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ABSTRACT 

The goal of the research is to devise an equitable road pricing system which would 
leave the majority of routes free of tolls, so that low income people would suffer no 
cash loss although they would probably suffer loss of time. 

The aims of the dissertation are twofold.  The first is to provide a numerical analysis of 
how urban commuters with differing abilities to pay would respond to additional road 
user charges.  The welfare implications of such differential responses are examined and 
their policy implications analysed.  The second aim is to develop a practical framework 
to model congestion pricing policies in the context of heterogeneous users.  To achieve 
these aims, the following objectives have been set: 

(a) Using a simple network with two parallel competing routes, determine both 
welfare maximising and revenue maximising tolls under the constraint that 
only one route can be priced.  In this setting, determine the allocation of 
traffic between the alternative routes, the efficiency gain, the revenue, the 
changes in travel cost and the distributional effects. 

(b) Establish a realistic model of an actual urban area to examine the impacts of 
selectively tolling congestible routes.  As in the simple network case, assess 
the effects of toll policy on traffic distribution, network efficiency, revenues, 
and the welfare of the individual consumer and society. 

(c) Evaluate whether the non-identical treatment of users will enhance the 
acceptability of congestion pricing as a transport policy. 

Results from the simulations indicate that non-identical treatment of drivers’ responses 
to toll charges provides better understanding of the differential impacts of various 
pricing policies.  Allowing for heterogeneity in time valuation provides a better 
assessment of the efficiency of pricing policies and of the welfare impacts of toll 
charges, as it is able to capture their differential effects.  More importantly, it shows that 
low-income commuters may not be significantly worse off with pricing especially when 
there is a free alternative route. 

This research demonstrates the need to adopt appropriate analytical techniques and 
assumptions when modelling the traffic equilibrium in a network with tolls.  These 
include relaxing the homogeneity assumption, examining sensitivity to supply function 
parameter values and to the effect of vehicle operating cost, and using a route rather 
than link based measure of consumer surplus. 
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CHAPTER ONE 

Introduction 

This dissertation deals with the imposition of a congestion toll on morning peak auto 

commuters.  Such a toll is generally designed to cover at least the external cost that each 

road user imposes on the others.  Costs of environmental damage and accidents are not 

considered explicitly but it is assumed that efficient tolls would bring some reduction in 

these other externalities. Incident-related congestion, due to accidents or road 

construction, is ignored although it may affect many drivers.  That topic deserves more 

consideration than could be given in this thesis.   

1.1 AIMS AND SCOPE 

The goal of the research is to devise an equitable road pricing system which would 

leave the majority of routes free of tolls, so that low income people would suffer no 

cash loss although they would probably suffer loss of time. 

The aims of the dissertation are twofold.  The first is to provide a numerical analysis of 

how urban commuters with differing abilities to pay would respond to additional road 

user charges.  The welfare implications of such differential responses are examined and 

their policy implications analysed.  The second aim is to develop a practical framework 

to model congestion pricing policies in the context of heterogeneous users.  To achieve 

these aims, the following objectives have been set: 

• Using a simple network with two parallel competing routes, determine both welfare 

maximising and revenue maximising optimal tolls under the constraint that only 

one route can be priced.  In this setting, determine the allocation of traffic between 

the alternative routes, the efficiency gain, the revenue, the changes in travel cost 

and the distributional effects. 

• Establish a realistic model of an actual urban area to examine the impacts of 

selectively tolling congestible routes.  As in the simple network case, the effects of 
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toll policy on traffic distribution, network efficiency, revenues, and the welfare of 

the individual consumer and society are assessed. 

• Evaluate whether the non-identical treatment of users will enhance the acceptability 

of congestion pricing as a transport policy. 

Morning peak auto commuter travel is often taken to be fixed in quantity but there is 

evidence of some degree of flexibility (BTCE, 1996; Anderson and Mohring, 1996).  

By considering moderately elastic as well as fixed demand, the effects of tolls on other 

margins of choice⎯for instance shifting trips to off peak times or switching to other 

modes⎯are indirectly taken into account. 

The analysis in this thesis is not concerned with the many practical problems associated 

with the introduction of road congestion pricing.  The study is limited in scope to the 

welfare issues and the effect of improving consumer welfare on the public and the 

political acceptability of congestion pricing. 

1.1.1 Chapter Outline 

The next section provides background to the traffic problem besetting urbanised areas.  

It highlights the causes and the negative effects of traffic congestion, as well as the 

various measures to tackle the problem.  This is followed by a discussion of congestion 

pricing as one potentially effective instrument.  The subsequent section, 1.3, presents a 

brief history and some arguments for and against congestion pricing.  It describes the 

major reasons for public and political opposition and outlines some compromise 

schemes to make congestion pricing a politically acceptable transport policy.  Section 

1.4 highlights some of the shortcomings in modelling travel behaviour in the presence 

of congestion charges.  In particular, it introduces the problem of using a single average 

value of time to represent the trade-off between the money cost of toll and travel time 

saved.  The implications of such an analytical limitation for the public acceptability of 

congestion pricing are then described in Section 1.5.  Section 1.6 provides an overview 

of how the research is conducted and the chapter concludes with the organisation of the 

thesis in Section 1.7. 
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1.2 THE URBAN TRAFFIC PROBLEM 

The urban traffic problem is one of the greatest and most complex issues facing many 

cities around the world.  Traffic congestion inflicts enormous economic, environmental, 

and other social costs.  In the United States, Schrank and Lomax (2003) estimated the 

annual cost of congestion in 75 major U.S. urban areas in 2001 to the tune of US$69.5 

billion, which was the value of 3.5 billion hours of delay and 5.7 billion gallons of 

excess fuel consumed.  Comparable values have been reported in Europe (Lindsey and 

Verhoef, 2000b).  In major Australian cities, the cost of traffic congestion is estimated 

at approximately 12.8 billion dollars per year (with Sydney currently experiencing costs 

of around 6.0 billion dollars per annum, Melbourne 2.7, Brisbane 2.6, Adelaide 0.8, 

Perth 0.6 and Canberra 0.05) (BTE, 1999).  Clearly, traffic congestion has reached a 

stage where it affects the lives of millions of people and the malfunctioning of the entire 

national economy in some countries.   

It is important to examine what are the causes of traffic congestion before discussing 

the various measures to tackle the problem.  From the perspective of demand and 

supply, traffic congestion occurs as a result of an imbalance between the demand and 

supply for road space.  Economists, on the other hand, take a different view about the 

cause of traffic congestion.  They attribute the excessive use of urban road space to the 

under pricing in auto use.  Accordingly, each motorist is making decision about driving 

without thinking about the effects of this decision on others.  Each individual simply 

considers the delay that he/she will experience.  Unfortunately, in congested networks, 

when an individual decides to use the network, the individual is imposing some 

additional delay on all other users of the network.  Thus, the total network time 

increases by more than the delay experienced by each user.  This externality means that 

each user will be facing “too low” a cost when deciding whether to use the system.  

Moreover, economists ascribe the excessive use of scarce urban road space to the public 

nature of road provision.  Individual motorist feel that it is a birth right to use public 

roads because they are a public utility  Besides, in the minds of motorists they have 

already paid their way through fuel and other road user taxes. 

Finding solutions to the traffic conundrum has become more challenging because 

concerns for environmental impacts of congestion is growing while the availability of 

public funds for road infrastructure is diminishing.  Various measures have been 

adopted to combat the traffic problem.  These can be grouped into three broad 
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categories, namely; engineering, transportation planning and economic solutions.  The 

traditional engineering solution of building more road infrastructures to meet the 

demand for additional capacity has proven ineffective in built-up, major urban areas.  

Latent and induced demand kick-in to fill the new space.  This conforms to what Downs 

(1962) called “the law of peak hour expressway congestion”.  Not only that road 

building is ineffective, but also it can be impractical to build roads in built-up areas due 

to the very high cost involved.  Other engineering solutions (also called supply-side 

measures) include various traffic and intersection controls, traffic restraints and 

regulations.  While these measures have significantly improved efficiency of the road 

network, they do not discourage excessive use of limited capacity.   

Wide-ranging demand-side techniques have also been used to manage the demand for 

car travel.  These include subsidising public transport travel to encourage motorists to 

switch modes, providing transit lanes or giving preferential treatment to buses at 

intersections, encouraging commuters to carpool or vanpool by giving them free-

flowing lanes (so-called HOV⎯ meaning high occupancy vehicle lanes), instituting 

flexible working hours, encouraging employers to cash out parking allowances, 

encouraging employers and workers to work at home (i.e., telecommute), and to some 

extreme measures banning some vehicles from entering the CBD area.   

Incentives to switch modes have proven ineffective as the degree of substitution 

between car and public transport is slight.  Recent work of Taplin et al. (1999) in 

Sydney has shown a very low (-0.024) price elasticity of demand for commuter car 

travel, where public transport is the only alternative.  The HOV campaign has achieved 

mixed results in the U.S.A., where it is mostly instituted, although in recent times it has 

revived support in conjunction with congestion pricing.  Flexible work hours and 

related measures to some extent have eased the concentration of peak travel, but have 

no impact on behaviour to reduce car travel.  Banning some cars on some days certainly 

reduced the level of demand on days that this measure is imposed.  However, there is a 

drawback that welfare might be reduced because higher valued trips are disallowed to 

enable low valued trips to be undertaken. 

Economic solutions are more effective in influencing the demand for private car usage.  

Motorists are more responsive to pricing instruments, particularly to charges that are 

levied on a journey.  Parking costs and road tolls are examples of direct road user costs 

that influence travel decisions.  On the other hand, indirect price measures in the form 
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of increased car registration, tax on car purchase, and insurance premium has little 

effect in curbing car ownership. Tax on fuel has significant impact on demand, however 

this appear to be an ineffective weapon against traffic congestion since this unit tax 

discourages motoring in general but not at the particular times or places where 

congestion exists (Johnson, 1964).  Besides, fuel taxes cannot be raised very high as 

they will have much more effect on low-income motorists (i.e., a more regressive 

effect).  Moreover, fuel taxes affect both rural and urban dwellers.  The use of a fuel tax 

to control urban congestion has impacts on rural communities. 

Economists recommend congestion pricing as one potentially effective measure to 

tackle the growing problem of traffic congestion.  Congestion pricing involves charging 

road users a fee for the delay they impose on other motorists.  In so doing, it is argued 

that congestion pricing helps to maximise the economic benefit from the road network.   

Its economic underpinning is well established and it is now widely accepted by 

economists and continues to attract theoretical research and modelling.   It is however 

very unpopular among motorists and the public at large.  Reasons why this is the case is 

the subject of the next section. Full discussion of the economic theory and rationale of 

road congestion pricing together with some of the issues that prevent its wide adoption 

is given in Chapters 2 and 3.  

1.3 ACCEPTABILITY OF MARKET-BASED SOLUTIONS 

In the preceding section, various economic measures for the urban traffic problem were 

mentioned.  Congestion pricing was singled out as one potentially effective economic 

instrument, but one that is also very unpopular among motorists and the public at large.  

This begs the question: how to neutralise public opposition and enhance public 

acceptability of congestion pricing? 

In the following sections, areas that have potential to increase public support for 

congestion pricing are identified.  In particular, the shortcoming in the analytical 

procedure to measure the impacts of congestion pricing on consumer and society’s 

welfare is described.  It is widely acknowledged that the effect of congestion tolls on 

welfare is the main stumbling block.  Therefore it is timely to address such analytical 

shortcoming. 
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1.3.1 Brief History  

The notion of imposing congestion charges to make drivers internalise the external 

congestion cost of their trips was debated in the early 1920s (Pigou, 1920 and Knight, 

1924).  Prominent economists including Vickrey (1955, 1963), Walters (1961) and Roth 

(1967) have advanced the theory of congestion pricing.  The first practical assessment 

of the feasibility of road pricing1 came in the early 1960s when the Ministry of 

Transport in the United Kingdom commissioned a major study (Ministry of Transport, 

1964).  In 1964, the feasibility study culminated in the Smeed Report, but it did not 

result in implementation of road pricing in the United Kingdom.  Motivated by the 

events in the United Kingdom, in the 1970s the United States’ government offered to 

fund the administration, enforcement and evaluation of congestion pricing 

demonstration projects.  Several cities were invited to participate, but the offer of 

funding was not well received.  Concerns about the perceived adverse effects of 

congestion pricing on local business and low-income groups were the major factors 

contributing to the demise of the proposed congestion pricing demonstration projects 

(Higgins, 1986).  The breakthrough came in 1975 when Singapore pioneered the 

implementation of congestion pricing by instituting the Area Licence Scheme (Watson 

and Holland, 1976).  Inspired by Singapore’s apparent success in curbing city centre 

congestion, Hong Kong tested a more ambitious world first electronic road pricing 

(ERP) scheme between 1983-1985 (Dawson and Catling, 1986).  The ERP trial was 

hailed a great success, as far as technology was concerned, but supposed invasion of 

privacy led to it being scrapped.  Despite Hong Kong’s setback, many countries have 

been in various stages of planning to implement congestion pricing.  In Norway, toll 

ring systems have been successfully implemented in three cities of Bergen, Olso and 

Trondheim (Larsen, 1988; Hoven, 1996).  In other European cities a variety of schemes 

have been considered which include time-based and congestion-specific charging (May 

et al., 1994; 1998).  Some large-scale plans have been contemplated for Greater London 

(Richards, Gilliam and Larkinson, 1996; Bates et al., 1996), The Netherlands 

(Stoelhorst, 1990) and Stockholm’s Toll Ring system (Johansson Sveder and Nylander, 

1998).  Since February 2003 the city of London has charged a fee for driving private 

automobiles in its central area during weekdays as a way to reduce traffic congestion 

and raise revenues to fund transport improvements.  This is the first congestion pricing 

program in a major European city.  In the United States, demonstration projects using 

                                                 
1 Definition of the terms road pricing and congestion pricing are given in Chapter 2, Section 2.1. 
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advanced tolling technology have been operational in four cities while many more are 

under feasibility study.   

Schemes that have been implemented are summarised in Table 1.1.  Comprehensive 

reviews of studies and experiences in road pricing can be found in Hau (1992), May 

(1992), Lewis (1993), Gomez-Ibanez (1994), Supernak (1997) and (FHWA, 2000). 

Table 1.1 Congestion pricing experience 

Operational Pricing Schemes 

• London Congestion Pricing.  Since February 2003 motorists driving in central London on 
weekdays, between 7:00 am and 6:30 pm, are required to pay £5.  There are some 
exemptions, including motorcycles, licensed taxis, vehicles used by disabled people, some 
alternative fuel vehicles, buses and emergency vehicles.  Area residents receive a 90% 
discount for their vehicles (https://www.cclondon.com/). 

• Singapore Area Licence Scheme.  Implemented in 1975 to reduce congestion in the CBD.  
From 1997, the ALS had been replaced with a fully automated Electronic Road Pricing (ERP) 
system that allows multiple peak period pricing rates (Phang and Toh, 1997).   

• Toll Ring Systems in Norway2.  Cordon charges have been used to manage traffic entering 
Bergen, Oslo and Trondheim.  Bergen toll ring was opened in 1986 while Oslo and Trondheim 
were implemented in 1990 and 1991, respectively. 

• AutoRoute A1 between Paris to Lille.  A time-varying toll operating only on Sundays has been 
implemented since April 1992. 

• Express Lanes on State Route 91 in Orange County, California.  In December 1995, the first 
variable-priced and fully automated highway in the United States was operational. 

• Interstate 15 ‘FasTrak’ Project in San Diego, California.  Since December 1996, solo drivers 
(SOV users) are allowed to drive into the high occupancy vehicle (HOV) lanes during rush 
hours for a fee. 

• Katy Freeway ‘QuickRide’ Program in Houston, Texas.  Opened in 1998, two-person carpools 
are allowed to use the HOV lanes during peak hours for a fee while carpools with three or 
more persons are free. 

• ‘LeeWay’ Variable Pricing Project in Lee County, Florida.  Opened in 1998, off-peak toll 
discounts are offered to shift discretionary traffic out of the peak. 

 

1.3.2 Arguments For and Against Congestion Pricing 

The history of congestion pricing reveals that only in the last decade has significant 

progress been made.  The apparent impetus to congestion pricing is attributed in part to 

recent developments in automatic vehicle identification (AVI) and electronic toll 

collection (Pietrzyk, 1994), and to growing environmental concerns (Gomez-Ibanez and 

Fauth, 1992; Komanoff, 1997; Johansson and Sterner, 1998).  Shortfall in government 

                                                 
2 Norway’s Toll Ring systems are designed for revenue generation rather than as demand management 

measure with the exception of Trondheim where a transport package was part of the objective to 
enhance public acceptance.  The transport package includes financing new road construction, 
improvements to facilities for pedestrians and cyclists, and enhanced priority and segregation for 
public transport (Hoven, 1996; Ramjerdi, 1995).   
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funding for road infrastructure and the participation of private ventures in urban toll 

roads also revived the interest on direct road use charging (Orski, 1992).  Some of the 

other arguments for congestion pricing are summarised in Table 1.2. 

Despite such significant progress, there remain formidable barriers to wider 

implementations.  Table 1.2 presents some of the opposing arguments.  The obvious 

challenge now is how to make opponents agree or at least compromise their position.  

The following sections describe some of the issues that if adequately addressed will 

generate more supporters than there are opponents.  

Table 1.2 Congestion pricing arguments 

Arguments For Arguments Against 

• as an allocation and rationing mechanism 
of scarce road space; 

• means of “leveling the playing field” 
between the auto and public transportation 
as congestion prices provide a more 
accurate reflection of the true cost of 
driving; 

• more effective alternative to regulation in 
reducing congestion and vehicle emissions; 

• key policy for restraining growth in urban 
areas (Hills and Gray, 2000) thus reducing 
demands for new roads; and  

• generator of higher returns on private 
highway investment as well as a source of 
supplementary revenue for transportation 
improvements. 

• equity issue, i.e., concern that the poor 
would be less able than middle class or the 
rich to pay for congestion fees (Giuliano, 
1994);  

• distrust of governments about the use and 
distribution of revenue windfall (Giuliano, 
1992; Rom, 1994); 

• concerns for the impacts on businesses; 

• public scepticism on the idea of any type of 
fees for the use of free public roads; and  

• concerns for personal freedom, i.e., invasion 
to privacy, under an electronic tolling system 
(Hau, 1990). 

