed inside the Q@@ decreasing tendency observed till the
minimum value of 14 kph in 2002, suffered a sultshimcrease of 3 kph with the introduction ofghi
policy. Nevertheless, the decreasing tendency waiatained. According to TfL “that reflected both
increased levels of street works (which, in latealgsis, have been found to be particularly sigaiiit

in 2006), and progressive adjustments to the @ffesehicular capacity of the road network in pitrsu
of other priorities by the various agencies invdivie managing London’s traffic over recent decddes.
[TfL, 2007a, pp.36]

Transport for London defines congestion as theaetitne spent relatively to night trips or free-flow
values. The base time of 1.9 min/km is consideedha free-flow travel time, in accordance with
TfL. From there travel time per kilometre causedliy congestion is equivalent to average time less
basic time. Data shows that in 2002 the average tifitourse, exclusively due to congestion, was 2.3
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minutes per kilometre, value which dropped to h.2003 followed by an increase to 1.7, 1.8 and 2.1
in 2004, 2005 and 2006 respectively. The price-rapigm effect is confirmed, including the above
described problems.

Extra travel time variation

Travel timein
min/km
2,5 1

5 | -\k/k/‘/.
1,5 1
1 4
0,5 1
0

2002 2003 2004 2005 2006
Years

Figure 3.12 — Year-on-year average extra travel time within the CCZ

3.3.2.2. Costs and Funds Application

London is clearly the case where financial resublise worst. In the first year, operational costsea
up to 75% of the gross revenue. This malfuncticenseto have been corrected throughout recent
years. Table 3.4 proves it and confirms a drop26b4or the same relation of costs.

Table 3.4 — London Financial Results (M£) (TfL Annual Reports)

2003 2004 2005 2006
Gross Revenue 186.7 218.1 254.1 213
Operational Costs 141.4 121.7 147.8 20
Net Revenue 45.3 96.4 106.3 123

By law, the net revenues from this scheme muspbaton measures to further the Mayor’s Transport
Strategy. Originally, the revenues from the scharaee only available to TfL for the first ten yeafs
the operation of the scheme. However, TfL has labiised by Government that a longer period of
hypothecation, till 2017, would apply following thatroduction of the western extension. (TfL,

2007a)

As an example of the application of congestion gimar scheme revenues, the priorities and the
amount spent on them for the financial year 200&720llow.

£ 101 million for bus network operations (contribas to major enhancements of London’s bus
garages, stations, stops and shelters; bus pramiyreal-time customer information systems; arsl bu
operations and support activities), £ 14 milliom foads and bridges (contributions for invest in
programmes to improve the quality of street condgi including reconstructing and resurfacing
carriageways and footways and upgrading and stiengtg structures), £ 5 million for road safety
(contributions for measures to reduce road cassalbboth on TfL roads and borough roads) £ 3
million for walking and cycling (contributions f@ programme of improvements for pedestrians, both
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on TfL roads and on borough roads; includes coutidins for borough local transport improvements).

(idem

3.3.3. ACCEPTABILITY

Data provided by Transports for London based oimk@uopacts surveys (2002, 2003) is not as up to
date as the previously approached indicators. Hewestatistical results reinforce the common raise
in public acceptability in a post-implementatiorripd.

“Now that respondents have experienced the schamacreased proportion feels they have gained
than expected this to be the case. Overall, smmfi numbers have found their experience is not as

expected, both on themselves and their househbkl nTajority who have changed their view say that
the charging scheme has actually made no differentteem.” [TfL, 2004b, pp. 4]

Table 3.5 shows the results from the question “Do think you have (will) personally gained/gain or
lost/lose as a result of the Congestion Chargirge®e?”

Table 3.5 — London Public Acceptability (TfL, 2004b)

Opinion 2002 2003

CcCz Gained 18% 25%
Made no difference to me 31% 43%

Positive and Negative 6% 6%

Lost 37% 25%

Inner London Gained 14% 23%
Made no difference to me 40% 45%

Positive and Negative 9% 5%

Lost 27% 26%

gggaé‘:ﬁgo&g‘d Gained 25% 24%
Made no difference to me 27% 44%

Positive and Negative 8% 2%

Lost 37% 28%

These surveys also reveal the positive and thetimegarguments among the inquired. In relation to

positive effects, in order of preference, less fitafongestion, better public transport, less

pollution/improved air quality, made travelling/jmey easier/more reliable and quieter/less noise
pollution. On the other hand, negative effectstarsinesses have suffered, penalising residents, les
parking spaces and expensive charges/cost of them&; noting that this last one had 19% of the
choices in 2002 and curiously after the implemeonadf the LCCS that value fell to 3%.
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3.4. STOCKHOLM
3.4.1. SCHEME PRESENTATION

This European capital is located on Sweden's amsttcwhere Lake Malaren meets the Baltic Sea.
Surrounded by water, this implies that all vehiddesrow bridges necessarily. Some of them, like the
Central Bridge or Essingeleden Bridge frequentlgefacongestion problems at rush-hours. An
illustrative example is that the volume of traffic 2005 on these two principal arteries often lgrge
exceeded the capacity for which they were initialijyit. Moreover, Stockholm’s geographic condition
makes it difficult, for technical, economical, aedvironmental reasons, to relieve the pressure on
these central roads by building beltways.

The city of Stockholm has 770 000 inhabitants. Tetropolitan area has a population of 2 million
people and 3 million live within a daily commutinlgstance. The population of Stockholm grows at
approximately 20.000 inhabitants per year, whicghds more and more traffic for streets and roads of
the city. This also means more difficult accessh® city and reduced mobility. Additionally, this
causes environmental problems like noise and uretbgehicle emissions.