 

1.3.3 Efficiency versus Equity Objectives  

The objective of congestion pricing, which is to maximise aggregate welfare by 

eliminating the deadweight loss of congestion, is purely couched on efficiency grounds.  

In terms of equity and fairness, it may seem that efficient tolls are fair because everyone 

pays for their use of the road network.  However, this is not the case because efficient 

tolls are found to produce distributional changes that may overshadow their effects on 

allocative efficiency (Segal and Steinmeier, 1980).  Since tolls create gainers and losers, 

it is therefore natural to ask which trips will the toll discourage and whether it may 

positively encourage some that were not made in the absence of the toll.  As Hau 

(1992b) pointed out, governments are the only sure winners if revenues are not 

redistributed to road users.  Thus, some form of redistribution or compensation scheme 
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seems a pre-requisite to any implementation.  Although Vickrey (1993) argued that, in 

pursuit of efficiency, social justice should not be paramount, the political viability of 

congestion pricing hinges on how equity issues are addressed (Giuliano, 1994; Jones, 

1998; Button and Verhoef, 1998; Raux, 2000).  

The seemingly conflicting objectives of efficiency and equity need to be addressed if 

congestion pricing is to gain wider acceptance (Myers et al., 1996).  This would mean 

that efficiency would not be the overarching objective of pricing but rather a 

compromise to achieve equity and fairness.  The challenge therefore is how to design a 

pricing scheme that is both efficient and equitable.  Likewise, it is paramount to ensure 

that analytical models of congestion pricing are able to measure such objectives.   

A more thorough discussion of equity and distributional consequences of congestion 

tolls is deferred to Chapter 3. 

1.3.4 Partial Pricing and Urban Toll Roads  

Of the operational congestion pricing schemes in Table 1.1, only Singapore’s Electronic 

Road Pricing (ERP) system is close to the ideal “first-best” form as it offers significant 

time-of-day variations that apply to an entire road network.  All other applications are 

limited, such as toll rings with fixed or nearly fixed tolls (Norway) and pricing on a 

single facility (France, California, Houston and Florida).  In addition, other 

electronically priced highways such as Highway 407 in Ontario, Canada and the City 

Link in Melbourne, Australia, as well as behavioural experiments in Leicester and 

Stuttgart, Germany are limited applications (Burton, 1997; Hug et al., 1997; Samuel, 

1997; Laurie, 2000). 

Successful implementation of the above limited pricing applications reveal two 

important aspects.  One is the satisfaction of efficiency and equity objectives and the 

other is the seeming acceptability of pricing for privately funded urban toll roads.  The 

pricing schemes in four U.S. cities exemplify the achievement of both efficiency and 

equity objectives.  The newly built express lanes along State Route 91 (SR-91) in 

Orange County, California is priced while the existing congested lanes running parallel 

to the express lanes remain toll free.  Under this partial pricing scheme, low-income 

motorists have the option to trade-off the money cost of the toll by travelling longer on 

the free alternative.  Findings of recent studies on SR-91 indicate that low-time-value 
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motorists tend to use the priced lanes less often than those with high time values 

(Sullivan and El Harake, 1998; Parkany, 1999).  The existence of alternatives (free 

congestible route and free HOV-3+3 carpool) is critical to the acceptability of SR-91.  

Another important feature of the SR-91 scheme is that it is a new privately funded toll 

road.  Interestingly, support for this priced facility has been generally high (Sullivan, 

1997, 1998; Parkany, 1999).  This strong support for SR-91 reveals why past attempts 

to price existing roads fails.  People are more accepting of urban tolling for additional 

capacity that is built and operated by private corporations (Orski, 1992).  Similar 

reactions are observed in the other electronic toll roads such as Highway 407 and 

Melbourne City Link.  There is, however, a danger that governments may take 

advantage of this support by making it an excuse to tap the private sector to build more 

urban toll roads.  Already a number of urban toll roads are built through so-called 

public-private partnership.  Examples are the urban toll roads in Sydney. 

There are two important issues to examine in relation to partial pricing and urban toll 

roads.  One issue is the efficiency gains from partial pricing.  The question is whether in 

pursuit of equity and fairness much of the efficiency to be gained from pricing has been 

diminished.  The other issue is the welfare effects of privately operated urban toll roads.  

As Mills (1995) pointed out, profitable urban toll roads do not necessarily imply an 

improvement in consumer welfare.  The opposite may in fact occur, i.e., consumer 

welfare may be diminished.  Efficiency gains and welfare effects from partial pricing 

schemes will be examined in the simulation models in Chapters 5 and 6. 

1.3.5 Changing Attitudes Towards Pricing 

The emerging support for congestion pricing in urban areas is linked to the diversity of 

problems that urban areas are facing and the different interest groups that view 

congestion pricing as a solution to the problems as they see them.  In the United States, 

Orski (1999) pointed out that the experience from the demonstration projects suggests 

that travellers are ready to accept road use charges in return for faster and more 

predictable travel.  Users of California’s State Route 91 are even willing to pay for tolls 

during off peak hours so that they may travel in less stressful conditions.  Similar 

observations of attitudinal changes are found in other cities (Jones, 1998; Colis, 1996; 

European Commission, 1999; Raux, 2000; Ison, 2000).  The positive attitude towards 

                                                 
3 High Occupancy Vehicle (HOV) lane that permits car carrying 3 or more passengers. 



CHAPTER 1:  INTRODUCTION 11 
 

 

pricing, however, is conditional on meeting the important equity and fairness objective 

as well as on the manner in which the toll revenues are spent (Goodwin, 1990; Small, 

1992).  It also depends on the extent of the congestion problem and how congestion 

pricing as a solution is marketed to the public (Sapkota, 1997). 

There has been a shift in political attitudes in line with changing public perspectives 

towards pricing as well as continuing technological advances and budgetary constraints 

(Verhoef, 1998).  Political support is paramount for a successful implementation of any 

pricing project.  London’s congestion pricing project is considered an important test of 

the political feasibility of congestion pricing in major democratic cities.  London’s 

experience shows that congestion pricing is technically feasible and effective, and that 

it is possible to overcome the political and institutional resistance to such pricing.  The 

apparent success of the first year of the ground-breaking London scheme has already 

given impetus to road pricing schemes in cities throughout Britain and across the world.  

More detailed discussion on the politics of congestion is deferred to Chapter 3.   

1.4 MODELLING TRAVEL BEHAVIOUR IN THE PRESENCE OF TOLLS  

Models provide guidance to policy makers in their decision making.  Therefore, it is 

imperative that models are able to capture adequately the fundamental behaviour of the 

system that they represent.  This section examines how existing travel models 

characterise the behavioural responses of road users when tolls are charged for road use.  

In particular, how the decision to choose among alternative routes is represented in 

traffic assignment models.  In addition, the form of the congestion function used to 

describe the supply curve is considered. 

1.4.1 Behavioural Responses to Congestion Charges 

Studies have shown that the variable component of the cost of travel has direct 

influence on travel choice, i.e., whether to make the trip and on which mode at what 

time to which destination.  The fixed component of travel cost, such as vehicle 

ownership and registration, is generally considered a sunk cost and therefore does not 

affect an everyday decision to undertake a trip.  Congestion tolls are additions to the 

variable cost of driving.  When tolls are imposed, road users will make short and long-
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term adjustments (Salomon and Mokhtarian, 1997).  In the short-run, they may make 

one or more of the following choices:  

• pay the toll charge; 

• change departure times to avoid travelling at the peak of the rush-hour period; 

• choose an alternative route; 

• choose alternative modes, e.g., travel by public transport; 

• join a carpool or vanpool; 

• work at home (telecommute) 

• change destination of trip; or 

• cancel the trip if its benefit is less than its cost. 

In the long run, travellers may decide to move closer to their places of work or they 

may change jobs to avoid travelling on the tolled facilities.  Also, employers may 

relocate offices closer to where workers reside.   

The short-term responses involve temporal, spatial, modal and destination changes 

while long-term adjustments reflect locational and land use impacts.  There are many 

studies looking at temporal effects of tolls using the bottleneck traffic assignment model 

(some selected studies include Vickrey, 1967; Laih, 1994; Arnott et al., 1992, 1998; 

Yang and Meng, 1998; Mun, 1999).  Trip scheduling behaviour is reflected in the trade-

off between queuing time costs and scheduling costs.  Studies that examine the spatial 

segregation effects of tolls use both simple two-route and urban-wide networks (some 

selected studies include Anderson, 1996; Verhoef et al., 1996; Liu, 1995; Verhoef and 

Small, 1999; Small and Yan, 2000).   

One of the shortcomings of most of these traffic assignment models is the homogeneity 

assumption, which implies that everyone is affected by the congestion tolls in the same 

way.  The next section provides a discussion of this issue. 

1.4.2 Identical User Assumption in Route Choice Models 

Models of route choice behaviour, within both deterministic and stochastic frameworks, 

have traditionally made the simplifying assumption that all travellers are identical in 

tastes and preferences.  Drivers’ route choice behaviour is influenced mainly by the 



CHAPTER 1:  INTRODUCTION 13 
 

 

travel time + vehicle operating cost which is the same for everybody.  That is, every 

driver perceives the same amount of congestion and everyone would prefer the quickest 

route.  In the absence of toll charges and in congested networks where time is the main 

variable that influences route choice decisions, the homogeneous assumption provides a 

valid solution.  However, when tolls are charged on a link or a route the homogeneity 

assumption is inconsistent with actual route choice behaviour due to income differences 

among commuters.  As revealed in the SR-91 experience, motorists with high time 

value (who also have high income as income is highly correlated with value of time) are 

using the express lanes more often than those with low time values.  The incentives to 

travel on the tolled route stem from the shorter and more reliable journey time (Ghosh, 

2000; Golob, 2000).  Therefore an average value of time to represent motorists’ 

responses to price changes will not reflect the impact of discriminatory prices on route 

choice.  

The identical user assumption has significant implications for the cause of congestion 

pricing.  Identical treatment tends to produce results that show motorists are far worse 

off under congestion pricing.  Hau (1992b) supports this view and further argued that 

even non-identical treatment will not alter the results significantly under first-best 

conditions, i.e., when all links are priced at the marginal social cost of congestion.  

However, in the current climate of second-best pricing, where free alternative routes 

exist, not all users would be worse off and low-income users may even gain.  As stated 

earlier, using an average value of time will not reflect the impact of discriminatory 

prices on route choice.  Therefore, it is imperative for traffic assignment models to 

explicitly characterise the choice among non-identical users.  The importance of non-

identical time valuations in traffic assignment models is recapitulated in Section 1.5.  

In recent times, there has been increasing attention to this fundamental shortcoming as 

more limited form of pricing schemes are considered.  A brief review of studies that 

consider heterogeneity in value of time is summarised in Section 1.5.1.    

1.4.3 The Congestion Cost Function 

Determination of congestion tolls in networks and the consequent measures of welfare 

and toll revenues rely heavily on the form of congestion function or supply curve.  One 

of the most widely used link capacity functions is the non-linear travel time function 
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developed by the Bureau of Public Roads (Branston, 1976).  In its most general form, 

the BPR function is 

 t = to 1+ α(V /Q)β[ ] (1.1) 

where to represents the travel time under free or unrestrained flow while the terms 

inside the bracket represents the degradation of free flow travel time.  V is the traffic 

flow, Q is the link capacity, α and β are parameters.  The BPR engineers defined a 

value of 0.15 for α, 4.0 for β  and Q as the practical capacity of a link, which defines a 

level of service C. 

Equation 1.1 obtains the average travel time on a link.  The marginal external 

congestion delay on a link is determined by multiplying Equation 1.1 with the total 

traffic on the link and then taking its first derivative with respect to traffic flow.  

Mathematicallly, the marginal link congestion delay is expressed as 

 MEC = toαβ(V /Q)β  (1.2) 

The contributions of the constant values to, α, β, and Q in Equation 1.2 determine the 

magnitude of the delay, and hence the optimal tolls, revenues and welfare costs.  Thus, 

the choice of the values of these parameters is an important consideration.  

In the present study, different parameter values are examined and their effects on the 

estimates of optimal toll levels and welfare costs are measured in Chapter 2, Section 

2.3.1. 

1.4.4 Network-wide Analysis 

As outlined in Section 1.3.4, it emerges that second-best policy options offer a more 

realistic approach to implementing some form of direct road use charging including 

urban tolling.  When tolls are charged in an urban-wide setting, one important impact 

that route choice travel models need to capture is the spatial or re-routing effect in 

networks.  It is to be expected that tolling on selected routes or on a cordon would 

create a different trip pattern.  With the possibility of one or more alternative routes, it 

is essential that heterogeneity of time valuation by motorists is taken into account.  

Failure to do so may result in overestimation of the benefits of pricing.  Results of the 

work of May and Milne (2000) suggest that when re-routing effects are included in the 
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predictive model the benefits of road pricing may be significantly smaller than 

previously expected.  Mills (1995) also argued for consideration of network effects of 

urban toll roads on consumer welfare and for consideration of the heterogeneous 

responses to tolls. 

1.5 IMPORTANCE OF NONIDENTICAL TIME VALUATIONS 

As discussed in the preceding section, the identical treatment of road users undermines 

the analysis of congestion pricing effects on consumer welfare.  Explicitly modelling 

the different income groups can be expected to provide better estimation of the winners 

and losers from a congestion pricing policy, which is important to the issue of public 

and political acceptance.  Clearly, there are gainers and losers when tolls are imposed.  

The homogeneity assumption makes it difficult to assess the welfare implications of 

congestion tolls on different groups.  Moreover, ignoring heterogeneity causes the 

welfare benefits of partial pricing schemes⎯a policy currently receiving favourable 

consideration⎯to be dramatically underestimated.  

1.5.1 Prior Studies 

Explicit treatment of differential responses to toll charges in traffic assignment models 

has been explored recently.  The few studies that dealt with the spatial or route 

substitution effects either in two-route or urban-wide networks include Anderson and 

Mohring (1996), Sapkota (1998), Verhoef and Small (1999), and Small and Yan (2000).  

A review of other papers that allows for user heterogeneity in the route choice model is 

given in Chapter 4. 

Anderson and Mohring (1996) used four income groups in deriving the first-best 

optimal tolls for the Twin Cities.  They also examined the second-best case where only 

expressways were priced at some fraction of the first-best optimum.  Their results 

revealed some favourable results of accounting for heterogeneity, however these 

provided little information on efficiency and consumer welfare effects under partial 

pricing schemes like the State Route 91 (SR-91), where a free parallel route exists.   

The studies of Verhoef and Small (1999) and Small and Yan (2000) have dealt with the 

SR-91 case.  Both studies have similar objectives but some features differ in their 
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models.  For example, Verhoef and Small (1999) consider heterogeneity using a 

continuous value of time distribution which was calibrated from Dutch stated-

preference data.  Their study also accounts for the possibility that users of the two 

roadways interact on a congested serial link elsewhere in their trips.  Small and Yan 

(2000), on the other hand, considered just two discrete user groups differing by value of 

time.  Findings of both studies indicate that ignoring heterogeneity causes great 

underestimation of benefits, by a factor of nine in Verhoef and Small’s base case 

scenario.  This results from ignoring the efficiency gains due to separation of traffic.  

More details of the studies’ findings are summarised in Chapter 4, Section 4.3.3. 

The Small and Yan (2000) model provides a robust analysis of a simple two-route 

network under second-best pricing.  However, models that treat only two discrete user 

groups can be criticised on two main grounds: (1) the two user groups provide only a 

crude approximation to real heterogeneity, and (2) there are analytical difficulties 

because several types of equilibria can arise.  These include a pooled or fully integrated 

equilibrium (where both groups use both routes), a partially separated equilibrium 

(where one group uses both routes but the other group uses only one route), and a fully 

separated equilibrium (where each group exclusively uses one route).   

Consideration of a continuum of groups by Verhoef and Small (1999) provides better 

representation of choice behaviour than two discrete user groups. Only two types of 

equilibria can occur: fully integrated (when tolls are absent or exactly equal on the two 

parallel routes) or fully separated (in all other cases).  The shortcoming of their 

approach, however, is the lack of an analytical solution when only one route is tolled 

due to a discontinuity at the marginal user (i.e., the user with value of time α* who is 

indifferent between the tolled and free routes).  Another limitation of the use of 

distributed values of time is its complexity when applied at an urban-wide level.  

Finding α* in order to obtain the optimal tolls would be extremely cumbersome.   
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Sapkota (1998; 1999) used twelve income groups in deriving the first-best and second-

best welfare maximising tolls for a corridor network similar to SR-91.  The non-

identical users approach was then applied to a real urban network in order to explore the 

network effects of optimal and sub-optimal charges.  This work has been extended and 

the results of the model simulations are presented in Chapters 6 and 8.   

1.5.2 Practical Models 

One of the problems commonly encountered in practice is the lack of data to use for 

detailed representation of travel choices.  For example, a distributed value of time 

derived from surveys would be ideal information for modelling route choice behaviour 

in the presence of tolls but is not readily obtainable from available surveys.   

One source of updated information for modelling user heterogeneity in value of time is 

the Census.  Data on personal and household income at the Census Collector District 

(CCD) level are available.  Estimates of value of time based on personal or household 

income have been made and from them a discrete distribution of value of time by 

income groups was derived for this study. 

1.6 RESEARCH OVERVIEW 

A numerical approach has been adopted in analysing the implications of differential 

road user responses to congestion charges.  The numerical approach considers short-run 

equilibrium in demand for travel and supply of road capacity.  Allocation of scarce road 

space in the short-run is optimised by making each driver pay the marginal external cost 

of his/her travel.   

One of the network configurations used in the analysis comprises two parallel links 

connecting a pair of origin and destination areas.  This simple two-route network 

represents a corridor served by two routes of which one provides a better level of 

service.  An example is the State Route 91 in Orange County, California, where four 

parallel lanes provide express service for a fee while the remaining eight congested 

lanes remain toll free (Sullivan, 1998). 
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The other network considered in the analysis is a metropolitan road system.  The greater 

part of the city of Perth’s road network is employed to give realism to the empirical 

investigation of road congestion pricing.   

Both models are utilised to examine the impacts of three congestion pricing regimes: 

so-called first-best pricing, second-best or partial pricing, and profit maximising.  

Efficiency and welfare implications of these pricing regimes are compared with non-

intervention or the status quo.  The simple two-route network is specifically used to 

derive the congestion charge that achieves efficient utilisation of available capacity.  

The socially efficient toll under second best is derived with due consideration of 

spillover effects on the free route. 