The average traffic speed on main roads to and fremdowntown area during rush-hours is more
than 60% below the limit, which is considered asese congestion (Transek, 2004, as cited in
Armelius, 2006). The average rush-hour speed pfxises between the suburbs and downtown is 20—
40% below the average speed during evenings (05,285 cited in Armelius, 2006). On one of the
main routes, the average rush-hour speed of thiebaes is just 12 kph, i.e. slower than a bicycle.
(Armelius, 2006)

According to these indicators, it was inevitablghimk of an urban road pricing mechanism. Several
systems have been proposed such as the Dennisndgmgesimilar to the Oslo case, were the charge
was applied to inbound vehicles over a toll ring as a format of package that financed both agart
the infrastructure and as a means of controlliaffitr. Traffic reduction calculated for the inndtyc
reached a bit more than 20%.

Other proposals came from the Swedish Society &dufé Conservation (SSNC) based on 5-10 zones
divided by toll rings with a price to pay for pagea between zones. In 1999, the Swedish Institute f
Transport and Communications Analysis (SIKA) présdra report where was suggested that, for the
city of Stockholm, a road pricing that fully cospond to the external costs, would nearly eliminate
all congestion.

In 2001 the Swedish Environmental Protection AgetiEyA), (who commissioned Transek AB for
construction and calculations), also proposed d py&ing system. The computations showed that a
charge of a bit more than € 0.2/km in the inney aitd half of that outside the city and in the ekis
municipalities during peak hour would eliminate mbsttlenecks in Stockholm. The traffic in the
inner city during peak hours would be reduced b¥%2and the number of vehicle kilometres in the
county reduced by 3%. Trips through the inner ditying peak hours would be considerably faster,
with a gain in travel time of about 10 minutes &otrip that formerly took 30 minutes. The average
travel time effects would, on the contrary, be d$ntas than 2 minutes per trip on an average. iEhis
explained by the fact that only a small part oftibtal trips pass the bottlenecks. (SNRA, 2002)

In an attempt to reduce the growing congestiontarichprove the environment, a full scale process
was carried out. A particular process to introdogegestion charging in Stockholm consisted of two
parts: an extension in public transports from 2Zadyust 2005 to 31st December 2006 and a
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congestion pricing scheme trial from 3rd January3ist July 2006. Park & Ride facilities were
provided in order to promote habits of intermodalit

The main objective of this test was to gain publaceptability without a big-bang implementation
path. In order to produce the desired scheme, ifuralt objectives were proposed, particularly to
tackle traffic on the inner city by 10% - 15% duipeak hour, to improve urban transports in
Stockholm and to reduce pollution.

The town of Stockholm was in charge of coordinatimg project with other municipalities as well as
providing general information concerning the precasd the reasons for which it was set up. It was
also in charge of surveys and evaluations. Stookhialansport was responsible for the expansion in
public transport for a trial period, constructingr arks and the assembly of the installations and
information related to the process. Swedish RoadniAidtration had to build and exploit the
congestion charging scheme, in particular via thiéection of funds and public information in this
respect.

The charging zone has about 47kand circles 280 000 inhabitants. The eighteenrobpoints of the
toll are illustrated in figure 3.13.
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Figure 3.13 — Stockholm’s cordon scheme (Swedish Road Administration)
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After the seven month trial period and a reflectimm the results, the system has been running
permanently since 1st August 2007. Vehicles crgsiie border of the congestion charging area have
their generalised travel cost increased by a ta Waries according to the period of day. This
interesting point means that some demand managepwity is beyond Stockholm’s scheme.
Characteristics are presented in table 3.6.

Table 3.6 — Stockholm’s Scheme Characteristics

Stockholm congestion tax

Reduce congestion, improvements to bus service

Objective and environmental benefits

18 control points, about 47km? (36% of the city’s

Charging Zone residents live inside)

Car Tariff Variable, from SEK 10 (€ 1) to SEK 20 (€ 2)
From 6.30 am to 6.30 pm (Workdays only). No

Charging Period operating during the month of July or on public
holiday eve

No in-vehicle special equipment, automatic

Technology number plate recognition software

Automatic, with video cameras (Optical Character

Enforcement Recognition (OCR) software)

Emergency vehicles

Buses with a total weight of at least 14 tonnes
Diplomatic cars

Taxis

Motorcycles

Vehicles registered abroad

Military vehicles

Vehicles that are designed to operate completely
or partially on electricity or gas other than LPG, or
on a fuel blend consisting predominantly of alcohol
(Approximately 30% of vehicles were exempt from
the charge)

Exemptions

This case’s price structure reveals itself to hesidd to a demand management policy than the cases
of Oslo or London. Price discrimination has threeels, each for each period of time, segmented in
peak periods (7.30-8.30 am, 4-5.30 pm) SEK 20 (€&hi-peak periods (7-7.30 am, 8.30-9 am, 3.30-
4 pm, 5.30-6 pm) SEK 15 (€ 1.5) and medium-volureeqals (6.30-7 am, 9 am-3.30 pm, 6-6.30 pm)
SEK 10 (€ 1). Figure 3.14 composes these chargngdgs.
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Figure 3.14 — Stockholm’s price structure

3.4.2. RESULTS
3.4.2.1. Traffic and Congestion

The trial experience acquired for the managementhefcurrent permanent application has been
enriching. Results from comparative, before andrdfial, traffic counts are displayed in figurd3.
where the decline in the number of vehicles passiegcordon toll is clear. This drop exceeded the
established objectives given, which is estimate®286 for the all congestion charging period (6.30-
18.30). The reduction during the morning peak mem@s a bit inferior, 16%, while the reduction
during the afternoon/evening peak period was 24%otlder statement to these results reflects the
variation of the price elasticity of demand as teduction in traffic was higher in the middle og&th
day than during the normal commuting peaks. Corcetnout trip motivation can support this
evidence. Working trips are regularly taken at pbakirs and so, those drives with more rigid
timetables are less attracted to abort trips ehtnge the transport mode.
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Figure 3.15 — Stockholm’s traffic impact [CSTO, 2006, pp. 10]

The reductions in journey times in and around tmeei city were somewhat significant. These
reductions have been particularly great on theialteads to and from the inner city. Queuing &me
on these roads have fallen by one third for inbotwaffic during the morning peak period and have
fallen by one half for outbound traffic during batfiernoon and evening peaks. (CSTO, 2006)

In general, the trial has achieved its objectivangproving the fluidity of the traffic on the city’
busiest roads. Road use in the inner city, measuregthicle kilometres travelled, has fallen by
approximately 14%. As a result, it is reasonablagsume that traffic-related emissions in the inner
city have also fallen. Moreover, traffic has algeb reduced in the outer city, although the redacti
here was marginalidem)

3.4.2.2. Costs and Funds Application

The budget for the entire Stockholm Trial was SE& [@llion. This amount included the three above
referred trial phases. After deductions for residvaues the cost of the Stockholm Trial was
approximately SEK 2.7 billion. With congestion teevenue at approximately SEK 763 millions p.a.
and operating costs of SEK 220 million p.a., it Wobave taken over 3.5 years for net income to
cover the investment cost. (Transek AB, 2006)

3.4.3. ACCEPTABILITY

“At the start of the trial many Stockholm residemgsmcted with outrage. A majority of residents
opposed the tax and even organised demonstrabuent their disapproval.” [Cfit, 2006]
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However, this situation changed. During the trigdpple gradually began to accept the policy and
adjusted their travel behaviours. Surveys reflbat the percentage of citizens who believed that it

was a rather/very bad decision to conduct a comgetdx trial fell from 55% in autumn 2005 to 41%

in May 2006.

A referendum evolving the city of Stockholm and somperipheral municipalities was held on
September 2006. Results for the inner city affirrtte®l majority support for this policy but were not
solid. 53% voted 'yes' to the introduction of armpanent scheme and 47% voted 'no'. Voting
percentage was 76.4%. Outside the city, in favoterg were lower with 48%.

“This leads to some confusion in how to interphet tesults with the residents within Stockholm more
in favour of the system than those in the surroumdaunicipalities.” [idem]

3.5. SYNTHESIS

In conclusion, table 3.7 summarises the main elésnarihe four studied schemes.

Table 3.7 — Case Studies’ Comparative Table

Singapore Oslo London Stockholm
Year of 1973 (ALS) 2006 (Trial)
Implementation 1998 (ERP) 1990 2003 2007
Metropolitan 4.6 0.84 75 1.9
Population (millions)
Metropolitan Area 7, 454 1577 6519 (1)
(km)
Congestion Charging 7 + peripheral
Zone Area (kmz) gantries 40 42 a7
Financing
Scheme Objective Reduce Congestion Transport Reduce . Reduce .
Infrastructures Congestion Congestion
Scheme Type Cord(_)n + peripheral Cordon Zone Cordon
gantries
Var_|able (as function Constant (heavy _
: of time, gantry . Variable (as
Price Structure | . . vehicles pay the  Constant ) .
ocation and vehicle double) function of time)
type)
Variable (as function From 7am to From 6.30am to

Charging Period

of the gantry
location)

24hours, 7days a
week

6pm (workdays
only)

6.30pm
(workdays only)

Operating costs as a
percentage of the
gross revenue

15%

10%

30%

22%

Funds Application

Programmes for the
benefit of all
Singaporeans

Road and Public
Transport
Infrastructures

Priority to Bus
Service
Improvement

Road and Public
Transport
Infrastructures

(1) —Water spaces, so characteristic of the region, are included
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This section focuses comparative terms such aslasitid@s, differences and singular remarks
concerning the four case studies.

The present Singaporean scheme is by far the tlosdhe economic theory of congestion. Price
discrimination is high as toll rates vary by looatiof the gantries, by crossing time and by vehicle
type. In Stockholm, time relation to demand managy@nis used for a single cordon and in London
there is not a real peak pricing policy as seethbytime constant toll value. Oslo is a particdase

in this feature because calculations on the taxevalere made in order to maximize income.

Each price-mechanism proves to be efficient irfiraolume reduction; this shows that demand is not
price inelastic. Segments of drivers correct th@vel behaviours and a new equilibrium is formed.
Adjustments to the toll price as a result of thesadifications were practiced along the years in
Singapore and continue to be reviewed every threetms. This remark enhances the importance of
the assessment model on the pre-implementatioy pthumse so as to the monitoring phase to facilitate
an active intervention.

Another common characteristic is the raise in publiceptability in a post-implementation period.
People seem to be oblivious of the advantagesdnsid policy, an important part maintain there
negative view while some realise the benefits ahdnge there opinion after a first period of
adaptation.

Some schemes made the option of charging heavycleshdouble. This has a valid technical
argument called vehicle equivalence factor in ttagingineering terminology where heavy vehicles
create congestion on that proportion when comptardédht vehicles.

The three phase Stockholm trial is an interestiagecto compare two policies on reducing car
dependency in today’s towns, a supply raise onipubhnsports and a demand management to
individual transport.
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A

MODELLING CONSIDERATIONS

From a general description of transport modelsht® gractical methodology used to evaluate the
implementation of a road pricing scheme on theaitiporto, this chapter focuses on aspects retated
modelling flows on road networks and how models sigport the decision making.