In the general network, the traffic is fully assigned under each pricing regime but the 

multitude of alternative routes used makes it impractical to take complete account of 

spillover effects on the untolled alternatives.  Thus, the optimal congestion toll under 

partial pricing is determined as some fraction of the marginal external cost on the tolled 

route.  Sub-optimal pricing on a single facility, where a predetermined non-optimal 

price is charged, is also modelled and its effects on efficiency and on consumer welfare 

are examined. 

Heterogeneity in the route choice is characterised using twelve discrete income classes.  

Each income class is assigned a corresponding value of time which is taken as a 

proportion of the wage rate.  Therefore, each income class is homogeneous with respect 

to time valuation.  Drivers in each income class will choose to pay a toll if their 

valuation of time is at least equal to the travel time saving afforded by the tolled facility.  

Figure 1.1 illustrates the conceptual boundary between those who are willing and those 

who are unwilling to pay a toll over a range of time valuations.  For example, a 

commuter who values time at $10 per hour will opt to pay a $1 toll to travel a priced 

route if it is at least six minutes quicker than an unpriced route. 
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Figure 1.1 Willingness to pay for time saved 

 

1.7 ORGANISATION OF THE THESIS 

Chapter 2 presents the theory of congestion pricing as well as some issues hindering its 

wider implementation.  Chapter 3 reviews the welfare effects and measurement of 

welfare changes resulting from congestion charges.  Chapter 4 describes the model 

framework for the multiple income-class user equilibrium assignment that is adopted 

for the simulations in Chapters 5 and 7.  Chapter 5 applies the multiple income-class 

user equilibrium to a corridor network.  Welfare and profit maximising tolls are 

obtained for different pricing regimes, and under different demand assumptions.  

Chapter 6 assesses the simulation results of Chapter 5.  Chapter 7 deals with the 

application of the multiple income-class user equilibrium to a real urban road network.  

It uses travel data for the Perth metropolitan road system.  Chapter 8 provides a 

discussion of the simulation models and draws some policy implications.  Chapter 9 

presents a summary of findings and contributions of the study, together with some 

recommendations for future research. 

 



 

 

CHAPTER TWO 

Theory and Issues in Congestion Pricing 
and Related Pricing Concepts 

Chapter 2 describes the economic underpinning of congestion pricing.  It also outlines 

some of the issues, both theoretical and practical, that have a bearing on the wider 

adoption of congestion pricing as a transport policy.  First, the relevant pricing concepts 

are defined in Section 2.1 followed by a discussion of the theory and economic 

justification of road congestion pricing in Section 2.2.  Section 2.3 presents some 

theoretical issues that have direct impact on the measurement of congestion costs while 

Section 2.4 outlines some practical issues.  The chapter concludes with a summary in 

Section 2.5. 

2.1 DEFINITION OF RELEVANT PRICING CONCEPTS  

As attention to market-based solutions has gained momentum over recent years, more 

innovative application of pricing has evolved.  Examples are the pricing schemes 

presented in Table 1.1 which include the Interstate 15 ‘FasTrak’ Project in San Diego, 

California and the Katy Freeway ‘QuickRide’ Program in Houston, Texas where fee 

paying vehicles are allowed to drive onto lanes dedicated for High Occupancy Vehicles.  

This form of pricing is now commonly known as High-Occupancy/Toll lanes or simply 

as HOT lanes.   

Use of new pricing terminology plus some misuse of the terms road pricing and 

congestion pricing prompted the inclusion of the definitions of various forms of pricing 

policy.  While it is important to distinguish between the following concepts and 

definitions, it is also recognised that several of them overlap as shown schematically in 

Figure 2.1.    
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Figure 2.1 Schematic representation to indicate overlaps and 
ambiguities of pricing terminology 

Marginal Cost Pricing   

Consideration of marginal cost pricing in transport dates back to (Dupuit, 1844) who 

examined the benefits of tolls on bridges. Marginal cost price in transport is usually 

calculated in the form of the avoidable cost of carrying one less item or performing one 

less function. This also applies in the costing of transport externalities where the costing 

margin may be the congestion cost avoided by removing one car from the traffic.  Some 

examples of the use of marginal cost pricing in transport are described below. 

Road Pricing 

Road users are usually expected to contribute to the cost of building new roads and 

maintaining existing ones.  Pricing for these purposes involves charging for road use 

either directly as a flat fee (as is currently done on many bridges, tunnels, tollways, and 

turnpikes) or indirectly through fuel taxes, licensing or other vehicle-based fees (Lo and 

Hickman, 1997).  Besides recovering the cost of investment in roads (Hau, 1992; May, 

1992; Lewis, 1993), road user fees are also aimed at pricing for transport externalities, 

such as congestion delay, air pollution, other environmental costs and accidents 

(Verhoef, 1996).  As such, road pricing is advocated for two different purposes: to raise 
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revenue for roadway improvements and to reduce traffic congestion and its impacts.  

Although many road pricing programs are intended to achieve both objectives, they 

have different applications and practices (Litman, 2000).   

Congestion Pricing 

Congestion pricing is generally viewed as a way of reducing traffic congestion, but it 

can also be seen as a charge for the marginal cost (i.e., the congestion externality) that 

each motorist is imposing on the others (Newbery, 1990).  Road use may be priced in a 

manner that is related to the level of demand and hence the level of traffic congestion.  

The congestion price varies by time, such that tolls are significantly higher during 

congested periods and lower or non-existent when roads are uncongested.  Toll rates 

can be based on a fixed schedule or they can be dynamic, meaning that rates change 

depending on the level of congestion that exists at a particular time.  This so-called 

“time-variable pricing” encourages travellers to shift to other times, routes, and modes, 

change destination, combine errands to avoid multiple trips into congested areas or 

cancel the trip altogether (Vickrey, 1963; Walters, 1961), as well as reflecting the 

changing marginal cost.  Thus congestion pricing is intended as a congestion 

management strategy; implementing efficient charges on existing roadways reduces the 

need to add capacity.  The success of congestion pricing is measured in terms of 

reduced congestion delay, avoided roadway costs, and other travel demand management 

(TDM) objectives.  Revenues need not be dedicated to roadway project costs (Litman, 

1996).  Therefore, congestion pricing has the potential to support the development of 

alternative modes, such as improvements in public transit services along the same 

corridor. 

Variable or Peak-load Pricing 

When demand varies across time and this leads to varying marginal costs, efficiency 

can be improved by charging prices that also vary across time.  This is referred to as 

peak-load pricing and is practised by a number of firms, such as phone companies, 

power utilities, transport services, and the like.  The time periods are defined according 

to whether the system is operating at or below capacity.  “Peak demand” is when the 

system is operating at capacity, “off-peak demand” occurs when the system operates 

below capacity.  The key economic element of peak-load pricing is that the utility 

charges a higher price during the peak period and a lower price during the off-peak 

period (Viscusi et al., 1995).  This is because the amount of installed capacity is 
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governed by the peak-load and is therefore attributable to the peak users (Williamson, 

1966; Rees, 1976). 

Peak-load pricing is consistent with the important economic principle of marginal cost 

pricing, which can be illustrated in Figure 2.2.  This principle is based on the notion that 

the effective marginal cost of supplying the commodity (e.g., electricity supply) differs 

between peak and off-peak periods.  For simplicity, a constant operating cost equal to 

Po per unit is charged to off-peak users while peak users are charged Po + α (a constant 

marginal cost per unit of capacity).  The short run marginal cost is determined by the 

total capacity, Q*, as indicated by the curve labelled SRMC.  The efficient solution is to 

charge the SRMC to each type of consumer. 

Figure 2.2 Peak-load pricing  

Peak-load pricing in highways, also referred to as time-of-day or variable pricing is 

often used interchangeably with the term congestion pricing and value pricing.  

However, peak loads are a joint cost problem: different demand levels for the same 

facility.  Congestion pricing focuses on externalities: users imposing costs on one 

another as they try to share a facility.  

In highway travel, variable pricing can be used as congestion pricing (Mohring, 1970).  

For example, French toll road authorities have been using variable tolls to shift 

weekend travel demand from peak periods to “shoulder” or off-peak periods.  Singapore 

SRMC

Peak
Demand

Q*

PO+ α

PO

Quantity
Demanded

Off-Peak
Demand

$

Qo



CHAPTER 2: THEORY AND ISSUES WITH CONGESTION PRICING  25 

 

uses variable fees with its electronic congestion pricing scheme as do State Route 91 

(SR-91) and Interstate 15 (I-15) Express Lanes in Southern California (Small and 

Gomez-Ibanez, 1998; FHWA, 2000). 

Value Pricing 

The term Value Pricing (VP), as used in the United States’ Congestion Pricing Projects, 

is simply a marketing term replacing “congestion pricing” which is often construed as 

having a negative connotation, and thus is seen as a contributing factor to public 

resistance over congestion tolls.  Value pricing⎯defined as payment for premium 

service⎯was first introduced by the operators of a privately funded toll facility, the SR-

91 Express Lanes, built in the median of an existing freeway in Orange County, 

California.  The facility was marketed as offering extra value in the form of faster, safer 

and more reliable travel in return for a fee (Orski, 1999).  Thus, value pricing is 

envisaged as being more reflective of the objective of bringing relief from long delays 

and thus providing value for money (Institute of Transportation Engineers, 1998; 

FHWA, 2000).  The apparent success of the VP concept spurred more innovative 

terminology as described below.  

HOT Lanes 

Underutilised High Occupancy Vehicle (HOV1) lanes are converted into High-

Occupancy Toll (HOT) lanes.  The idea is to allow lower occupancy vehicle users if 

they pay a toll.  This permits HOV lane capacity to be used while maintaining an 

incentive for mode shifting, at the same time allowing congestion pricing to be 

introduced gently.  Examples of two operational HOT lanes are Interstate 15 ‘FasTrak’ 

Project in San Diego, California and the Katy Freeway ‘QuickRide’ Program in 

Houston, Texas (refer to Table 1.1 for details).  Over the last five years HOT lanes are 

often proposed in the United States as a compromise between HOV lanes and road 

tolling as solutions to traffic congestion (Orski, 1998). 

“FAIR” Lanes 

Fast and Intertwined Regular (FAIR) lanes are a form of congestion pricing in which 

revenue from electronic tolled lanes are credited to motorists using adjacent lanes 

                                                 
1 HOV lane refers to a lane dedicated for use by vehicles with more than a prescribed number of people 

in the car.  For instance, HOV-2 means only cars with at least 2 passengers (also referred as two-
person carpool) are allowed to travel onto the HOV lane. 
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(DeCorla-Souza, 2001).  This is intended to overcome political objections to congestion 

pricing by insuring that all road users directly benefit: people who choose to pay for use 

of tolled lanes benefit from reduced congestion, and those who use other lanes benefit 

from financial credits.  So far, there has been no application to this new twist of 

congestion pricing. 

Price Discrimination 

Price discrimination has been referred to by various names, including: demand-based 

pricing, usage-sensitive pricing, charging what the traffic will bear, selective pricing, 

discount pricing, Ramsey pricing, etc (Public Utilities Fortnightly, 1997).  In the 

simplest case, the same good (produced at the same cost for everybody) is sold to 

different buyers at different prices (Carroll and Coates, 1999; Pearce, 1996).  There are 

three major forms of price discrimination.  First-degree price discrimination occurs 

when a different price is charged for each and every unit offered for sale.  The seller is 

able to set a price on each unit at the maximum that some buyer is willing and able to 

pay.  The seller is in a position to make a “take-it-or-leave-it” offer to the buyers of the 

good or to bargain the buyer to his or her reservation price.  Preconditions are, however, 

required for the successful operation of this form of price discrimination.  These are (1) 

the ability of firms to identify different segments of the market according to price 

elasticity of demand, and (2) the prevention of resale by those customers who can buy 

at lower prices and resell to those who buy at higher prices. 

Second-degree price discrimination encompasses a variety of pricing schemes through 

which the firm is able to induce consumers with high valuations to pay higher prices 

than consumers with low valuations.  This form of pricing induces consumers to self-

select into groups based on their willingness to pay.   

Third-degree price discrimination is based on characteristics of the consumer or group 

of consumers.  Firms recognise that some consumers are more sensitive to price than 

are others.  Moreover, firms can separate consumers into groups through some easily or 

costlessly identifiable trait of the consumer.  For example, asking for a student 

identification card may identify students.  This form of pricing is also referred as a 

“group discrimination”. 

Price discrimination abounds in real markets.  In the case of road transport, a high-

occupancy vehicle (HOV) lane is an example of third-degree price discrimination.  
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Under this scheme, a car with a specified number of occupants is allowed to travel on a 

premium service lane free of charge or at a discounted rate.  Another example is 

Shmanske’s (1991, 1993) proposal for second-degree price discrimination in his 

simulation of price discriminating tolls where motorists are given the option to self-

select among different toll prices at tollbooths.  The differential tolls account for 

differences in waiting time to pass the queue at the tollbooths.  An impatient motorist 

can opt to queue at a tollbooth where service is fast, but has to pay a higher price. 

Value of Service Pricing 

Value of service pricing (VSP) ⎯also known as “charging what the traffic can 

bear”⎯is one form of price discrimination.  The term “value of service” is presumed to 

sound better to shippers than the more realistic terms.  VSP has been widely applied in 

transport industries and takes the value of the commodity shipped as the basis for 

charges.  It is true, in general, that a freight service has greater value to the shipper of a 

product with high unit value.  This form of pricing has been the single most important 

pricing principle in the liner shipping industry.  In ports, it is mostly applied in the ad-

valorem charges on cargo (Jansson and Shneerson, 1979).  On land, it has been 

extensively used by the railways since the second half of the 19th century (Friedman, 

1979).  To a lesser extent VSP is applied by road and river transport. 

Product Differentiation 

Economists characterise product differentiation as a phenomenon whereby each firm 

attempts to differentiate its product from the other firms in the industry.  The more 

successful a firm is at differentiating its product from the other firms selling similar 

products, the more monopoly power it has ⎯ that is, the less elastic is the demand 

curve for the product (Varian, 1993).  

Recent implementation of congestion pricing in State Route 91 (SR-91) in Orange 

County, California, applies such a product differentiation principle.  The SR-91 

congestion-pricing scheme involves pricing only the newly built express lanes while an 

existing congested parallel route remains toll free.  Thus the scheme provides users with 

a choice between a premium service but with associated price and a tollfree but 

congestible alternative (Sullivan, 1998).  A differentiated pricing scheme builds up 

dispersion in preferences, thereby substantially affecting the choice of toll or even the 

preferred toll regime (Small and Yan, 2000).  
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First-best Pricing 

To complete the review of relevant terminology adopted in transport system pricing, the 

concepts of first-best and second-best pricing are also included.  First-best pricing 

follows the principle of a Pareto optimum.  A Pareto optimum is said to exist when the 

economy’s resources and outputs are allocated in such a way that no reallocation can 

make anyone better off without making at least one other person worse off.  A 

reallocation of resources which makes at least one person better off while making no-

one worse off is said to be a Pareto improvement (Boadway, 1979).   

The Pareto criterion, however, is highly restrictive since it provides no guidance to 

choice between alternatives which involve one person becoming better off at the 

expense of another.  Since almost any economic policy will act to someone’s 

disadvantage, this is a serious restriction.  In order to overcome this, some economists 

have sought to supplement the Pareto criterion with criteria based on distributional 

equity while others have considered the use of compensation tests. 

In the case of transport, roads in particular, first-best pricing serves as a benchmark but 

it does not take account of distributional concerns.  A system in which every motorist 

pays the marginal cost of using the road, including the cost imposed on other road users, 

is an approximation to first-best.   

Second-best Pricing 

The second-best theorem, formulated by R.G. Lipsey and K. Lancaster (Pearce, 1996), 

states that if one of the conditions for Pareto optimality cannot be fulfilled, then the best 

attainable situation is the second-best optimum. 

The contentious issues in road pricing follow from the fact that it is highly unlikely that 

a Pareto optimum can be achieved.  Most of the implicit assumptions underlying the 

standard economic analysis for first best are so idealised that they are not expected to be 

met in reality (Verhoef et al., 1995).  Instead, second-best situations are likely to be the 

rule rather than the exception in setting regulatory transport taxes.  Partial pricing 

schemes, such as the SR-91 Express Lanes in Orange County, California and I-15 

‘FasTrak’ in San Diego, California, are increasingly relevant from a practical viewpoint 

as electronic road charging becomes a reality for a growing number of urban areas 

(Small and Gomez-Ibanez, 1998). 
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Application of the theories of first-best and second-best pricing is deferred to Chapter 4 

where the framework for optimal pricing is derived.  The theory of congestion pricing 

and its economic rationale is presented in detail in the next section.   

2.2 CONGESTION PRICING THEORY AND ECONOMIC RATIONALE 

The conventional approach to the economic analysis of traffic congestion is centred on 

the relationship between the cost of using a road and the demand for travel.  This is the 

analysis developed initially by Pigou (1920) and Knight (1924), but now found in 

numerous papers and textbooks, e.g., Beckmann et al. (1956), Walters (1961), Vickrey 

(1955, 1963, 1967, 1969, 1993), Ministry of Transport (1964), Johnson (1964), 

Mohring (1964, 1970), Hau (1992) and Verhoef (1996).  To understand how road users 

make their travel decisions, it is worthwhile to examine the basis of such decision-

making by looking at the costs involved in making a journey.   

2.2.1 Time Costs and Traffic Congestion 

The starting points in the analyses of traffic congestion are the speed-density and speed-

flow relationships, which describe how traffic speeds change as traffic volumes increase 

or decrease.  In deriving these relationships and travel time functions, the simple theory 

of steady state, uninterrupted traffic flow is used.  The theory deals with an idealised 

situation (most nearly realised on freeways, well removed from “conflict points” such 

as entries and exits), in which the only constraints on vehicles are their interactions with 

other vehicles in the traffic stream (BTCE, 1996; Akcelik, 1996).  In congested urban 

networks there are certainly delays at intersections but, for economic analysis, the 

idealised situation suffices (Walters, 1961). 

The theory is concerned with three basic traffic variables: speed, density and flow.  

• Traffic speed (V) is the average speed of vehicles in the traffic stream, measured in 

kilometres per hour (km/hr or kph). 

• Traffic density (K) is a function of the spacing between vehicles, and is measured in 

vehicles per kilometre (veh/km). 