4.1. GENERAL DESCRIPTION OF THE TRANSPORT MODEL
4.1.1. TRANSPORT MODELS

Models appeared in 1960s, but it was only latehwhte evolution of computers that they did become
efficient and therefore credible. Another reasartheir current success is the easiness todaycesac
data, valid and in quantity, capable of being asedly

There are several advantages to use models betaysallow one to analyse with automatic tools the
current situation and foresee, with the introductd scenarios, the impact that certain measunes ca
introduce on the system.

The classic four-stage model is behind the curneatroscopic models. That conventional transport
model included trip generation, trip distributionodal choice and route choice.

General description of these concepts:

= Trip Generation: determines the number of tripsfieach zone;

= Trip Distribution: determines how the trips areoalited to other zones. The result is an
Origin-Destination (OD) matrix;

= Modal Choice or Split: determines how OD flows apéit between modes. This function
depends on the availability of each mode, thepeesve costs, and preferences;

= Route Choice: determines how OD flows by each nadedistributed over the transport
network(s). The Wardrop'’s first principle is crucfar this stage considering that users
want to minimize their travel time or, in a genesadl cost approach, the travel cost (as
exposed in 2.2.3). If the traffic exceeds the cipad specific transport segments (which
is often the case), congestion occurs and affeiitty wn each link. This in turn, through
a feedback process, may influence trip generathdsstribution.

“In the 1980s and 1990s further modelling developim@&merged in response to the critics: dynamic
methods and activity-based methods. Dynamic methasle developed in response to the ‘static’
nature of most preceding approaches.” [Kane andd®sh 2002, pp. 3]
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“Activity-based methods emerged in the late 1970d aarly 1980s in response to the limited
behavioural theory underpinning the conventionajjragate four-stage models. In activity-based
approaches the observation of the trip is repldmec detailed consideration of the activity which
leads to the trip."iflem

Nowadays, there are different categories of modeHifferent scales (macroscopic, mesoscopic and
microscopic). The model used for the city of Pooto this dissertation belongs to the group of

macroscopic models. Emme 3 is a route choice muatedd on OD matrixes observed (data collected
from surveys and traffic counts), suitable for urlii@nsportation and modal choice studies.

4.1.2. THE MODEL OF PORTO

This section is based on a report on modellingPtbo Metropolitan Area provided by TRENMO on
request.

The model used on this dissertation was develogddtie aim of studying the intermodal transport
system on the Porto Metropolitan Area, so thatduld be possible to perceive its evolution and
conflict so as to evaluate the efficiency on tlaasport network.

Developed with planning software and transport rliogde'Emme 3’, the level of interactivity with
the user not only allows a continuous supervisiod adaptation to the real circumstances but also a
simulation of future situations by the constructairdifferent scenarios.

The statistic information was acquired almost gtitality to the ‘Instituto Nacional de Estatiatic
(INE), Portuguese National Statistics Institutec®gse statistic zones are different than the Emme 3
model recommended zones, mostly in dimension, the® a conversion which culminated on the
constitution of 1334 zones (figure 4.1).

B
¥,

Figure 4.1 — Zones in the model [TRENMO, 2008, pp. 49]
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This zoning presents a pressed mesh in the muliigipé Porto, by increasing the dimension of the
zones with the distance from the metropolitan eentr

Following the delimitation of the zones, the coomies of the corresponding centroids were
calculated. Afterwards, some corrections were miaderder to avoid overlapping with the road
network, given that these centroids represent émemgtion and attraction to their respective zones.

The next step on the construction of the model tiwasntroduction of the transport network, which is
composed by links and nodes (figure 4.2). Centrads represented as nodes, although their
connection to the network is made by a specifik tialled connector. This forms the link between the
OD demand matrix and the transport network.
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Figure 4.2 — Part of the Porto’s Model Network

Once the road network was introduced and testedptilic transport service of the STCP and the
private operators were loaded. This codificatiors warformed by sequential information of the road
network arcs (defined by the origin and destinatiods) where the bus lines passed, as well as the
bus stops.

The codification of the underground and train ssgsicompleted the network.

After the settlement of the basic conditions, ipisssible to run the model (allocate users by their
choices). In short, there is an auto assignmentcéorusers and a transit assignment for public
transport users. The creation of a modal choice einéad improve the simple auto and transit
assignments is also feasible.

The algorithm implemented in Emme 3 to decide ttodblem of the equilibrium in auto assignment is
the linear approach considered initially by Bruygbe, Gibert and Sakarovitch (1968) and later
developed by others.
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In the centre of this algorithm is the user routeice as described above (4.1.1) on the four-stage
modal, satisfying the Wardrop’s first principle ésehapter 2 of this dissertation).

As a consequence of this approach, traffic floweapp on links that were calculated in a way that al
the paths chosen for a pair OD have equal trawagior costs (this last case by applying a geserhli
cost approach).

The system is iterative, due to congestion the toneeach link depends on traffic flow. This
relationship is given by a volume-delay functiomfjv(conceptual equation 4.1). In each iteration
flows are allocated on links and travel times a@alculated so that model users can reorganise thei
route choices. The solution to the equilibrium peoi passes to minimise the area under the volume-
delay curves. Thus, after some iterations the gxjiuiin is reached.

Volume-delay functions can express the utility eing a link. In Emme3, they represent the time to
pass a link, so a negative utility and increasinmgction.

B
vdf = Iengtth 1+ AXKLW_] (4.1)
maxspeed capacity

A and B are link specific constants and have tocakbrated. This equation represents a simple
congestion function that contains the free flowdtiffength divided by the maximum speed allowed on
the link and multiplied by 60 to have a result imuaies) and the second member where time depends
on the flow and link capacity.

The transit assignment and the modal choice moale their own fundaments, not relevant for the
present dissertation (therefore, they will not kplained).

Data stored in matrixes is divided by time periodganised with similar demand characteristics. In
the model of Porto there are four periods in a dag: peaks (morning peak from 7am to 9am and
evening peak from 5pm to 8 pm); an intermediatéodeffrom 9am to 5pm and from 8pm to 9pm)

and the night (from 9pm to 1am).

It is possible to create different scenarios foche@eriod, essential for testing road pricing as
explained in section 4.2.

However, the model has its limitations. The demenfixed at each period and intervals of time are
too long to design an urban road pricing schemd. redleed, this is a macroscopic model so an
extensive analysis is not permitted.

Furthermore, modal choice and route choice areotilg alternatives for users. For a better road
pricing assessment model, it would be desirableontt to model shorter periods of the day and to
compute departure time choice, park & ride optiare, sharing, but also other changes in travel
behaviour.

Another restraining point to the model is that ¢je@eralised cost approach is made at a constarg val
of time, evidencing a non-segmentation of the dehignrevenue.
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4.2. PRACTICAL WAY OF MODELLING URBAN ROAD CONGESTION PRICING

The methodology used for implementing a road pgiggstem on the Porto’s transport model has a
very practical sense.

For each peak period, on the base scenario, narea tp the scenario representative of the current
situation, an attribute was included to evaluategestion on each link, called congestion rate
(equation 4.2). This attribute tries to show thagasted links when looking at the entire netwothke T
benefit of using this approach is to identify costgd city zones faster.

Extra Timex

Congestion Rate (%)= ,
Total Time

100 (4.2)

Congestion rate was defined by the proportion dfaetime due to congestion in the total time spent
on a link. This was derived from the volume-delandtion, separating the free-flow time member
from the extra time one.

In urban areas, the critical problems are not enlittks, exception to singular bottlenecks, butthos
nodes. However, an increase on demand for a nobjecamses congestion if the model uses a
volume-delay function for nodes, which is not tlhese of this model.

Once a zone or different degrees of congested zaregefined road pricing is possible to be
introduced in the model. It starts by adding aneziee to the value of tot}, on each link. For the case
of multiple zones the value of is equal for links within a given zone and taless zero value for non
tolled links.

The generalised cost approach is fundamental goatho assignment. Therefore, and as explained in
chapter 2, the generalised cost (equation 2.1)nacumates on the link fixed cost member, value

The theory of road congestion pricing developedsiagle links suggests time and location varying
charges equal to the marginal congestion coseagfficient level of traffic (equation 4.3).

r, =VOTxt (X,) XX, (4.3)

Where x is the flow on link a and, is the time spent on the link as a function offtbes, also known
as volume-delay function.

Indeed, on networks there are different ways toagarthis. One is described in chapter 2 as a simple
model of analysis. Another and closer to a senigitanalysis consists in trying to achieve the main
goals of the ERP in Singapore (average speed mugitween 20 and 30 kph on arterial roads and
between 45 and 65 kph on expressways).

In the absence of a defined zone and in the pdrgpeaf an optimal approach, the objective is to
reallocate the flows on the links passing thosenfiibe natural equilibrium to a social optimum
equilibrium, achieving the Wardrop’s second priteipr, if possible to model, the Wardrop’s third
principle suggested by D.J. Holden (1989) whichludes congestion impacts on the different
transport modes. Note that this reallocation offtbe, as the name indicates, is a valid approach t
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deal with route choice. However, and as said abmtde choice is not the only option for driverg, s
the value of the toll may not be a simple resulthef evaluation of the spatial effects.

This complexity plus social and technological caaists to the implementation of the system, such as
exemptions/discounts for residents or the pladeigti gantries, inhibit the search for the optinadl t
and justify the use of simulation.

In this perspective, Akiyama et al (2004) descabaseful framework to achieve second-best pricing
policies related to the maximization of the sosiaiplus on cordon or multi-cordon toll schemes.

The general simulation procedure with an Emme 3 ahadntinues with the creation of different
scenarios. They may represent different zones eldang multiple zones at different levels of pricing
The evaluation of the new assigned networks cabdsed on their respective congested links by
observing their respective congestion rates.

Other characteristics may enter the evaluation ashescenario, such as car usage, modal share,
average time per trip, average cost per trip, @llenue, equity, total vehicle kilometre travelled,
average distance per auto trip, user benefitsradteost reduction, welfare gain, etc..

With this variety of scenarios the one to be sel@@s “the scheme” has to be well justified because
each city has its own problems and priorities.
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THE CASE OF PORTO

General data analysis and results from the Pottaissport model are reviewed in this chapter. A
reflection to a possible introduction of road costgen charging for the city of Porto is also deysd.

5.1. GENERAL DESCRIPTION
5.1.1. THE GREATER METROPOLITAN AREA OF PORTO

The Greater Metropolitan Area of Porto (GMAP) cingés an area of 1.575 kwith a population of
1.570.800 inhabitants, where about half of the theateated in the Northern Region of Portugal is
centred. There are approximately 487 000 workirgippresently. (AMP website)

This area is the agglomeration of fourteen munlitipa: Espinho, Gondomar, Maia, Matosinhos,
Porto, P6voa de Varzim, Valongo, Vila do Conde ¥itd Nova de Gaia, plus recently joined Arouca,
Santa Maria da Feira, S. Joao da Madeira, TrofeéSamdo Tirso.