• Traffic Flow (Q), in the traffic engineering sense, is the rate at which vehicles pass 

a reference point, and is measured in vehicles per hour (veh/hr or vph). 
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The fundamental relationships are shown in Figure 2.3.  The speed-density diagram is 

perhaps the most intuitive starting point for deriving the relationship between 

congestion cost and usage for uninterrupted flow conditions on freeways.  Figure 2.3 (a) 

shows that, as the density of vehicles increases, the speed at which they travel 

decreases.  Speed approaches zero when density reaches its maximum value at Kmax.   
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Figure 2.3 Speed-density, speed-flow, and travel time-flow relationships 

This relationship between speed and density is fundamental, because traffic density is 

apparent to drivers and governs the choice of speed.  The quantity which appears to be 

of greater economic interest, however, is the traffic flow.  This can be derived from 

speed and density based on the relationship: Flow = Speed x Density.  The area of the 

rectangle under the speed-density curve indicates the flow of vehicles at a given speed.  

Clearly the area of this rectangle (and the traffic flow) is zero when K = 0 and V = Vmax, 

and when K = Kmax and V = 0.  Between these points, the traffic flow rises to a 
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maximum Qmax, which is achieved at what is called the “critical or jam density Kj.2 ” 

The maximum flow can be considered the capacity of the road. 

Part (b) of Figure 2.3 shows the relationship between speed and traffic flow.  The upper 

branch of the curve shows that speed decreases from Vmax as traffic flow increases up to 

the capacity of the road, Qmax.  Attempts to increase the flow beyond Qmax result in 

increased density but reduced flow, as shown on the lower branch of the curve.  Any 

feasible traffic flow can therefore be associated with two speeds.  At flow Q, for 

example, the average travel speed can be at VH under congested condition3 or it can be 

at VL under a hypercongested situation.   

The speed-flow relationship is important for the economic analysis of congestion, 

because of the costs associated with increases in travel time.  By taking the inverse of 

speed, travel time as a function of traffic flow can be obtained.  This is shown in Figure 

2.3 (c).  If travel time per kilometre is multiplied by the value of time, and the cost per 

kilometre of vehicle operations is added, a trip cost curve for the average variable cost 

of travel is obtained.  This trip cost curve, shown in Figure 2.4, represents the supply 

function in the economic analysis of road congestion by interpreting flow as the 

quantity of trips supplied by the road per unit of time.  The curve has a positively sloped 

portion corresponding to the congested branch of the speed-flow curve, and a negatively 

sloped backward-bending portion corresponding to the hypercongested branch. 

Suppose the trip cost curve is of the form C(Q) = co + αL / V(Q), where α is the unit 

cost of travel time, L is trip distance, V(Q) is speed expressed in terms of flow, and co 

denotes trip costs other than in-vehicle travel time, such as monetised walk access time 

and fuel costs (if these costs do not depend on congestion).  If flow is also interpreted to 

be the quantity of trips “demanded” per unit of time, then a demand curve D(Q) can be 

obtained with C(Q) to obtain a supply-demand diagram.  Candidate equilibria occur 

where D(Q) and C(Q) intersect.  In Figure 2.4 there are three intersection points: x, y 

and z, with flow congested at x, and hypercongested at y and z. 

                                                 
2 The maximum flow of vehicles attainable depends on many factors, such as the grade, curvature, etc., 

of the highway, as well as the mix of vehicle types.  As an indication of the magnitude involved, the 
capacity of a multilane highway under ideal conditions is considered to be 2400 passenger vehicles per 
hour per lane (Akcelik, 1996).  The speed at maximum flow is around 70 kph. 

3 Economists refer to the upper branch of the speed-flow curve as congested, and to the lower branch as 
hypercongested.  Engineers, on the other hand, variously refer to the upper branch as uncongested, 
unrestricted or free flow, and the lower branch as congested, restricted or queued. 
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Figure 2.4 Backward-bending travel cost curve and travel demand curve 

There has been a heated debate in the literature (see Hau, 1992; Chu and Small, 1997; 

Verhoef, 1999; and Hills and Gray, 2000 for reviews and recent contributions to this 

debate) about whether hypercongested equilibria are stable, and also whether it makes 

sense to define the supply and demand for trips in terms of flow.  Hills strongly 

criticised the flow-based approach as seriously flawed.  He argued that the demand is 

for trips between origin-destination pairs, therefore requiring a trip-based approach.   

The emerging view, however, seems to be that hypercongestion is a transient 

phenomenon that can be properly studied only with dynamic models (Lindsey and 

Verhoef, 2000a).  For economic analysis (e.g., Button, 1993), it is common to ignore 

the hypercongested branch of the speed-flow curve and to specify a functional form for 

C(Q) on the congested branch directly.  Given C(Q), the socially optimal usage of the 

road, and the congestion toll that supports it, can be derived.  This is discussed further 

in Section 2.2.3.  

Controversies 

As discussed above, there is certain amount of confusion and controversy about the 

lower branch of the curve in Figure 2.3 (b) and the corresponding upper branch in 

Figure 2.3 (c).  Some have denied that travel represented by points on these branches 

occurs in practice.  Others acknowledge its occurrence, but deny its significance for 

economic analysis on the grounds either that the same traffic flow could be obtained 

more cheaply on the other branch or that the true economic demand is for complete trips 
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rather than some level of traffic flow (Walters, 1961; Button, 1993; Hills, 1993; Hills 

and Gray, 2000).  Others again have taken the economic significance of such travel 

seriously, and have examined its stability under different demand assumptions (Hau, 

1992b).  Finally, it has even been suggested that such highly congested travel can, in 

certain circumstances, be socially optimal (Else, 1981, 1982, 1986). 

The BTCE (1996) report summarises the above controversies in terms of two related 

limitations of the analysis.  The first is that it may not be possible to capture the 

essential issues in a purely steady state analysis.  The second raises the issue of the 

appropriateness of the traffic engineering concept of traffic flow for economic analysis.   

It is important to take heed of these limitations as they directly influence the type of 

analytical framework to adopt as well as the magnitude of impacts from congestion 

pricing.  For instance the chosen form of the congestion function or supply curve will 

have significant effect on the estimate of revenues and welfare loses.  This is further 

discussed in Section 2.6. 

2.2.2 Private and Social Costs 

It is important to understand how motorists behave when faced with increased travel 

costs for various reasons including prediction of the number of users and their pattern of 

use of a tolled facility, estimation of the optimal or efficient toll, and assessment of the 

welfare effects of congestion charges. 

The cost of undertaking a trip comprises private and social components.  The private 

component of travel cost involves the costs directly borne by the road user.  The 

individual "perceived" cost includes mainly vehicle operating costs as well as time costs 

and delay in congested traffic (Hau, 1992b).  The costs of owning a car, which include 

registration and insurance costs, are not considered part of the perceived cost simply 

because ownership cost is rarely connected with an individual journey, and therefore 

does not influence the daily travel decision-making.  Figure 2.5 shows a breakdown of 

the private cost.  Also shown in the figure are details of the costs a trip imposes on 

society, which include the person’s private cost, the cost to road authorities to build and 

maintain roads, and externality costs borne by society at large.  The external cost is 

generally not considered by the individual motorist who may be unaware of the delay 

his or her travel is imposing on other motorists. 
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An important issue, which Bray and Tisato (1997) raised in their paper on “broadening 

the debate on road pricing,” is the misperception in private cost.  It is commonly 

conjectured that motorists do not perceive all of their private travel costs.  This 

misperception may be due to the time lag between incurring some vehicle expenditures 

and making travel decisions.  The extent of road user’s perception range from 

perceiving as little as their time costs to perceiving both fuel and time costs or time and 

fuel plus parking costs or time and vehicle operating costs (fuel and maintenance).  

Understanding this misperception in private travel costs has a bearing on the use of 

congestion pricing as a policy tool for efficient resource allocation. 
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Figure 2.5 Private and social costs of a trip 

Besides the misperception of private costs, road users do not take into account the 

impact of their travel on other road users when deciding to travel on congested roads.  

They do factor into their cost calculation the congestion they will experience but not the 

cost that their travel will impose on drivers behind them.  Given drivers’ poor 

understanding of their direct costs, it is unlikely that they would consider the cost to the 

community of their journeys, or of their contribution to congestion costs.  This lack of 

understanding or to some extent unwillingness to consider the external cost of travel 

contributes to peak-period traffic congestion in many cities. 
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Thus, in congested urban roads, time cost dominates drivers’ perceived cost.  In 

assessing these costs, information on the value that travellers place on their time is 

necessary.  Although placing a value on time is considered controversial in some 

circles, the decisions that individuals make when faced with choices involving different 

combinations of time and money reveal that they do place a value on their time.  For 

example, using a disaggregate mode choice model based on utility maximisation, the 

coefficient of time can be divided by the coefficient of price to estimate the value of 

time.  Although the results of statistical studies vary, some findings indicate that 

individuals value (in-vehicle) travel time as being equal to a substantial proportion of 

their wage rate (Beesley, 1965; Lisco, 1967; Mohring, 1976; Hensher, 1976; Hensher 

and Truong, 1985; Hensher et al., 1988; Hensher et al., 1994). 

2.2.3 The Conventional Model 

Economists define congestion on a link as occurring whenever the marginal social cost 

diverges from the average private cost.  Figure 2.6 gives a diagrammatic representation 

of the basic model with fixed capacity (Walters, 1961).  Note that the possibility of 

hypercongestion that would cause C(Q) to bend backwards on itself is ignored (refer to 

the controversies outlined above).  The cost differential, T, represents the congestion 

externality cost of an additional driver, i.e, the cost each driver imposes on other drivers 

by creating delay.  The congestion externality is not borne by the additional driver.  

Thus, economists believe this to be inefficient and therefore needing to be internalised 

by each driver through a corrective externality tax. 

The theory of optimising resource allocation on roads by internalising the external costs 

of traffic congestion has changed little since Pigou (1920) formulated the concept and 

Knight (1924) debated it (for comprehensive reviews see Button, 1986 and 1993; Small, 

1992).  The basic theory is illustrated in Figure 2.6.  The vertical axis measures the 

costs per vehicle kilometre, and the horizontal axis measures trips or vehicle flows per 

hour.  As described in the previous section, the perceived costs usually comprise of 

monetary expenditures, such as vehicle operating costs and out-of-pocket expenses, and 

the equivalent cost of time expended on travel.  This combined cost is better known as a 

generalised cost.  The supply function, APC=MPC4 represents the average cost drivers 

impose on themselves.  As noted above, the supply curve considered here ignores the 
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backward-bending portion of the trip cost curve presented in Figure 2.5.  The other 

curve labelled MSC represents the marginal social cost, which includes APC plus costs 

that each driver imposes on all others (i.e., the additional delay).  It is important to note 

that the MSC considered here includes only the congestion delay.  The exclusion of 

other social costs, such as air and noise pollution, should not mean that these are 

unimportant rather these externality costs deserved a much broader treatment that can 

be covered in the present study. 

Figure 2.6 Marginal cost pricing under congestion 

On the horizontal axis to the left of UCQ the curves, APC and MSC coincide, and cars 

travel at the speed limit.  But to the right of UCQ , congestion sets in, and the two curves 

separate and slope upwards.  APC shows how a driver’s costs increase as speeds drop 

below the speed limit and travel times increase.  MSC rises at a faster rate than APC 

because each additional driver imposes increased travel time on all other drivers (plus 

an increase in vehicle operating costs).  As discussed earlier, a driver will either be 

unaware of or unwilling to consider the external costs that he or she imposes on the 

                                                                                                                                               
4  Under conditions of ‘pure congestion’, MPC can be easily shown to equal the average social cost 

(ASC) of trip making.  ASC is also equivalent to APC.  A simple proof is found in (Sharp, 1966). 
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other road users.  Hence, the existence of the congestion externality brings about a 

divergence between average private and marginal social cost curves.  The difference 

between APC and MSC curves at any level of travel demand reflects the economic costs 

of congestion that are unrecognised by the individual motorist.   

The benefits to each additional user are indicated on the demand curve D.  D is 

downward sloping, indicating that the higher the generalised cost the fewer the trips that 

are undertaken.  If use of the road is free to drivers, then NOQ  trips will be made, at the 

point where user benefits D and user costs APC are equal.  Up to NOQ , driver’s 

willingness to pay for trips exceeds their private costs, and beyond this, they do not.  At 

NOQ , however, travel is underpriced because drivers pay NOP  for trips instead of **P , 

the marginal social cost that includes the congestion costs imposed on other drivers.  

Thus, there are too many trips for an efficient social equilibrium. 

If drivers are required to pay for the congestion they impose on other drivers, OPQ  is 

the optimal number of trips.  This is achieved where D intersects MSC.  Thus, to 

achieve an efficient outcome, a toll T equal to the difference between MSC and APC at 

OPQ  is required so drivers will internalise the full cost of their trips.  This efficient toll 

is also known as the Pigouvian toll-tax, after its spiritual father Pigou (1920).   

Application of the theory to urban roads is described in Chapter 4 while some issues 

relevant to the functional form of the supply curve, i.e. the average private cost curve, 

are discussed in Section 2.3.1 

Effects of the Optimal Congestion Toll 

Society would be better off with the imposition of the Pigouvian toll-tax because the 

deadweight loss represented by the shaded area ABC in Figure 2.6 will be eliminated.  

Nevertheless, travellers end up worse off if the toll revenues are not used to benefit 

them.  The OPQ  drivers who continue to drive bear a collective loss equal to the area 

CPOPPNOE.  And the NOQ  - OPQ  drivers who are priced off the road, either because 

they switch to another mode or give up travelling, suffer a collective loss equal to area 

ECA.  These losses are the root of the longstanding opposition to congestion tolling in 

road transport.  Transportation analysts and planners are now trying to devise ways of 
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spending toll revenues to improve the acceptability of pricing (Small, 1992; Luk, 1996;  

Newbery and Santos, 1999). 

More details on the measurement of the efficiency gains and consumer and aggregate 

welfare losses are discussed in Chapter 3. 

Assumptions and Limitations 

It is obvious that the model in Figure 2.6 is based on several simplifying assumptions.  

First, the analysis is based on a steady state, uninterrupted uniform traffic flow 

condition.  In this idealised situation, rational drivers who base their travel decisions on 

utility maximisation make journeys between origin-destination pairs.  Furthermore, 

drivers are identical in their driving behaviour, preferences and tastes.  This 

homogeneity assumption implies that every driver perceives the same cost of travel.  

Drivers are also assumed to have full information about all costs involved in all 

alternatives (including detours).  

Second, the analysis assumes a short-run equilibrium.  That is, only the effects of traffic 

re-routing are considered.  Short-term impacts from a road pricing scheme do not 

include users changing residence in response to pricing.  Third, the analysis assumes no 

transaction costs and no economies of scale.  If transaction costs of pricing⎯costs of 

monitoring, collecting and enforcing road tolls⎯exceed the efficiency gains attributable 

to pricing, it is inappropriate to impose congestion charges.  Transaction costs of 

pricing may influence the technology used to bring about approximately efficient 

pricing.   

There are obviously several shortcomings in the above assumptions.  The steady state, 

uniform flow assumption as well as the full information assumption has been an active 

area of interest in studies of dynamic routing and intelligent transport systems (Yang, 

1999); (Emmerink, 1998).   

As pointed out in Chapter 1, Sections 1.3 and 1.4, the homogeneity assumption has 

recently received renewed attention (Anderson, 1996; Leurent, 1996; Sapkota, 1998 and 

1999; Verhoef and Small, 1999; Small and Yan, 2000; and Dial, 2000).  It has been 

recognised that motorists are not identical in their relative valuation of the dollar price 

and time cost of a trip (Mohring, 1976; Layard, 1977).  Rather motorists have different 

willingness to pay for time savings.  Failure to consider this differential time valuation 
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has distributional consequences, and hence implications for the political viability of 

congestion pricing.   

2.2.4 Economic Justification of Congestion Pricing 

Economists treat the worsening traffic congestion in cities as “market failure” caused by 

motorists’ unwillingness to consider the full cost of their trip.  Motorists spend long 

time in queues during rush hours.  Despite this, congestion remains unabated to the 

point of near gridlock in some cities which indicates that “payment by time” to use the 

road space is ineffective.  Thus economists have argued that the only effective measure 

to make drivers realise the cost of their travel is to adopt a “payment by money” or 

willingness-to-pay (WTP) principle.  WTP refers to the valuation placed by an 

individual on a good or service in terms of money.  

To illustrate how the WTP principle achieves an efficient allocation of resources, a 

simple example adapted from Takeuchi (1997) is presented in Figure 2.7.  It is assumed 

that a ferry is operated across a river.  The ferry crosses once and its capacity is ten 

persons.  It is also assumed that fourteen passengers want to use the ferry, and each of 

them values the trip differently.  If the first-come-first-serve principle (i.e., ordinary 

queuing) is adopted, people with varying willingness to pay arrive at the side of the 

river at random and get on the ferry.  This situation is analogous to the current road 

situation.  The randomly distributed queuing outcome is shown in Figure 2.7 (a).  When 

the first ten people are allowed to get on the ferry, the total value attained in terms of 

willingness to pay is 42 (= 3+6+4+1+9+5+3+2+5+4).  On the other hand, if people are 

allowed to get on the ferry in the order of willingness to pay by paying a toll between 3 

and 4, the total value attained is 62 (= 6+4+9+5+5+4+7+10+4+8) as Figure 2.7 (b) 

shows.  Allocating scarce resources through payment of time (rationing by queuing) 

proved economically inefficient because there was a loss of consumer surplus.  On the 

other hand, allocating resources through payment of a toll can achieve higher economic 

benefits.  On this reasoning, the willingness to pay principle is economically justified as 

long as the administrative costs of tolling are negligible. 

The above example using the WTP principle to optimise the use of the ferry has parallel 

application in pricing of highways.  A good example is the Value Pricing system of 

State Route 91 Express Lanes (refer to Table 1.1 in Chapter 1).  High time value users 
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are more willing to pay the premium toll in exchange of faster and more reliable travel 

while users with lower WTP may choose the free but slower alternative. 

The use of willingness to pay as an indicator of valuation, however, is controversial in 

two respects.  First, it will be constrained by “ability to pay” so that those with higher 

incomes will value goods in money terms more highly than those with lower incomes.  

This may contradict some concept of fairness or justice.  Secondly, it is open to moral 

objection when the good in question is the removal of a nuisance such as noise or 

pollution, since it might be argued that it is unjust that the sufferer should have to pay 

for the removal of the nuisance, when most people would expect that the sufferer should 

be compensated by the wrong-doer (Pearce, 1996). 