The traffic flow dynamic is influenced by the spdtilistribution of land use. The municipalities of
Porto, Maia and Matosinhos are the heart of worlpogts while other municipalities are mainly
residential. For the morning peak and because masihs are conditioned by home to work trips, this
land function difference causes convergent flowthtoworking areas and hence some arterial roads
became congested.

5.1.2. TRANSPORT NETWORK IN GMAP

In what concerns the road and rail networks, Panibits Metropolitan Region have been facing great
development in the past forty years.

In the 60s and 70s, main railways and roads redgale radial demand matrix and the passage over
Douro River was made by two road bridges (Arraladd Luis 1) and a railway bridge (Maria Pia).
(Cardoso and Silva, 1997)

Technical characteristics and the capacity of thedrnetwork were not appropriate for the auto
demand at the time. With various road intersectitimsse infrastructures had been transforming into
true urban streets. However, it was possible totiffesome axles of high capacity that, still todaye
part of the basic net (auto-estrada do Norte, \dpitR, Via Norte and Circunvalacaaylgm

Opposing this trend a ring road, named Via de @antaterna (VCI or 1C23), was built and expected
to solve the congestion problems.
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Antdo de Almeida Garrett, with his “Plano Geraluibanizacdo de Cidade do Porto” (1947), was the
first to propose a road around the city centrePofto and Vila Nova de Gaia. Curiously, this
document appears sixteen years before the revoariidBuchanan Report.

Even if it has been a valid idea to remove camnftioe inner cities (Porto and Gaia zones inside)VCI
the first kilometres were built only in June 1968tween Coimbrdes and Francos with the
construction of the Arrabida Bridge, finally beingncluded in January 2007 with the tunnel crossing
the Républica Avenue at Jodo de Deus (Gaia). (Apesiad Azeredo, 2002 and IOL Diério online)

Today the GMAP contains other peripheral non-raldiighways such as A41 and A4 at north, and the
extension of the A29 to IP1 in the south. On théidw@l Road Plan (PNR 2000), another ring road,
exterior to VCI, named 1C24 is also projected, yritto be constructed.

This development clearly expresses the philosoflgncengineer, to increase flow capacity, leading
to a higher car dependency in the region. Indeedpite of solving congestion problems, they are
only postponing it. If in a first period an imprawent on driving conditions is verified, a new inddc
demand is also verified. This effect brought la@erincrease on the average travel time on the GMAP
and obviously less free space to build new roatlities or capacity expansion.

Figure 5.1 shows the major roads in GMAP.
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Figure 5.1 — Road Network in GMAP (via Michelin)
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In what concerns bus service, it can roughly bd #zat the Sociedade de Transporte Colectivos do
Porto, S.A (STCP), entirely public funded, has itieer city monopoly while the outer city services
are assured by about twenty private transport carepa

The railway service is provided by Caminhos de ¢-&ortugueses (CP), with a set of suburban and
regional trains, but never reaching a significantlal share. (Cardoso, N. and Silva, P., 1997)

Since the beginning of the twentieth century, tt@mnfrastructure projects were the new Campanha
train station and the S. Joao Bridge substitutirgald Maria Pia Bridge.

More recently a revolutionary project to all GMARsviaunched. The underground/tramway network,
named Metro do Porto is operating since Januang 20 covers the main branches in terms of
transport demand and yet allows the articulatiothefmain public transport interfaces.

5.1.3. TRAVEL PATTERNS IN GMAP (RELATED TO THE SUBJECT)

The Portuguese National Statistics Institute (INBJnched a survey on travel patterns called
‘Inquérito & Mobilidade da Populacédo Residente 802Q0INE, 2000). This document was made in the
northern region of Portugal and concluded thatitidividual transportation represented 50% of the
trips with origin and/or destination in Porto, dt% if only analysed trips using motorized vehicles.
This value, which means about 580 thousand tripsl@g expresses the importance of this mode.

Furthermore, the vehicle occupancy in individuahsport seems to be weak as more than 70% of the
cars only have the driver inside. In this perspegttar sharing is one of the behaviours that users
could have when a road pricing scheme enters inatipa. However, modelling this behaviour is not
in the program of this dissertation.

Continuing with travel pattern analysis from thevay, the main trip motivation is home to work &ip
on workdays and leisure on weekends. On workdhgsdaily variance of the trips taken is considered
to have three peaks. The conventional morning, ayidthd evening peaks. Not that due to the loss in
the habit of having lunch at home, for the GMAP ithidday peak does not have a real significance, as
expressed in the survey.

Another relevant and more up-to-date report inyammad) individual transport travel patterns in thiy c
of Porto is commissioned by the Municipality of forcalled ‘Mobilidade na Cidade do Porto:
Andlise das deslocacdes em transporte individd2007). It uses data from a new survey and
estimates a new OD matrix for the morning peak MiA®R, related to an average day in 2005.

The analysis of that OD matrix reflects that thenidipality of Porto is a significant attraction zon
for morning trips (from 7h30 to 9h30). On workdafes, the 130.000 estimated trips, the proportion of
movement within the city as origin and destinatariside the city centre is up to 32,7% (42.523
trips), clearly higher than the exits from the cif about 9,7% (12.621). It also reveals that the
proportions of internal and passing through moveameare respectively, 29,2% (37.991) and 28,4 %
(36.884), as described in the following figureso(@&s et al, 2007)
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Figure 5.2 — Morning entries (Gomes et al, 2007)

Figure 5.3 — Morning exits (Gomes et al, 2007)

Figure 5.4 — Morning exclusively internal movements (Gomes et al, 2007)

Figure 5.5 — Morning passing through movements (Gomes et al, 2007)

The above stated ‘effect of attraction zone’ islwhbwn in these four figures and is basically tedla
to the great economic centre that this zone forfitds data analysis just confirms the previous
conclusions of the ‘Inquérito a Mobilidade da Pegdlo Residente — 2000’ (INE, 2000).
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The inclusion of major public institutions, such @siversities and hospitals, in this area, equally
contributes to this situation.