 

Figure 2.7 Benefits from queuing versus tolling 

2.3 THEORETICAL ISSUES 

There are four issues to consider in measuring and valuing the costs of congestion: (1) 

the speed-flow relationship, (2) the reference point to be used in comparing the 

congested state with the non-congested traffic situation, (3) the value of time, and (4) 

the assumed demand elasticity. 

The speed-flow relationship is discussed in detail in Section 2.3.1. The effects of the 

parameters of the congestion function, as well as the assumed free flow travel time on 

the congestion estimate are explored. The impacts on the equilibrium flows and the 

resulting welfare effects are discussed in Chapter 6.  Issue 3, the valuation of travel time 

saving, is discussed in Section 2.3.2 while issue 4 is explored in Chapters 5 to 8. 
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2.3.1 Appropriate Measure of Congestion 

As described in Chapter 1 (Section 1.3.3) and in Chapter 2 (Section 2.2.1), the chosen 

form of the congestion function has significant effect on the estimate of revenues and 

welfare losses. 

Calculating congestion costs is notoriously difficult, with ambiguities arising at each 

step of the process. There is no set ‘law of congestion’ function to be used in 

determining this relationship. Usually, the speed flow relationship between traffic 

volume and speed is a matter of choice for the transport modeller.  

As mentioned earlier in Chapter 1 (Section 1.4.3), the BPR function is one of the most 

widely used congestion functions.  Although the BPR function suffers from a basic 

problem that it has no firm theoretical basis, it possesses some attractive computational 

features as it is mathematically well behaved.   

Other forms of link capacity functions include the conical volume-delay function 

proposed by Spiess (1990).  The conical functions are well-behaved functions derived 

as an alternative for the BPR function.  Davidson (1966) formulated a general purpose 

travel time formula for transport planning purposes.  The function was derived from the 

concepts of queuing theory.  Akcelik (1991) proposed an alternative form of the 

Davidson function that would overcome some shortcomings.  Mayeres et al., (1996) use 

an exponential aggregate congestion function.  Others use different forms and the 

ultimate estimates of congestion costs (time lost) are somewhat sensitive to this choice. 

For modelling optimal pricing, these other forms of congestion functions are 

computationally cumbersome.  Thus, like many other studies dealing with road 

congestion pricing, the BPR function is adopted for the present study, and its 

parameters are explored below.  

The Parameters of the Road Performance Function 

The BPR congestion function was introduced in Section 1.4.3. For each link in the 

network, this link service function, or volume delay curve describes the relationship 

between travel time and flow on the link.  The BPR formula is expressed in the relation: 
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where t =  travel time on a link (min) 

 to = free-flow travel time on a link (min) 

 V = the traffic flow or demand on a link (vph) 

 Q = is either the “practical” or “ultimate” capacity of a link (vph) 

 α and β are parameters. 

This performance function requires the two parameters, α and β.  The BPR engineers 

estimated their values as 0.15 and 4.0, respectively with Q defined as the “practical” or 

design capacity representing a level of service C (BPR, 1964).  Many empirical 

corridor-type studies adopt the BPR estimated parameters.  On the other hand, most 

practical studies (i.e., urban-wide transport studies) use different parameter values to 

represent more closely the differing service levels defined for different road classes.  

For instance, a freeway is designed as an uninterrupted high speed, high capacity road 

while residential streets are designed as low speed and low-carrying capacity, mainly 

for safety and neighbourhood amenity reasons.  Thus, different parameter values are 

needed to represent varying congestion effects between these two road types. 

In this section, the objective is to explore the effects of different parameter values on 

the efficient toll estimate and on the consequent effects on welfare.  First, the effect of 

varying α on travel time, speed, congestion delays and marginal external congestion 

cost is investigated.  Next, the effect of parameter β is examined.  Finally, the effect of 

choosing either the “practical” or the “ultimate” link capacity, Q, is examined. 

 

A 1-km long freeway segment is used for the example.  Figure 2.8 shows the effect of 

the BPR function on travel time and travel speed with the α coefficient set at values of 

0.15, 0.30, 0.60 and 1.0 and the exponent β set at 4.0.  Figures 2.9 and 2.10 present the 

effect of different values of β for two values of α.  Important features of the equilibrium 

solutions are noted below. 
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Figure 2.8 Travel time and speed curves at different values of α with β 
fixed at 4.0 

Effect of Parameter α 

While holding the value of parameter β constant at 4.0, plots of travel time and speed 

are obtained for different values of α. As Figure 2.8 shows, travel time on a link 

increases with increasing values of α, while travel speed decreases with higher α, as 

speed is simply the inverse of travel time.  Likewise, congestion delay, which is derived 

from the expression, 
β

α ⎟⎟
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VtDelay o , and marginal external cost given in the relation, 

β
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=

Q
VtMEC o , vary directly with α.  Notice that delay and marginal external cost 

differs only by a factor equal to β.   

At the BPR value of α = 0.15 and volume/capacity ratio (VCR) equal to 1.0, travel time 

is 15% greater than at free flow speed while travel speed is reduced by 13%, whereas 

for α = 0.6 and VCR=1.0, travel time increases by 60% while travel speed reduces by 

37.5%.  Congestion delay and marginal external cost at α = 0.60 is four times that at α 
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= 0.15.  If the α coefficient is set at 1.0, the congested speed at a volume/capacity ratio 

of 1.0 is one half of the free flow speed.   

(a) Travel times and speeds for V/C Ratio up to 2.0 (b) Travel times for V/C Ratio up to 1.0
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Figure 2.9 Travel time and speed curves at different values of β with α 
fixed at 0.15 

(a) Travel times and speeds for V/C Ratio up to 2.0 (b) Travel times for V/C Ratio up to 1.0

α is fixed at 0.60
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Figure 2.10 Travel time and speed curves at different values of β with α 

fixed at 0.60 
 
Effect of the Parameter β 

The parameter β expresses the congestion effect at different levels of traffic flow on a 

link.  At VCR below 1.0, higher β yields lower travel time as Figure 2.9(b) and 2.10(b) 

indicate.  This is consistent with operational characteristics observed on freeways, 
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where reduction in travel speeds occurs gradually before capacity is reached. The higher 

travel time associated with lower β at VCR below capacity also reflects the design of 

local streets, consistent with sound traffic neighbourhood planning to discourage fast 

traffic.  When VCR exceeds capacity, the higher β results in longer travel time resulting 

in rapid decline in travel speed.  The travel time and speed curves in Figure 2.9(a) and 

Figure 2.10(a) have substantially different shapes at different values of α.  At α = 0.15, 

the curves are flatter while at α = 0.60 the curves are steeper.   

Such effects are important in assessing the impact of road tolls and are taken up in 

Chapters 5 and 7. 

Effect of the Link Capacity, Q 

The BPR function derived in the early 1960s defined Q as the “practical” or design 

capacity of a link as opposed to “ultimate” or absolute link capacity.  Practical capacity 

is taken to be level of service (LOS) C, which is a more subjective value.  There is no 

clear definition of capacity.  According to Horowitz (1991), technically, practical 

capacity should be interpreted as the volume that causes free speed to drop by 15 

percent or it could also be interpreted as a percentage, say 70 to 90 percent of the 

absolute capacity.  He recommended design capacity at 70% of ultimate capacity for 

starting values. 

The BPR congestion function is a quartic expression in flow rate V.  Its shape will 

depend greatly on the value of the ratio V/Q, and whether or not this value is less than 

or greater than one.  The delay on a link segment depends on the VCR.  If Q is defined 

as practical capacity, then the VCR would increase faster than when Q is defined as 

ultimate capacity.  Consequently, the calculated link delay would be higher with 

practical Q as Figure 2.11 illustrates.  The lower the assumed percentage of practical Q, 

the higher would be the calculated link delay as depicted by the dotted line in Figure 

2.11 where practical Q is 70% of ultimate Q.  

For the same values of α and β, the delay obtained with practical Q is greater than the 

delay obtained with ultimate Q by a factor equal to 
β

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

practical

ultimate

Q
Q .  Figure 2.12 shows the 

ratio of delay for the practical and ultimate capacities at different values assumed for 

the practical Q.  The solid line plots the delay ratios for α = 0.15 and β = 4.0.  The delay 
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ratios indicate that for a practical capacity assumed at 70% of ultimate capacity, the 

estimated link delay is about 4.2 times higher than the delay estimated with ultimate 

capacity.  On the other hand, for a practical capacity assumed at 90% of ultimate 

capacity, the estimated link delay is about 1.5 times higher than the delay estimated 

with ultimate capacity.  

Figure 2.12 also plots the delay ratio with α = 0.30 for ultimate Q shown as dotted lines.  

If β is the same, then the estimated link delay with practical Q is greater than with 

ultimate Q by a factor equal to 
⎥
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Figure 2.11 Comparison of link delay with practical Q versus ultimate Q 

 
The delay ratio in Figure 2.12 indicates that if Q is ill-defined, then there is a problem 

that is dealt with by the choice of the parameter α.  The appropriate value of α thus 

depends on the value chosen for Q.  As the dotted line in Figure 2.12 shows, the 

difference in the estimated link delay of adopting practical Q would be greatly reduced 

if α is doubled (α = 0.30).   
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As discussed earlier, the marginal external cost (MEC) varies directly with α, and MEC 

is equal to delay multiplied by a factor β.  Thus, definition of link capacities directly 

affects the magnitude of optimal tolls.  The smaller percentage assumed for practical Q, 

would result in higher MEC.  Consequently, calculated optimal tolls would be larger. 

The results in Figures 2.11 and 2.12 demonstrate the ambiguities in defining the 

appropriate parameter values of the BPR function. 
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Figure 2.12 Delay ratio (delay with practical Q over delay with ultimate Q) 

at different values of practical Q 
 
Capacity is the most important variable when estimating volumes on congested 

highways.  Since the definitions of level of service vary greatly by facility type, 

“capacity” in delay/volume functions should be set at LOS E, which is defined as the 

ultimate capacity.  As Horowitz recommended, design capacity should be phased-out as 

a variable in delay/volume functions.  Moreover, he outlined four arguments for 

defining link capacity to be ultimate capacity (LOS E for most facilities): 
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1. Ultimate capacity has a consistent meaning across all facility types, while design 

capacity does not. 

2. Ultimate capacity is always easier to compute than design capacity. 

3. Ultimate capacity can be more easily related to traffic counts than design 

capacity, which would also require estimates of density, percent time delay, 

reserve capacity or stopped delay. 

4. Ultimate capacity is the maximum volume that should be assigned to a link by 

the forecasting model.  Design capacity does not give such firm guidance during 

model calibration and forecasting. 

Change in Free Flow Travel Time 

The free-flow travel time, to, in Equation 2.1 represents the minimum journey time on a 

link or route.  This can occur with so few motorists travelling that travel speed is 

unimpeded by the presence of other vehicles.  Basically, the time required to traverse a 

route is governed by the design and functional classification (i.e., whether a road is a 

main thoroughfare, a distributor or residential).  Main thoroughfares are designed with 

higher speed limits and with some controls for access whereas residential streets have 

lower design speeds.  In addition, posted speed limits are low for residential streets and 

in some areas traffic calming devices are installed to markedly lower speeds.  Thus, it is 

important that to approximates a representative value for each road type in order to 

obtain a good estimate of travel time under non-free flow conditions. 

There are two methods usually adopted to approximate the free-flow travel time on a 

link.  One is to approximate the free-flow time by the link length, at one minute per 

kilometre.  The other is to adopt the speed limit and derive the free-flow time as the 

inverse of speed.   

The use of link length to approximate to is usually done for connector links⎯dummy 

links added in the graphical representation of a road network providing connection of 

zones to the network links.  While it is acceptable to approximate the free flow travel 

time on connector links by the link length, such a practice is less desirable for regular 

links.  Connector links are simply imaginary links that do not exist in reality whereas 

regular links are the actual links whose level of service depends on the interaction of 

road and traffic variables.  A simple example illustrates the point. 
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Suppose we use the link distance to approximate the free-flow travel time.  Further, 

suppose a link has a length of 10 km.  Hence, the free-flow travel time on this link is 10 

minutes regardless of the posted speed travel speed. 

Now if free-flow time is based on the inverse of posted speed, then the free-flow time 

varies according to the given speed limit as shown below.  Although pricing will not be 

applied on low service capacity routes, such as local streets, these routes are affected by 

the network effects of road tolls.  If to is taken as 10 minutes when it should be 15, for 

instance, then more re-routing to such a route is imputed.  Conversely, there will be less 

re-routing to high-speed routes than there should be.  The direct effect of free-flow time 

on actual travel time is illustrated below where congestion delay is assumed constant at 

2 minutes.  

Travel times based on link length and on the inverse of posted speed 

Length (km) 10 10 10 10 10 10 10 10 
Speed (kph) 40 50 60 70 80 90 100 110 
to (min) 15.0 12.0 10.0 8.6 7.5 6.7 6.0 5.5 
Delay 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
Tlink-length (min) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Tposted speed (min) 17.0 14.0 12.0 10.6 9.5 8.7 8.0 7.5 

The above table indicates that the use of link length to approximate link travel times 

would result, under congested conditions, in overestimation of travel times for high-

speed links while underestimating travel times on local streets.  Consequently, 

congestion cost for high-speed routes would be overestimated so that higher congestion 

tolls would be required. 

In the urban-wide simulations in Chapter 7, the posted speed limits will be used to 

approximate free-flow travel time on each road segment. 

Rationale for the BPR Function 

Although the BPR function suffers from a basic problem that it has no firm theoretical 

basis, it has some attractive computational features as it is mathematically well 

behaved.  Moreover according to Nielsen (1994), the BPR function has several 

advantages: 

1. It equals the free speed when traffic is zero. 
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2. It can be rewritten as a function of speed independent of the length, making it 

possible to estimate the parameters globally for all links of a certain type. 

3. It contains two independent parameters, α and β; the first defining the level of 

decrease of the speed, and the second the shape of the speed-flow curve. 

4. It is not restricted by link capacity, which means that the equilibrium algorithm 

does not have to be adjusted to maintain flow feasibility on all links; a process 

that can slow the algorithm considerably with no appreciable change in 

accuracy. 

Nielsen suggested using link or type specific parameters αa and βa.  For example, a low 

β on low-volume collectors and a large β on motorways. 

The use of ultimate capacity requires different parameter values than the default values.  

According to Horowitz (1991), if only one set of parameters can be chosen for the BPR 

function, then the volume to capacity multiplier, α, should be approximately 0.83 and 

the volume to capacity exponent, β, should be approximately 5.5. 

2.3.2 Valuation of Travel Time Savings 

As described in Section 2.2.4, the willingness-to-pay (WTP) principle achieves an 

efficient allocation of resources.  The ferry example has a parallel in the Value Pricing 

system of State Route 91 Express Lanes. This is a pricing application on a highway 

where high time value users are more willing to pay the premium toll in exchange for 

faster and more reliable travel while users with lower WTP may choose the free but 

slower alternative. 

Central to the analysis of the benefits and costs in transport, in particular the welfare 

effects of toll charges on road users, is the valuation of a travel time saving.  It is 

generally agreed that there is a wide variation in the unit values people place on time 

savings, as well as on reliability, comfort and convenience. 

Generally, the measurement of travel time values has relied on two broad approaches: 

the marginal productivity of working time, and consumer behaviour.  The first approach 

is most commonly used in valuing travel time savings during working hours.  It relies 

on the thesis that such time savings can be directed to marginal production, with due 

allowance for any production during actual travel time.  The second approach has two 

aspects to it: (1) revealed travel preference (Hensher, Battelino and Daniels (1994)), in 
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which a choice is exercised between slower, cheaper and faster, more expensive travel 

options, and (2) time allocation among activities, e.g., the work/leisure trade-off. 

In general, analyses of time values relying on the marginal productivity approach have 

been theoretical.  Those relying on revealed preference in consumer behaviour have 

been empirical, and those on time allocation have been a mixture of empirical and 

theoretical. 

Apart from measurement issues, there are a range of other considerations affecting the 

valuation of travel time savings.  These include the perceptions of time savings (factors 

such as convenience, flexibility and context may affect perception of time), the value of 

small time savings, reliability and time savings, effect of income and location, 

opportunity cost of time savings, and equity considerations in value of time. 

It is argued that some savings in travel time will be too small to be used for economic 

activity.  However, it is also argued that such savings may still have considerable value 

if the disutility of some “unpleasant” form of travel is reduced.  This relates well with 

time savings from using tolled routes, which may not be large at times but avoiding the 

risk and disutility of getting stuck in gridlock would be worth paying the premium 

price. 

In their review of the valuation of travel time savings in the United Kingdom, Mackie et 

al. (2003) concluded that value of travel time savings does vary with income, journey 

length, commuting versus non-work purposes, retired status, and modal quality 

attributes.  The values of savings in congested time and in changes in reliability are 

increasingly important issues.  On the issue of reliability and time savings, studies have 

shown that commuters are willing to pay for a reduction in travel uncertainty (Ghosh, 

2000).  Thus, it is argued that the unpredictability of travel in congested conditions 

enhances commuters’ perception of the value of premium priced routes offering reliable 

journey times. 

2.4 PRACTICAL ISSUES 

Implementation of congestion pricing faces wide-ranging practical difficulties, which 

are beyond the scope of the thesis.  For completeness, however, these practical 

constraints are briefly outlined here. 
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Major implementation issues can be categorised as either technical or political.  

Discussion of political issues is deferred to Chapter 3.  While political issues are a 

major sticking point, there are no major technical hurdles.  The technical issues are 

technological compatibility with geographic areas and modes, enforcement, privacy, 

price determination and estimation of the impacts of alternatives.  These are more easily 

resolved than the political issues. 

Recent advances in technology have addressed most of the technological concerns.  

National standard architecture and availability of automated vehicle identification 

(AVI) equipment resolves the compatibility issue.  Video cameras are a valuable 

enforcement tool while smart cards mostly address the privacy issue.   

Price determination and estimating the impacts from alternatives seem the more 

difficult issues.  Should prices be based on short-run marginal costs such as delay, or 

long-run marginal costs, such as costs to provide added capacity? Short-run pricing 

could mean that tolls would have to be reduced or eliminated immediately after 

highway capacity is added because of reduced congestion delay.  Determining optimum 

tolls from both short- and long-term perspectives will be difficult. 