Passing through movements are obliged to drivehenMCI. There are six main entries connecting
this ring road to the outer city (AIP Avenue, Viame, A3/A4, IC29, Arrdbida Bridge and Freixo

Bridge). Figure 5.6 shows the inbound and outbdiowl on these links for the entire morning peak,
two hours.
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Figure 5.6 — Morning flows on six major entry links (Gomes et al, 2007)

In conclusion, the ‘Mobilidade na Cidade do PoAodlise das deslocagbes em transporte individual’
(2007) report states that:

= “The Inner city of Porto, whose road network hastal length of 328 km, receives more
than 57.000 motor vehicles between 7h30 and 9h&8@ted to entrance and interior
flows. This represents 147 vehicles per kilometraije the outer zone (between VCI and
the municipality limit) receives 23.000 vehicles foroad network of about 347 km of
length, which means 67 vehicles per kilometre;

= These values show the pressure that cars havesiimtier city leading to an average
speed lower than in the outer zone;

= On the other hand, this volume attraction zone si@gdextra parking area, destined for
the central zone on 63ha, in this case it woulgdssible to offer park facilities to satisfy
all demand. It is also mentioned that according siudy of car parking characterization
in the city of the Porto (CMP/FEUP, 2005), the offea zone whose limits are similar to
the inner city of the report is 57.865 places, esponding to an area close to the
estimated (63,6 hectares). Taking in account tbetfeat a considerable portion of places
in the public way is occupied before the morningqek this value reflects difficulties to
find a free space to park the car.” [Gomes et@0D;72 pp. 13-14]

This report also affirms that there are smaller spekcific zones with a high rate of movementss It i
the case of the historical centre (‘Baixa do P9rtibie zone close to the Boavista Roundabout amd th
Boavista Avenue and the University campus in Aspr@en)
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5.2. CONGESTION PRICING IN PORTO

A minority report about the base scenario elabdrdie the multimodal transport model will be
presented next.

This base scenario was evaluated by using the whelitgy described in chapter 4, section 4.2 of this
dissertation. In order to analyse congestion, evels of congestion rate were defined, 50% and 80%.
For example, if we consider the volume-delay fumctof the VCI (figure 5.7), the 50% congestion
rate level is equivalent to 45kph, which is an atakle value for speed, while the 80% level has a
flow speed of 18kph, meaning hypercongestion.

VCl Volume-Delay Function

Travel Time 3
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Figure 5.7 — VCI Volume-Delay Function

For obvious reasons, the morning (from 7am to Samad) evening (from 5pm to 8pm) peaks were the
only periods to be analysed. Note that at the tineemodel was tested, the average oil price was
1.29€/1, somewhat below the present price.

The following figures 5.8, 5.9, 5.10, 5.11, show #patial distribution of the congested links am th
referred periods and by congestion levels.
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The model shows that the amount of links with sexamgestion is negligible to be the cause for the
implementation of a congestion charging scheme.

Those peak periods have a fixed demand equivaleart taverage hour. In reality congestion problems
only exist in short periods of time (of about 3thates) and on some located bottlenecks (for instanc
Arrabida Bridge or AIP Avenue) or specific zonesoéBista Roundabout, University campus of
Asprela or Campo Alegre).

Exceptions to this are rainy days, road accidgniblic transport strikes, riots, not to mentionesth
singular events.

In this status qudhe collection of toll revenue would hardly creptefits to cover the investment and
the operational costs. Furthermore, if any net maee exists, its application on the desired
development of the public transport service wouldmve enough visibility to provide a public
acceptance of the policy.

Traffic congestion in the city of Porto was growiaga high rate and was producing economic and

environmental problems. Quoting the report on théenground impacts ‘O crescimento nesta década
(1990-2000) tera sido o maior de sempre, ja quassestiu a uma duplicagdo dos utilizadores de

automovel a nivel metropolitano’ the growth in thiscade (1990-2000) was the greatest ever, since
the metropolitan area attended a duplication afraobile users. [Metro do Porto, 2008b, pp. 24]

On the absence of bus lanes, car traffic also satm®gestion to buses. This discourages peoplesto u
this public transport mode leading to a reductiboperation efficiency, generating an increase &am c
usage; a “snow ball” effect.

However, the congestion problem in recent years been clogged. This decrease in congestion
occurred on the one hand by the proliferation ef whderground/tramway network and on the other
hand by the boom in oil prices (which severelyedithe generalised cost of the car mode).

Comparing the reality before and after the impletaigon of the Porto’s underground network, this
way of transport attracted passengers from othatesionamely car and bus. From the underground
users, 23, 6% used car and 45, 9% used STCP befegs.li{Metro do Porto, 2008a, pp. 43)

This means a real tackle in congestion. A reduciiod1.130 automobiles was achieved since the
launching of the underground service. Notice tha teduction concerns all GMAP. The car vehicle
occupancy showed a slight increase from 1, 48 t681occupants which shows that the number of
users who drive alone or with few passengers sawitiderground as an opportunity to lower their
travel costs. (Metro do Porto, 2008c, pp. 104)

The other great impact on auto demand is the waldiak increase in oil prices (figure 5.12) because
of the USA intervention on Iraq. This calculateprice on the distance travelled that certainly
surpasses the congestion charge applicable tatyhef €orto in the previous congested years.