In terms of estimating the impacts from pricing alternatives, current modelling systems 

are incapable of accurately predicting the impact of road pricing on travel behaviour or 

secondary impacts on air quality, land use, businesses and the local economy.  Research 

is needed to develop more accurate modelling techniques to estimate behavioural 

responses and secondary impacts.  This will assist planners in developing better 

information on pricing alternatives for decision makers. 

2.5 SUMMARY 

This chapter provides background for the many issues underlying the implementation of 

road congestion pricing.  The information presented here will be referred to in 

discussions of the policy implications of the study findings in Chapters 5 to 8.  In 

particular, the welfare implications of the appropriate measure of congestion discussed 

in Section 2.3.1 are analysed in Chapter 6. 



 

 

CHAPTER THREE 

Measures of Welfare and Other Impacts 
from Congestion Tolls  

It was pointed out in Chapter 1 that the acceptability of congestion pricing policy hinges 

on minimising the adverse impacts on welfare.  That is, by designing a pricing scheme 

that creates more winners than losers.  It was also discussed in Chapter 1 that the 

welfare implications of congestion tolls would be different when assessed in the context 

of non-identical time value users.  In Chapter 2, the welfare maximising charge equal to 

the divergence between the marginal private cost and marginal social cost at the optimal 

level of traffic was derived.  In this chapter, the different measures of welfare effects 

from the imposition of the welfare maximising charge are described.  Section 3.1 

provides a brief introduction.  Section 3.2 provides some background of the underlying 

relationship between demand, willingness to pay and consumer’s surplus measure.  

Section 3.3 presents an overview of the different measures of net benefits from efficient 

tolls.  This is followed with a discussion of some relationships to further evaluate the 

welfare impacts of congestion charges in Sections 3.4 and Section 3.5.  Section 3.6 

elaborates the discussion on equity and fairness that is introduced in Chapter 1, Section 

1.3.3.  Discussion of the distributional effects and political issues of transport pricing 

policy follows in Sections 3.7 and 3.8, respectively.  A chapter summary is given in 

Section 3.9.  

3.1 INTRODUCTION 

The impacts on welfare are examined under three different pricing regimes: first best 

(when all links of the network are priced), second best (when only selected links are 

priced), and non-intervention (the no toll case).  Impacts on both consumer and 

aggregate social welfare are analysed.  Likewise, the efficiency gains from limited 

pricing schemes are measured relative to the efficiency gains under the ideal first best 

policy.  The important comparisons of welfare effects that can be achieved under the 
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assumptions of identical versus non-identical users are also outlined.  The different 

welfare measures are then applied in the pricing simulations in Chapters 5 and 7. 

3.2 DEMAND, WILLINGNESS TO PAY AND CONSUMERS’ SURPLUS 

The standard treatment in economic analysis of demand is illustrated in Figure 3.1.  

Demand for a good or service is characterised by a downward sloping curve that 

reflects willingness to pay for the price (i.e., the reservation price).  Assuming that the 

demand in Figure 3.1 is for an individual consumer, Q0 is demanded at the price P0.  

When the price is raised to P1, demand is reduced to Q1 (i.e., the consumer is willing to 

buy only Q1 quantity at the price of P1).  The rise in price of the good has reduced the 

benefit the consumer has enjoyed initially.  The loss in consumer’s surplus is depicted 

in Figure 3.1.   

The market demand for a good is obtained by summing horizontally the individual 

demand curves.  From this market demand curve, changes in consumers’ surplus due to 

price changes are derived.  Consumers’ surplus, however, is an imperfect measure of 

welfare (as are all meaningful measures).  It requires that utility be specified only in 

terms of prices and incomes.  When we aggregate demand to measure consumers’ 

surplus, we are valuing each individual by their willingness to pay a sum of money, 

which ignores that individuals have different marginal utilities of income.  Moreover, 

the demand curve is also interpreted as a representation of the distribution of 

willingness to pay, which has become a standard in the evaluation of the benefits and 

costs in the transport literature.  It is important to point out the flaw in interpreting 

demand curve as representing the distribution of willingness to pay because individuals 

have different marginal utilities of income (Vickrey, 1964).   

Two measures of welfare changes are the equivalent variation and the compensating 

variation (Varian, 1993).  The equivalent variation uses current prices as a base and 

asks what income change at the current prices would be equivalent to a proposed 

change in terms of utility.  The compensating variation uses new prices as the base and 

asks what income change would be necessary to compensate the consumer for the 

change.  If we assume that utility is quasi-linear then we know that the compensating 

variation equals the equivalent variation and both are equal to the change in consumers’ 
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surplus.  Therefore, the Marshallian measure of consumers’ surplus is a good 

approximation. 
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Figure 3.1 Demand and willingness to pay curves 

Loss in Consumer Surplus 

Suppose area CEF represents the loss in consumer surplus to drivers who no longer use 

a route due to an imposition of a toll.  In short, these drivers are being tolled off.  

Moreover, suppose area BDCE represents the loss in consumer surplus to drivers who 

remain using the tolled facility.  Assuming the demand curve is approximately linear in 

Figure 3-1, the total loss in consumers’ surplus for both the tolled and the tolled off 

users can be approximated by the relation: 

 ( ) ( )10102
1SurplusConsumer in  oss Total PPQQL −•+=  (3.1) 

Equation 3.1 is also better known as the Rule-of-a-half (Small, 1998).   
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3.3 MEASURES OF NET BENEFITS FROM TOLLS 

As described in Chapter 2, Section 2.2.3, the divergence between marginal private cost 

and marginal social cost will result in a deadweight loss to society.  The net societal 

loss is represented by the area ABC in Figure 2.6 or by area l in Figure 3.2 below.  It is 

important to note that the deadweight loss considered here represents only the external 

cost of congestion (i.e., other negative externality costs such as air pollution, noise and 

accidents, are excluded). 
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Figure 3.2 Welfare impact under short-run congestion pricing 

 
There are several approaches adopted to measure the welfare impacts from the 

introduction of congestion pricing.  Hau (1992) categorised these approaches into three 

groups: (1) quantity approach; (2) change in total benefits and costs approach; and (3) 

consumer’s surplus and producer’s surplus approach.  Interestingly, these welfare 

measures are equivalent (see pp. 65-70 in Hau, 1992 for an elaborate discussion).  The 

first two approaches are described below with the aid of Figure 3.2. 
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3.3.1 The Quantity Approach 

This approach measures the so-called welfare gain or loss areas.  Referring to Figure 

3.2, the unpriced congestion includes a quantity of travel QOP - QNO or ∆Q for which the 

total costs exceed the benefits.  With an increase in the price of travel from PNO to POP, 

the ∆Q motorists will be tolled off, thereby incurring a loss equal to the trapezoidal area 

d+g+k.  Consequently, the reduction in traffic will bring a saving in resource cost plus 

the saving due to the reduction in externality cost.  This is given by the area d+g+k+l.  

Therefore, the net benefit to society of imposing congestion charges is given by the 

triangular area l.   

3.3.2 Change in Total Benefits and Total Costs Approach 

The net benefit from congestion charges can also be measured by carefully considering 

the gains and losses of the different groups of road users.  The ∆Q motorists who are 

tolled off suffer a negative change in total benefits due to a loss in valuation equivalent 

to the area d+g+k.  The change in total costs, which arises due to a reduction in travel 

time costs, accrues to all motorists and is given by the area e+f+g+k.  The net gain to 

society is the area e+f-d.  Users who remain enjoy a saving in travel time by the area 

e+f, which is the only contribution to the net change in welfare.  They however pay the 

toll, and would therefore suffer a loss of consumer surplus equivalent to the area b+c.  

Tolled off users would clearly experience a welfare loss of the area d. 

It is not directly obvious that the net gain to society given by the area e+f-d is 

equivalent to the area l derived in the quantity approach.  Hau (1992, pp. 67-68) 

provides a simple proof that the two measures are indeed equivalent.  The advantage of 

using the changes in total benefits and costs approach is that it clearly identifies the 

gains and losses of different user groups, which is important in consideration of 

distributional implications of congestion pricing. 
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3.4 WELFARE CALCULATIONS 

As outlined in Section 3.1, welfare impacts from optimal tolls will be measured under 

three different pricing regimes: first best (FB), second best (SB), and no toll (NT).   

3.4.1 Social Welfare  

Consider next the effects of tolls on social welfare.  Social welfare differs from 

consumer surplus by considering toll revenue as a transfer payment rather than as a 

cost.  The road users’ aggregate position is measured by their surplus.  It is obtained by 

subtracting actual user charge payments from the total willingness to pay.  This can be 

expressed mathematically as: 

 ∑∫ −= )(

0

)( QQC
Q

dqqPW  (3.2) 

where P(Q) defines the area under the inverse demand curve which represents social 

benefits.  The second term sums up the total cost.  Thus, Equation 3.2 determines the 

net social benefit.   

The social welfare under different pricing regimes can be calculated using the 

formulation in Equation 3.2.  Denote WFB, WSB and WNT as the social welfare under the 

FB, SB and NT pricing regimes, respectively. 

3.4.2 Welfare Gain 

The welfare gains for the FB and SB from NT are determined using the following 

relations: 

  NTWFBWFBW −=∆  (3.3) 

  NTWSBWSBW −=∆  (3.4) 

where WFB, WSB and WNT are the social welfare functions for first best, second best, 

and no toll policies, respectively. 
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The welfare gain per individual driver under different pricing regimes can also be 

calculated using the relations:  

 
)( NTQ
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where QNT refers to the total traffic before imposing the congestion charges.  

3.4.3 Efficiency Gain 

Elimination of the deadweight loss identified as area l in Figure 3.2 results in an 

efficiency gain.  This efficiency gain can be expressed as the increase in social surplus 

brought about by the reduction in total costs and benefits due to the decrease in traffic.  

Mathematically the efficiency gain can be expressed as: 

 ∫ −=
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where P(Q) is the inverse demand function, equal to the willingness to pay or the 

marginal private benefit (MPB).  This is also equal to the marginal social benefit (MSB) 

provided distributional considerations are ignored.  MSC(Q) is the marginal social cost 

curve.  QNO is the actual level of traffic, and QOP is the efficient level of traffic. 

Equation 3.7 is applied in Santos and Newbery (2001) in their study of social costs of 

congestion in eight English Cities.  This measure will be used in the pricing simulations 

in Chapters 5 and 7 to calculate for the efficiency gains under first best and second best 

pricing policies. 
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3.4.4 Relative Efficiency of Partial Pricing Schemes 

The welfare implications of partial pricing schemes can be studied by using a 

performance indicator ω, which measures the relative welfare improvement of second 

best congestion charges to the ideal first best.  The index ω is defined as: 

 
FBW
SBW

∆
∆

=ω  (3.8) 

where SBW∆  is given in Equation 3.4 and FBW∆  is defined in Equation 3.3. 

The relative welfare improvement index ω in Equation 3.8 is only concerned with 

efficiency.  The redistributive effects of tolls including differences in implementation 

and intervention costs are ignored.  This index is adopted in Braid (1996) and Verhoef 

et al. (1996). 

The index ω gives the achievable welfare gains as a proportion of the theoretically 

possible welfare gains (i.e., gains achievable under ideal first-best policy).  Obviously, 

ω cannot be greater than one as the denominator in Equation 3.8 will always be greater 

than the numerator.  In addition, under the base case parameters, ω cannot be smaller 

than zero, since the numerator of ω will always be greater than or equal to zero under 

the assumptions made.  Thus, the index lies within the range 10 << ω  or equivalently in 

the range FBWSBW ∆<∆<0 .   

Equation 3.8 will be used to compare the relative welfare improvements of tolls under 

homogeneous versus heterogeneous treatment of commuters’ time valuation. 

3.5 OTHER IMPORTANT MEASURES 

When considering options for implementing congestion pricing, the following measures 

are highly relevant: (i) the cost of congestion, (ii) the net benefit that can be achieve 

with congestion tolls, and (iii) the toll revenues.  The ratios of these measures capture 

some of what is at stake when questions arise about the equity of congestion charges 

and whether the proposed policies are appropriately matched to the scale of the 

problem.  These three measures are briefly discussed below. 
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3.5.1 Delay Cost  

The cost of congestion is equivalent to the area e+f+g+h+i+j+k in Figure 3.2.  It 

represents the increase in travel time and other resource costs resulting from travel 

demand above a certain level that would result in free-flow traffic conditions.   

There is an important aspect to note about the delay cost measure.  This pertains to the 

unrealisable hypothetical situation of a road system operating under free flow 

conditions.  It would be highly wasteful to maintain roads that are underutilised.  

Likewise, it would be uneconomical to attain such a state of zero congestion.  The cost 

of congestion is, therefore, primarily a measure of the scale of the problem.  It can be a 

useful measure for motivating the community and governments to address the issues, 

but not a measure of the savings to be made (BTCE, 1996; Centre for International 

Economics, 2001).   

As noted in Chapter 2 (Section 2.3.1), the form of the travel impedance function is the 

BPR function expressed in Equation 3.9, so that the congestion-dependent part of cost 

or the average delay cost on a link is approximately equal to Equation 3.10.   
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where t is the travel time, to is the free-flow travel time, V is the traffic flow on a link, Q 

is the link capacity, α and β are parameters.   

3.5.2 The Net Benefit from Congestion Charges 

As described in Section 3.3, the net benefit achievable from congestion charges is 

defined by the area l in Figure 3.2.  This area represents the societal savings from 

charging the efficient toll on congested urban facility.  Moreover, area l is an indicator 

of what can, in principle, be achieved by tackling the congestion problem.  Likewise 

area l represents as an opportunity forgone and can be described as the ‘cost of doing 

nothing about congestion’.  The net benefit achievable from congestion charges is of 
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greater policy relevance than the cost of congestion, because there is a serious 

possibility of obtaining these benefits. 

3.5.3 Revenues from Congestion Tolls 

With reference to Figure 3.2, the total revenue from imposing the efficient charge is 

given by the sum of the areas b+c+e+f.  In the framework of welfare economics, this 

toll proceeds is merely a transfer payment to the government.  Therefore, this does not 

affect net social welfare.  As such, it is neither a cost nor a benefit.  In the separate 

points of view of road users and governments, however, the level of revenue is crucially 

important.  As discussed earlier in Chapter 1, Section 1.2.3, the acceptability of 

congestion pricing depends largely on how the toll revenue is used.   

The above important measures of welfare impacts and congestion will be adopted in the 

pricing simulations in Chapters 5 and 7. 

3.6 EQUITY AND FAIRNESS 

Equity refers to the distribution of benefits and costs resulting from a policy decision. 

As Litman (1996) pointed out, equity can be difficult to quantify because people differ 

in how they define and value equity. In addition, data for evaluating the distribution of 

costs and benefits are often difficult to obtain. He identified three relevant categories of 

equity: horizontal equity, vertical equity with respect to income and vertical equity 

concerning mobility need. Each of these categories is described below. 

Horizontal equity   

Horizontal equity concerns fairness between groups with comparable wealth and ability. 

It implies that consumers should “get what they pay for and pay for what they get 

unless there is an explicit justification to favour one group.” Thus, strategies that charge 

drivers according to the social costs imposed by their vehicle use tend to increase 

horizontal equity. 

Vertical equity with respect to income  

According to this criterion, a strategy is most equitable if it benefits low-income people 

more than wealthier people do. Strategies that shift costs from low-income to high-
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income households are considered “progressive” and desirable by this criterion, while 

those that increase the share of costs borne by lower-income households are considered 

“regressive” and undesirable. 

Vertical equity with regard to the mobility need  

This equity criterion concerns individuals who are disadvantaged in terms of mobility. 

It assumes that everyone should enjoy at least a basic level of mobility, even to the 

extent requiring more public resources. This criterion is used to justify public 

expenditures on special mobility services, basic transit service, wheelchair ramps, and 

need-based transit fare discounts. Applying this concept is difficult because no general 

standards currently exist to define transport need or basic mobility. 

On the equity issue of congestion pricing policy, Giuliano (1994) summarised three 

main objections to its implementation: 

• lower income people may be priced off the road during the peak period;  

• lower income people who may pay the toll pay a higher proportion of their income 

in tolls than higher income drivers’; and  

• a congestion charge is a double tax as motorists are being asked to pay to use a 

facility that was initially financed through gasoline and other taxes. 

As Giuliano (1994) pointed out, all three objections are not necessarily true. In the final 

analysis, the equity of congestion pricing depends on how the collected revenues are 

redistributed to travellers and on whether there are available travel alternatives 

(Giuliano, 1994; Litman, 1996). Congestion pricing will only be inequitable and 

regressive if low-income drivers are not adequately compensated for the higher tolls. 

Congestion pricing will certainly be more inequitable and regressive in the absence of 

viable transportation alternatives. If the value to consumer of the saved time plus a 

portion of the redistributed revenues (if these are returned in some manner such as 

direct transfers or other mechanisms) is larger than the cost of the toll, then the 

consumer is better off. Similarly, for the traveller who chooses free but congested roads, 

if the cost of waiting in line is lower than the benefit of the transfer, then he or she is 

also better off. Under the right redistribution policy most people across income groups 

can be made better off (whether one chooses to wait in congestion or pay to save time). 



64 CHAPTER 3:  MEASURES OF WELFARE AND OTHER IMPACTS FROM TOLLS 

 

Regarding the double tax issue, critics often ignore the fact that it costs more to provide 

capacity for the peak period than for off peak. This is the rationale for peak load pricing 

of utilities. With smaller peaks, less capacity is needed. 

Equity stumbling block  

Orski (1999) argued that the equity issue concerns should not be made an obstacle for 

pricing schemes that offer people a choice to “buy their way out of congestion”. He 

contended against the notion of one-size-fits-all highway service. That it is not only the 

rich that benefit, rather anyone for whom “time is money.” Ordinary or low paid 

workers do need at times to travel on faster routes to catch their appointments. 

3.7 DISTRIBUTIONAL EFFECTS AND REVENUE REDISTRIBUTION 

Richardson & Bae (1998) reviewed the key issues on the equity consequences of road 

congestion pricing, and described the State Route 91 Express Lanes application. Their 

study indicated that the “equity implications of congestion pricing are complex because 

of all the different options facing travellers under a congestion pricing regime.” In 

addition, they pointed out that the other issue now being discussed is whether funds 

arising from congestion pricing should be allocated. This is an interesting political 

issue, but relevant to the introduction of congestion pricing only in so far that feeding 

the monies back in some way to the affected motorists would assist to make its 

introduction palatable. 

The standard argument in favour of congestion pricing tends to ignore distributional 

effects. The distributional effects of congestion tolls arise since there are some road 

users for whom the value of a given reduction in journey time is greater than the 

increase in the toll rate. Such users could gain or be made better off as a result of paying 

the toll, even prior to any distribution of toll revenues. The costs attributed to the 

increase in the road user charge are outweighed by the value of the gain from reduced 

commuting time. Other road users might be made worse off by paying tolls if they value 

a similar reduction in journey time less than the increase in the toll rate. 

If the distributional effects of tolls are not negligible, then the possibility arises that they 

can be offset by a lump-sum system of income redistribution using the toll revenues to 

compensate those who would be otherwise worse off. The compensation argument has 
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two shortcomings, however: (1) it ignores the fact that compensation schemes might 

cause distortions in resource allocation, and (2) the fact that the relevant revenue-raising 

authority might not actually implement the compensation schemes. Regardless of these 

shortcomings, it is argued that only with an explicit scheme of congestion tolls plus 

redistribution of revenues from the tolls will every income class benefit from 

congestion pricing. 

Current thoughts among European policy makers are that the most promising way of 

offsetting the opposition to road pricing is to deal with the redistributive effects. Toll 

revenue may be used to benefit the people paying the increased charge, whether by 

providing new road infrastructure or better public transport (Langmyhr, 1997). 

Policy makers, however, recognise some problems with redistributing revenues. They 

have acknowledged that redistributing revenue from road users to the rest of the 

community may introduce horizontal inequity. Another issue relates to empirical 

evidence which seems to prove that the acceptable level of toll is far from the 

theoretical optimal level, so that it is not possible to finance roads, even in a very 

congested area, only with user charges. This scenario implies that in the pursuit of fair 

and efficient road pricing, a toll system in an urban area may lead to an increase in 

public subsidies to road (Crozet and Marlot, 2001). 

Notwithstanding the issues in redistributing revenues, those considering any form of 

direct road use charging acknowledge that allocating part of the revenues is key to 

public acceptance. Goodwin (1989) and Small (1992) both propose schemes that 

allocate revenues. In Small’s scheme, revenues are allocated to reimburse travellers as a 

group, to offset regressive taxes, and to fund new transportation services, especially 

public transport. Small, however, recognised that direct redistribution of toll revenues 

could weaken the efficiency of congestion pricing. In Verhoef’s (1997) study of the 

social feasibility of road pricing for the Randstad area, a survey of road users express 

the following order of preference for the use of toll revenues: (1) investment in new 

roads, (2) reduction in vehicle ownership taxes, (3) reduction in fuel taxes, (4) 

investment in public transport, (5) subsidies for public transport. The findings of 

Verhoef further suggest that the use of toll revenue to finance road infrastructure as a 

substitute for general taxes is politically attractive. Moreover, people may not recognise 

that some of them would be tolled off the road by congestion pricing, so that financing 
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new infrastructure with the revenue of the toll would probably not reduce the inequity 

following from the congestion toll. 

3.8 POLITICAL ISSUES 

Decorla-Souza (1993) identified interjurisdictional problems and public acceptance as 

major political implementation issues. Interjurisdictional issues relate to difficulties in 

setting up the institutional mechanisms needed for implementation, getting agreement 

on toll rates for priced facilities that involve various geographical locations and time 

periods, and sharing revenues among the various governments involved. 

It is widely accepted that congestion pricing is extremely difficult, and perhaps 

impossible, for the public to accept in the form in which it is currently being proposed, 

for a variety of reasons.  Decorla-Souza identified the following reasons: “There are too 

many people who perceive themselves as big losers; congestion pricing is viewed by 

some as ‘just another tax increase’ that will lead to bigger government; and others are 

concerned about equity—they perceive congestion pricing as having a disproportional 

impact on low-income groups, taking a larger share of their incomes.” 

As described in the preceding section, addressing the distributional effects of pricing is 

key to public acceptance. Pricing creates winners and losers. As Hau (1992b) argued, 

both those drivers who would pay a toll and those who would switch to alternatives to 

avoid paying the toll perceive a net loss from road pricing. Gomez-Ibanez and Fauth 

(1992) identified eight groups affected by road pricing, of which three are direct 

winners and five are direct losers. Both winners and losers include a diversity of income 

classes, so the overall vertical equity and political strength of a particular road pricing 

scheme depends on the relative size and makeup of these groups, which will vary from 

one situation to another. Since more groups are direct losers than winners, developing 

political support for road pricing will be difficult, although it may be possible on new 

highways, where additional transport taxes are acceptable to voters, or where roads are 

so congested that the number of direct winners exceeds the direct losers.  This is the 

case for the London Congestion Charging scheme, which was put into operation in 

February 2003.   
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Central London is a particularly suitable area for congestion pricing because of its 

limited road capacity (the street network in the core area has hardly expanded since the 

middle ages) and heavy travel demand results in severe congestion, plus relatively good 

travel alternatives, including walking, taxi, bus and subway services, which are used by 

most travellers.  Only about 10% of peak-period trips were made by private automobile. 

For decades transport planners have recommended congestion pricing in central 

London. 

One important component of the London Congestion Charging scheme is to use 

revenues to fund public transit improvements. Before implementation this plan was 

widely criticized by various interest groups, including politicians, motorist groups and 

some labour organizations. The congestion pricing program has since become generally 

accepted by the public and interest groups, including many that initially voiced 

criticism. Surveys of businesses showed companies believe the road charging 

experiment is working (Clark, 2004).  Some concerns on fairness of the charging 

scheme have been addressed with special exemptions or policies.  On the issue of traffic 

spillover impacts, the increased traffic on peripheral roads did not impact journey times 

because traffic signal systems on these roads were adjusted in anticipation of these 

traffic shifts. 

London’s experience shows that congestion pricing is technically feasible and effective, 

and that it is possible to overcome the political and institutional resistance to such 

pricing. The London charge is seen as a success around the world and has given 

politicians the confidence to start discussing their own schemes (Jowit, 2004). 

In summary, the political and public acceptability of direct road use pricing requires a 

balanced design of a politically feasible congestion pricing package that makes every 

class of traveller better off or at least minimises the number of those who would be 

worse off. 
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3.9 SUMMARY 

Changes in individual and aggregate welfare due to the imposition of congestion 

charges are measured in terms of consumers’ surplus by assuming a quasi-linear utility. 

A measure of the net benefit to society from congestion charges is derived under two 

different approaches, which provide equivalent results. Welfare gains are measured 

from a do nothing or non-intervention scenario; those resulting from first or second best 

policies are described. In addition, a measure of the efficiency gain of partial pricing 

schemes relative to first best pricing is presented. 

The welfare measures are pertinent to assessing the impacts of congestion pricing 

schemes under the two assumptions of identical and non-identical time value users. 

Consumer’s gains and losses, as well as net benefits to society are expected to be 

diverse. The differences will come about because of different distributions of traffic 

arising from the willingness to pay distribution. 

The possibility of actually redistributing toll revenues is considered. This offers 

potential equity gains and may ameliorate political objections to road pricing. 

The welfare and other measures described in this chapter will be applied in Chapter 5 to 

evaluate the impacts of the two-route pricing model and in Chapter 7 to assess the 

effects of an urban-wide pricing application. 



 

CHAPTER FOUR 

Formulation of a Multiple Income Class 
Model  

The various issues and problems discussed in Chapter 2 highlight the inherent 

complexities in analysing individual responses to a toll pricing policy.  In this chapter, 

the framework for the optimal pricing of urban roads under the assumption that road 

users will respond differently to any imposed toll charges is described.  The first section 

provides a brief discussion of the standard theory of user and system optimality for 

networks.  This is followed in Section 4.2 with a discussion of the appropriate approach 

to characterise the user equilibrium problem in congested networks.  Section 4.3 

presents a review of the range of urban traffic assignment models that recognise various 

user classes.  Some models and studies are not included because they are not within the 

scope of the present study.  Section 4.4 describes the linkage between route choice 

equilibrium and marginal cost pricing.  Equilibrium solutions with marginal social cost 

pricing under the assumptions of both fixed and variable demand for travel and a 

homogeneous value of time are derived for both first-best and second-best pricing 

regimes.  Section 4.5 describes the multiple income-class traffic assignment equilibrium 

that is adopted for the simulations in Chapters 5 and 7.  

4.1 TRAFFIC NETWORK EQUILIBRIUM 

The classic model for the traffic assignment problem adopts the so-called Wardrop 

principles in equilibrating the demand for travel and the supply of network capacity. 

Wardrop (1952) published a paper on two principles of distribution in a road network: 

the user equilibrium (UE) and the system optimum (SO).  These equilibrium maxims 

are defined below.  

4.1.1 User Optimised Solution  

Wardrop’s first principle is known as the user equilibrium (UE) principle.  In the basic 

traffic assignment problem, it is assumed that a solitary driver cannot influence by 
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himself the congestion levels, hence the delays, on the routes of the network.  This 

equilibrium condition is achieved by drivers selecting the route which has minimal cost 

(based on average private cost).  If all drivers perceive costs in the same way (no 

stochastic effects), traffic arranges itself in congested networks such that all routes 

between any origin-destination (O-D) pair have equal and minimum costs while all 

unused routes have greater costs.  This network solution is referred as deterministic user 

equilibrium (DUE).  This user equilibrium has been employed as the key behavioural 

assumption in most static urban transport network models.  This model assumes that 

drivers have perfect information about route costs.  Application of this principle to 

marginal social cost pricing is described in subsequent sections. 

4.1.2 System Optimised Solution  

A second type of route choice model is based on the second principle of Wardrop, and 

is determined by defining preferred routes as those which allow the transportation 

system as a whole to achieve its minimum travel time.  With system-optimal route 

choices, no traveller can switch to a different route without increasing the total system 

travel time.  This definition also assumes perfect knowledge and identical evaluation of 

the route choice attributes, which in this case are marginal travel times rather than 

average travel times.   

Wardrop’s second principle highlights an important shortcoming of the user equilibrium 

(UE) in networks.  Under UE principle, the solution could turn out to be that the 

addition of a link in the network, or an improvement in capacity, might in fact increase 

the overall system cost.  This peculiar traffic phenomenon is known as Braess’s 

paradox, named after Braess (1968) who first raised the issue.  Braess paradox can take 

place because drivers individually are minimising travel cost based only on their own 

interest.  Therefore adopting marginal cost pricing, which enables drivers to face the 

full price of their trips, ensures the non-existence of Braess paradox (Mogridge et al., 

1987; Arnott and Small, 1994; Yang and Bell, 1998).  

Equilibrium under marginal cost pricing introduced in Chapter 2 (Section 2.2) follows 

the system optimal principle.  Full discussion of this topic is given in Sections 4.4 and 

4.5. 
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4.2 DETERMINISTIC AND STOCHASTIC ROUTE CHOICE 

The basic premise in route choice is the assumption of a rational traveller, i.e., one 

choosing the route which offers the least perceived (and anticipated) individual costs.  

Moreover, travellers are assumed to have perfect knowledge about travel costs on a 

network and choose the best route according to Wardrop’s principles as described 

above.  This approach of modelling route choice is a deterministic one.   

Realistically, however, traveller’s route choice depends not only on the route cost but 

also on the characteristics of the route as well as on individual traveller’s inherent 

attributes.  Besides, individuals have idiosyncratic preference for routes (de Palma and 

Lindsey, 1997).  To account for such diversity in travellers’ preference for routes, 

Daganzo and Sheffi (1977), extending the work of Dial (1971), introduced a stochastic 

representation of the choice process as an alternative to the deterministic approach.  

Travellers' differing perceptions of costs and idiosyncracies are represented as random 

variables and are considered errors in the modelling process.  The decision rule still 

follows Wardrop’s principle such that under stochastic user equilibrium, a traveller 

displaying stochastic user behaviour will select the route that he or she perceives to 

have minimum cost. 

The relationship between the deterministic user equilibrium (DUE) solution and the 

stochastic user equilibrium (SUE) solution for a given network is well known.  In his 

investigation of the DUE and SUE solutions in different networks, Van Vliet (1976) 

found that, for congested networks, the SUE assignment leads to results close to the 

DUE assignment.  Thomas (1991) made a comment that the difference between DUE 

and SUE patterns of flow may be quite marked in uncongested situations, but are 

similar in congested networks.  With respect to DUE, SUE and system optimal (SO) 

solutions, Prashker and Bekhor (2000) show in the extreme cases that the DUE and the 

SO solutions are similar in an uncongested situation while DUE and SUE solutions are 

similar in highly congested situation.  Furthermore, when congestion is moderate, the 

SUE solution became closer to SO solution, but as congestion increased, the DUE 

solution became closer. 

Despite the widespread use of both deterministic and stochastic approaches to model 

route choice behaviour under both static and dynamic settings, most recent work of 

Bekhor, Ben-Akiva and Ramming (2001) indicates some inherent limitations of the 
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above traffic assignment frameworks.  Using actual route choice data together with data 

from Boston’s Highway Network they developed algorithms to predict the actual routes 

taken based on different objectives (e.g., minimise travel time, minimise generalised 

cost, maximise time in secure neighbourhoods, etc.).  Their approach suggests better 

prediction than conventional traffic assignment frameworks.  In his research on network 

knowledge and route choice, Ramming (2002) presents evidence that a majority of 

drivers fail to minimize travel time or distance.  His research shows that travellers with 

more network knowledge appear to vary their commute route to respond to changing 

travel conditions.  Ramming’s findings indicate that model fit of route choice models 

can be further improved by adding an implicit availability/perception term that includes 

estimated network knowledge.  Moreover, his findings also suggest continued 

development of better attitudinal surveys to assess network knowledge and wayfinding 

strategies that would allow estimation of route choice models with better explanatory 

power. 

4.3 REVIEW OF HETEROGENEOUS PRICING MODELS 

As discussed in Section 1.3, various models of route choice are formulated to capture 

the different behavioural responses to pricing.  Furthermore, models differ depending 

on the pursued pricing objectives (whether welfare or profit maximising).  When 

accounting for heterogeneity, models also differ in the level of heterogeneity allowed: 

two-user group, more than two discrete classes, and continuously distributed values of 

time.   

For this review, models are broadly categorised according to network configurations, 

namely: single route with or without a bottleneck, two-routes with either one or both 

routes subject to tolling, and an urban-wide network with tolling either applied on all 

links or on few selected links.  Models that do not consider pricing only but have 

allowed user heterogeneity in time valuations are also included for completeness, and 

are categorised as variant models.  Models in each category are also classified as 

deterministic or stochastic.  Subsequent sections outline the different heterogeneous 

pricing models. 
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4.3.1 Single Route Bottleneck Case 

Most of the existing models for predicting the temporal distribution of peak traffic 

demand in response to either pricing or flexible work schedules considered mainly a 

simple type of network which consists of one origin-destination pair connected by one 

route with a bottleneck in between.  The bottleneck can be a bridge, tunnel crossing, or 

merging lanes on freeways.  Because the capacity of the bottleneck is finite, each 

commuter is confronted with a trade-off between travel time cost relating to queue 

length and schedule delay cost (i.e., the cost of deviating from the desired arrival time at 

work) of arriving early or late at work.  The travel cost experienced by a commuter will 

be determined by his or her departure time from home.    

Using deterministic queuing theory, Vickrey (1969) first developed an endogenous 

departure time choice model, which leads to an equilibrium of costs on all commuters.  

Equilibrium travel patterns are derived with individual commuters unable to improve 

upon their departure schedules.  A queue forms whenever vehicular flow exceeds the 

fixed capacity of the bottleneck.  The solution is to impose a smoothly varying optimal 

toll schedule which eliminates the queue.  However to keep his model simple, Vickrey 

supposed that all commuters uniformly value time.  Subsequently, Henderson (1974, 

1981), Cohen (1987), Newell (1987), and Arnott et al. (1988, 1994) extended Vickrey’s 

model to incorporate heterogeneity.  Using a dynamic model of peak-hour congestion, 

Henderson treated two groups, differing in the ratio of unit travel time to unit schedule 

delay costs.  Unlike Vickrey, he assumed a form of flow congestion in which a driver’s 

travel time depends on the density of vehicles he or she encounters on entering the road.   

Newell provided a more general analysis.  He assumed continuous distributions of 

commuters who differ in the following attributes: work start time, costs of travel time 

and costs of schedule delay.  Cohen examines the welfare effects of tolls in a dynamic 

setting.  He treats queuing congestion and assumes that desired arrival times of drivers 

are distributed uniformly over a one-hour interval.  Like Henderson, he considers two 

groups of commuters differing in unit travel time and schedule delay costs, but with the 

same relative cost of late to early arrival.  Arnott et al. (1988) consider heterogeneous 

commuters to examine the issues of route choice and cost-benefit analysis of road 

investment.  In their later work, Arnott et al. (1994) allowed for differences across 

commuters in the relative costs of late to early arrival.  They also consider differences 

in commuters’ desired arrival times.  They then analyse the welfare effects of tolls when 
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toll revenue is returned as a lump sum to drivers, as well as the welfare effects of road 

investments (see Arnott et al. 1998 for a more recent review of the bottleneck model).   

These studies indicate that time-dependent optimal tolls cause commuters to shift their 

departure schedules.  One with a low income who values money more than time is 

likely to shift to other times to avoid paying the toll.  However, low-income motorists 

usually have less flexibility at work because these are same people working, for 

example, in manufacturing industries where work schedules are less flexible.  Thus, the 

welfare effects of time-varying tolls discriminate against lower income motorists who 

are made worse off prior to any redistribution of toll revenues.  On the other hand, 

higher income motorists as a group are unlikely to be made worse off by paying 

efficient tolls.   

Whilst the simple bottleneck model provides robust analysis for predicting temporal 

distribution of peak traffic and for the welfare implications of socially optimal tolls, its 

technology is an oversimplification of a practical problem involving multiple origins 

and destinations with complex network systems.  This is a major limitation when 

considering the application of the existing bottleneck models to real life problems. 

4.3.2 Single Route Theoretical Models 

Layard (1977), Glazer (1981), Niskanen (1987) and Evans (1992) provide theoretical 

analyses of the interaction between route choice and user heterogeneity in time 

valuations.  With the exception of Glazer, these studies adopted a static deterministic 

approach to model the trip pattern along a single route connecting a residential area and 

a workplace.  Both Layard and Evans assumed a dichotomous fixed demand, i.e., 

demand for high and low time value users.  Niskanen considered a continuum of road 

users who are continuously distributed according to their valuations of time and travel.   