Even if the cut off on peak demand is achieved; ties not have the same result of a congestion
charging scheme because it does neither interais aodemand management policy nor tries to charge
drivers for their congestion external cost. Morago¥ee individual equilibrium persists.
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Oil Reference Price in Portuguese Market
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Figure 5.12 — QOil Price Tendency in Portuguese Market 2004-2008 (DGEG, 2008)

In conclusion, at the present moment the optioimtimduce a road congestion charging scheme in
Porto has to be excluded.
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CONCLUSIONS

This dissertation started with the economic analgdithe road congestion problem enclosing some
developed theories in this scientific field.

These theories permitted a later reflection indfige of Porto.

Four congestion charging schemes were also stud@dparing their methods, results and public
acceptability. They present some similarities,adifhces and singular remarks.

First of all, the present Singaporean scheme igbthe closest to the economic theory of congastio
Price discrimination is high as toll rates vary the location of gantries, crossing time and vehicle
type. In Stockholm time relation to demand managen®used for a single cordon and in London
there is no peak pricing policy as seen by the temisalue of the toll. Oslo is a particular caséhis
feature for the reason that calculations on thev#édixe are made in order to maximise income.

Each price-mechanism proved to be efficient in aling traffic volume tendency to rise, which
shows that demand is not price inelastic. Segmendsivers correct their travel behaviours so a new
equilibrium is formed. Adjustments to the toll gias a result of these modifications were practiced
throughout the years in Singapore and continueetadviewed every three months. This remark
enhances the importance of the assessment modie¢ gre-implementation study phase so as to the
monitoring phase to facilitate an active interventi

Another common characteristic is the increase blipacceptability in a post-implementation period.
People seem to be oblivious of the advantagesertsid policy, an important part to maintain their
negative view while some realise the benefits ahdnge there opinion after a first period of
adaptation.

A relevant point interiorised during the researohthis dissertation is that the application ofoad
pricing scheme may always be attached to an impnenéin public transport service.

Some schemes made the option of charging heavycleshdouble. This has a valid technical
argument called vehicle equivalence factor in itagingineering terminology where heavy vehicles
create congestion on that proportion when compiarédht vehicles.

Another interesting policy is the Three PhasesKtolen Trial where two measures for the reduction
of car dependency in nowadays towns can be comparsdpply raise on public transport and a
demand management to individual transport.

The analysis of these cases provided an overviewhinand how they came about, and a reflection on
the economic theories concerning the city of Porto.
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In relation to the multimodal transport model uded the Metropolitan Area of Porto, the actual
situation of congestion on the road network wagrésad and the model showed that the amount of
links with severe congestion is negligible to be tause for the implementation of a congestion
charging scheme.

In reality congestion problems only exist in shpetiods of time (of about 30 minutes) and on some
located bottlenecks (for instance Arrabida Bridge AP Avenue) or specific zones (Boavista
Roundabout, University campus of Asprela or Camfagre).

Exceptions to this are rainy days, road accidgniblic transport strikes, riots, not to mentionesth
singular events.

So, in thisstatus quahe collection of toll revenue would hardly creptefits to cover the investment
and the operational costs. Furthermore, if any regenue exists, its application on the desired
development of public transport service wouldn'tvéaenough visibility to provide a public
acceptance of the policy.

Traffic congestion in the city of Porto was growiaga high rate and was producing economic and
environmental problems. Considering this probleunhlic investment was directed to the expansion of
the road network and, recently, to accomplish ohéhe great dreams of the people of Porto, the
underground network. This transport facility hagefficient and unigue in the battle against road
congestion problems, leading to better and mordaable mobility, especially in the city centre.

On the other hand the continuous growing of oitgsicannot be ignored. This fact encourages people
to use public transport and is also favourablefdilic transport investment, since Portugal i stik

of the most oil dependent countries in EU. Evehondon, this phenomenon made the new Mayor
guestion the continuity of the 2003 implementedgemtion charging scheme.

The demand transfer from individual to collectivanisports is the main step to solving road
congestion problems. The case of Porto particuledgresses this idea. If, on the one hand that
transfer was made due to a better offer in pubingport (higher capacity and better quality of
service), car usage was particularly controlledhgyraise of fuel costs on the other hand.

In conclusion, the sum of these two effects, ad agthe data analysed, exclude the introductioa of
congestion charging scheme for the city of Porto.
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ANNEXES

Al — ERP RATES IN SINGAPORE, APRIL 2008 (LTA)
(on the last two pages)

A2 — LONDON DISCOUNTS AND EXEMPTIONS [G. SANTOS, 2005, PP. 515]

Discount/status Category

Motorcycles, mopeds and bicycles

Emergency vehicles

Public service vehicles with nine or more seats
Fully exempt licensed as buses

Vehicles used by disabled persons that are

exempt from vehicle excise duty

Licensed London taxis and mini-cabs

Certain military vehicles

Local government service vehicles (e.g. refuse

trucks, street maintenance)

Vehicles with nine or more seats not licensed as buses (e.g.
community minibuses)

100% discount with free
registration

100% discount with a one-off £10  Vehicles driven for or by individuals or institutions that are
registration Blue Badge holders

Alternative fuel vehicles: requires emission
100% discount with £10 savings 40% above Euro IV standards
registration per year Roadside assistance and recovery vehicles (e.g.
motoring organizations such as the Automobile Association)

90% discount with £10 registration

per year Vehicles registered to residents of the central zone
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