Glazer on the other hand, couched his analysis using the taxi market where demand for 

taxi travel is a function of waiting time and taxi availability.  He identified two classes 

of taxi users.  Users in each user type or class are assumed to place the same value on 

the increased waiting and in-vehicle travel time, and the consequent congestion toll.   

The above theoretical studies consistently show the distributional impact of optimal 

tolls: the congestion charge will discourage trips with low time values and will likely 

encourage trips with high time values.  Optimal tolls will unambiguously reduce 
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consumer welfare when users are identical whereas its effect may either decrease or 

increase the aggregate level of consumer welfare when valuations of time differ.  

Furthermore, when users with high time valuations gain, the net impact may well be 

welfare improving.  

While the above findings are insightful, the robustness of the analyses is limited.  The 

single route does not allow for route substitution or re-routing effects (Hills, 1993).  

Furthermore, the two discrete user groups provide only a crude approximation to real 

heterogeneity. 

4.3.3 Two Parallel Routes 

The simple two-route network has been the subject of more recent congestion pricing 

studies.  As outlined in Section 1.2, incremental application of peak period charges 

appears to be more politically acceptable (Liu and McDonald, 1998, 1999; FHWA, 

2000).  Furthermore, a premium priced route with a free but inferior (i.e., lower level of 

service) alternative route has proved to be a successful pricing scheme, as demonstrated 

in the U.S. “Value Pricing” program on SR-91 Express Lanes in Orange County, 

California (Orski, 1999; Sullivan, 1998).   

In terms of modelling the effects of tolls, it was pointed out in Sections 1.3 and 1.4 that 

the spatial segregation effect of differential pricing on the two routes is best captured by 

a model that takes account of travellers’ non-uniform trade-off between paying a toll 

and saving travel time. 

So far, very limited studies have dealt with heterogeneity in user’s value of time for the 

classic two-route network that connects a single origin-destination pair.  Formulations 

of most of these models are deterministic. 

Deterministic Approach 

Two pricing concepts have been explored in studies with heterogeneous users for the 

simple two-route network.  One relates to price discrimination while the other relates to 

product differentiation.  The former is achieved by allowing nonidentical users to self-

select between tolled paths while the latter is attained by offering two highly 

differentiated highways.  Studies that explore price discrimination include Shmanske 

(1991, 1993) and Bradford (1996) while Mills (1995), Verhoef and Small (1999), and 

Small and Yan (2000) examine the case of product differentiation on roads.  Both 
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Verhoef and Small (1999) and Small and Yan (2000) use the SR-91 “Value Pricing” 

scheme in their empirical analyses.  As mentioned earlier, one of the features of the 

tolled SR-91 Express Lanes is the presence of free but congestible lanes.  Glazer and 

Niskanen (2000) and Huang (2000) also analyse product differentiation considering 

different modes. 

Arnott et al. (1992) consider two user groups and two parallel routes.  In equilibrium, 

groups may travel together or separately, depending on the relative magnitude of own- 

and cross-group congestion costs.  Optimal tolls are solved for both integrated and 

separated usage.  However, the analysis does not consider the case when one route 

cannot be priced.  Therefore, their model fails to account for any product-differentiation 

advantages.   

Shmanske (1991, 1993) simulates price discriminating tolls where motorists are given 

the option to self-select among different toll prices at tollbooths.  The differential tolls 

account for differences in waiting time to pass the queue at the tollbooths.  An impatient 

motorist can opt to queue at a tollbooth where service is fast, but has to pay a higher 

price.  Shmanske’s simulation shows that with heterogeneous users, differential tolls on 

separate roadways may be superior to a single toll, and that there are welfare gains from 

self-selection.  In a similar vein, Bradford (1996) shows that in a queue system with 

multiple servers, a revenue-maximising system administrator would charge higher tolls, 

hence offer lower congestion, than is socially optimal.  

Mills (1995) examines the welfare effects of tolls under a profit maximising objective.  

In his analysis of two parallel links and two user groups, he showed that profitability of 

a tolled link (a new link with free alternative or a new link with toll on existing parallel 

route removed, reduced or increased) does not ensure that the link will add to welfare.  

Instead, an adverse welfare outcome is more likely if the existing route had a small or 

nil toll.   

In their analysis, Glazer and Niskanen (2000) suppose the two parallel routes as two 

different modes: one slow and the other fast.  It is assumed that the slow mode is the 

inferior alternative compared to the level of service of the fast mode and that low time 

value users always choose it.  Likewise, users having high time values prefer the fast 

mode.  Using affine functions, the fully separated user equilibrium is solved 

numerically for different pricing policies: when toll is levied on either or both modes.  
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Glazer and Niskanen did not however derive the optimal tolls.  They conclude that the 

set of tolls that maximise consumer welfare will not impose a toll on both modes and 

that the toll should only be on the fast mode.  Moreover, differential tolls are likely to 

face less political opposition than tolls on both modes. 

Huang (2000) extends Vickrey’s (1969) bottleneck model to consider both pricing and 

modal split.  He assumes a parallel passenger railway line competing with the single 

road with a bottleneck.  By allowing two groups of commuters that differ in their 

disutility from travel time, schedule delay, and transit crowding, Huang’s model is able 

to capture both temporal segregation and mode substitution effect.  His main findings 

suggest that low-income, low value time users have relatively larger welfare gains from 

some changes in pricing policy. 

The studies of Verhoef and Small (1999) and Small and Yan (2000) have similar 

objectives but some features differ in their models.  For example, Verhoef and Small 

(1999) consider heterogeneity using a continuous value of time distribution which was 

calibrated from Dutch stated-preference data.  Their study also accounts for the 

possibility that users of the two roadways interact on a congested serial link elsewhere 

as part of their trips.  Allowing such interaction permits analysis of pricing policies 

where differentiation is prohibited.  Small and Yan (2000), on the other hand, consider 

just two discrete user groups differing by value of time.   

Models that treat two discrete user groups are criticised on two main aspects; (i) the 

two-user groups provide only a crude approximation to real heterogeneity, and (ii) 

analytical difficulties because several types of equilibria can arise.  These include 

pooled or fully integrated equilibrium (where both groups use both routes), partially 

separated equilibrium (where one group uses both routes but the other group uses only 

one route), and fully separated equilibrium (where each group exclusively uses one 

route).   

Small and Yan considered all types of equilibria in deriving the optimal tolls under four 

different pricing regimes, namely: (1) first-best, where welfare maximising toll is 

charged on both roads; (2) second-best, where welfare maximising toll is constrained to 

only one route; (3) third-best, like second-best but with an additional constraint 

designed to guarantee a minimum level of service on the priced roadway; and (4) profit-

maximising regime.  The user optimised equilibrium follows Wardrop’s principle where 
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users of a given type choose the route that has minimum travel cost and this cost is 

equalised across the two routes for any group that uses both routes.  Unique analytical 

solutions were obtained for some cases.  However, for a second-best pricing regime 

with partially separated equilibrium, a unique analytical solution was not guaranteed 

due to the nonlinear form of the constraints.  

In the case where a continuum of groups is considered, as dealt with in Verhoef and 

Small (1999), only two types of equilibria can occur: fully integrated (when tolls are 

absent or exactly equal on the two parallel routes), or fully separated (in all other cases).  

Intermediate groups in this case are explicitly considered in the solutions.  Figure 4.1 

presents a sketch of the network configuration. 

 

Figure 4.1 Network with serial link 

Under fully separated equilibrium, the strong assumption is that high time value users 

always prefer the route that offers higher speed or shorter journey time.  Thus, the 

problem is to first solve for the critical value of time for which drivers are indifferent 

between both routes.  Verhoef and Small expressed this difference in full prices on both 

routes as )()( BBAA TT ⋅+−⋅+ ατατ for each α.  Therefore the critical value of time, 

α*, is simply:  
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In their analysis, only the travel time cost ( AT  and BT  for routes A and B, respectively) 

and the optimal tolls ( Aτ  and Bτ ) are considered.  Finding for α* is quite complex as 

both the optimal tolls and travel times are endogenous variables.   
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Verhoef and Small examined tolling regimes under first-best and second-best and under 

welfare and profit maximising objectives.  In the first-best case the welfare maximising 

efficient tolls on routes A and B are expressed in the following relations: 

αααατ
α

α
α

α

α
α dTNdTN CAAA ∫∫ ⋅⋅+⋅⋅=

max

min

*

min

''  

αααατ
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*

''  

minα ( maxα ) gives the minimum (maximum) value of time in the population.  NαA and 

NαB are the total number of commuters in routes A and B respectively while Nα 

represents the total flows on the serial link (which is also equal to the sum of flows on 

links A and B).  '
AT , '

BT  and '
CT  are the marginal external costs for routes. 

As in Small and Yan’s study, closed form analytical solutions were obtained only for 

some pricing regimes.  In particular, no closed form analytical solution was obtained for 

the second best pricing regime under fully separated equilibrium due to a discontinuity 

at α*.  Solution for this case was derived numerically.  A further limitation of Verhoef 

and Small’s approach is its evident complexity if used to handle general urban-wide 

pricing.  Finding for α*, and the endogenous tolls on all or even few selected links 

would become unwieldy with many alternative routes. 

For the implications of partial-pricing policies with spatially segregated users, both 

Verhoef and Small (1999) and Small and Yan (2000) have reached similar conclusions.  

First, when heterogeneity of road users is considered, travel times in the first-best 

optimum might for some users actually be higher than in the no-toll equilibrium.  This 

is brought about by the trade-off between the value of travel time gains for users with 

higher time values against the losses for those with lower time values.  However, users 

with the critical value of time, being indifferent between the routes, suffer most or gain 

least. 

Second, ignoring heterogeneity causes great underestimation of benefits, by a factor of 

nine in Verhoef and Small’s base case scenario.  This results from ignoring the 

efficiency gains due to separation of traffic.  In addition, ignoring interaction of users 
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on a serial link causes benefits of second-best parallel-route pricing to be overestimated 

because users of the free lanes cause additional external congestion costs on the serial 

link. 

Third, insisting that one of the routes be free imposes quite a large penalty except when 

heterogeneity is extreme.  In Small and Yan’s base scenario with moderate amounts of 

heterogeneity, a second-best one-route pricing policy achieves only one-sixth to one-

third the possible welfare gains of first-best pricing, and uses a much smaller toll. 

Finally, accounting for heterogeneity does improve the performance of partial-pricing 

policies by creating significant value for product differentiation, especially when the 

price elasticity for total demand is high and congestion in the absence of tolls is 

extreme. 

Stochastic Approach 

Leurent (1993) formulates a bicriterion traffic assignment model where the choice 

between alternative routes is characterised by both price and time attributes.  Travellers 

are differentiated with respect to the value of time that is continuously distributed.  Like 

Verhoef and Small (1999), Leurent assumes a fully separated equilibrium with high 

time value users choosing the route with better level of service.  The critical value of 

time α* is determined as in Verhoef and Small, except that the optimal tolls and travel 

times for the two parallel routes are obtained under a stochastic user equilibrium. 

4.3.4 General Network Application 

Very few models have allowed for heterogeneous users in analysing urban-wide traffic 

networks.  The work of Wigan (1977), Anderson and Mohring (1996), Anderson (1996) 

and Florian (1998) deal the deterministic case while Leurent (1996), Florian (1998) and 

Dial (1999a, 1999b, 2000) consider the stochastic approach.   

Less closely related is the time-distributed model formulation of Cantarella and Binetti 

(1998).  Their multiclass stochastic assignment, which is solved using the fixed-point 

method, models heterogeneous responses on time-independent or fixed tolls.  A 

lognormal distribution was assumed for the value of time.  A medium-sized network 

was used to test their method. 
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Deterministic Approach 

Wigan (1977) considers two groups.  Each group has its own empirically derived 

generalised cost function⎯which is both cumbersome and location specific.  In 

addition, each group has its own origin-destination demand.  To distribute the demand 

for each user group, Wigan employs a pair of jointly feasible flow patterns, which 

simply reduces the problem to a single class assignment.  This approach resulted in two 

complete and complementary assignments.  Using traffic simulation, he tested different 

pricing schemes. 

Wigan concluded that distinguishing between different groups of travellers on the basis 

of their valuation of time savings is necessary if the best results are to be obtained from 

idealised road pricing, and that previous estimates based on a single averaged valuation 

of time were likely to be substantial underestimates.   

In their study of congestion pricing for the Twin Cities, Anderson and Mohring (1996) 

and Anderson (1996) considered four different user groups representing low, medium-

low, medium-high and high-income groups.  All commuters of the same income class 

place the same value on travel time.  Each commuter still attempts to minimise the 

direct cost of his or her trip, which now depends on the commuter’s type.  However, 

each commuter causes the same amount of congestion on a road, regardless of type.  

The multiclass deterministic assignment assigns the demand for each income group one 

at a time, with high-income groups being given preference.  Given the travel times of 

the high-income users, the medium-high users choose their minimum cost routes.  The 

procedure is repeated until all user groups are assigned.  The assignment procedure 

iterates until equilibrium is achieved, when no user has any incentive of making a 

unilateral decision to change his or her route. 

Main findings of their study suggest that, assuming negligible toll collection costs, 

congestion pricing would produce significant efficiency gains, and that these gains are 

slightly higher when accounting for drivers’ different valuations of travel time.  Under 

first-best pricing, a rise in travel cost is approximately the same, regardless of income.  

When only limited-access roads were tolled, i.e., under second-best pricing, losses to 

consumer surplus from congestion pricing are much smaller, but are more regressive. 

Florian’s (1998) model formulation for the deterministic multiclass assignment is 

similar to that of Anderson and Mohring (1996) and Anderson (1996).  His formulation 
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allows for different user perceptions of the cost of a toll.  Demand for each user class is 

assumed fixed and known.  The only choices made are between paths or routes with toll 

facilities and those without.  Furthermore, the different classes are all subject to the 

same congestion effect (based on the total flow of the link), but each user class 

perceives a different constant bias.  The user class with the lowest perceived bias is 

assigned first, and then the next user class is assigned given the time cost of the first 

class.  The process continues until all classes are assigned.  The assignment procedure 

iterates until a user optimised flow pattern is established, where no user can further 

reduced his or her travel cost by making a unilateral decision to change route. 

Stochastic Approach 

Leurent (1996) extended his bicriterion traffic assignment (Leurent, 1993) model to 

deal with the general network problem.  In this general formulation, the mathematical 

solution involves defining monetary expense classes of paths to sort the continuously 

distributed value of time users.  Using a special transformation, the model is cast as a 

variational inequality which under some assumptions reduces to a convex minimisation 

program.  Leurent introduced some solution algorithms.  

Florian (1998) proposes a heuristic solution algorithm for a stochastic multiclass user 

equilibrium model.  To avoid the complexity of asymmetric cost function which would 

require the solution of a variational inequality, Florian reduced the number of user 

groups to a two-class network (toll and non-toll payers) where each user class is 

assumed homogeneous.   

Perhaps one of the most advanced model formulations under a stochastic approach is 

Dial’s (1999a, 1999b, 2000) bicriterion congestion pricing system.  The model is cast as 

a stochastic variational inequality, which permits the value of time to be a random 

variable having a different distribution for each origin-destination pair.  His model 

framework is capable of obtaining optimal tolls on selected links, as well as solving for 

a minimal cost revenue objective.  The bicriterion congestion pricing model has been 

applied to a small sized network.   

Results indicate better prediction of trips and optimal toll patterns.  Also, the computing 

times appear reasonable, but the question of nonconvexity of the objective function is 

still an issue. 
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4.3.5 Variant Models 

Road Pricing and Rationing 

Political barriers, which seem to constitute a more pressing issue than any other 

confronting road pricing in general, has led others to look at alternative pricing models.  

One example is the hybrid approach of pricing and rationing proposed by Daganzo 

(1995, 2000), Daganzo and Garcia (2000).  Road rationing is a command and control 

policy whereby some cars are banned or restricted from using certain area, e.g., the 

Central Business District, in a particular day.  The aim of the policy is to reduce traffic, 

and has been applied recently in some cities.  

In this hybrid strategy, drivers are stratified in terms of ability to pay (rich and poor) 

and relative importance of the journey (very important, moderately important and not 

important).  This stratification results in six different user groups.  Hypothetically, they 

divided the population of drivers into five sets (A, B, C, D, and E) with each set 

composed of six different user classes.  Each set is allowed to drive through the 

bottleneck without paying toll, except on days of the week specified as toll days for that 

set (refer to Figure 4.2).  The time window for which a toll is charged represents the 

rush hour at the bottleneck.  During the designated “Pay Toll” day, designated drivers 

have the option to travel outside the tolling period or to use alternative modes.   

Daganzo argued that if at least 10% are dissuaded from paying the toll, then this 

translates to a significant reduction in rush hour traffic.  The inconvenience suffered 

during a restricted day can be compensated by the reward of lower travel times during 

free travel days.  Daganzo believed this hybrid strategy would make everyone better off.  

Table 4.1 Designated toll and free days in a hybrid strategy 

Set Monday Tuesday Wednesday Thursday Friday 

A Pay Toll Free Free Free Free 
B Free Pay Toll Free Free Free 
C Free Free Pay Toll Free Free 
D Free Free Free Pay Toll Free 
E Free Free Free Free Pay Toll 

Adapted from Daganzo (2000) p. 5. 
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Alternative Demand Curve under Road Pricing 

In his analysis of the political feasibility of road pricing, Lave (1994) uses an 

unconventional approach to model road congestion.  He develops a graphical model that 

displays the interaction between road capacity, user demand, travel speed, and toll 

charges.  Lave’s graphical model is reproduced in Figure 4.2.   

The essence of Lave’s analysis is that demand is a function of price and speed and that 

drivers are willing to pay more for a quicker journey.  He then defines each speed as a 

separate commodity; thus, one demand curve shows driver’s demand for a particular 

travel speed.  Figure 4.2 shows the family of demand curves.  Lave assumes that at the 

right-hand end of the demand curve are drivers with low value of time while at the left-

hand end are drivers with high value of time.  The successive curves move upward 

because at any given price, more drivers are interested in using a high-speed road than a 

low-speed one. 

Figure 4.2 Demand as function of price and speed (Fig 1 of Lave, 1994) 
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Verhoef (1995) criticised Lave’s approach as nothing more than the traditional textbook 

analysis in a simple setting while in a more complex setting Lave’s approach does not 

seem to recognise differences in individual marginal utilities of income. 

4.3.6 Relevant Multiclass Framework 

The present study considers only the route choice behaviour whereby motorists may 

choose to pay the toll or choose an alternative route (or routes for the case of urban-

wide application) in response to a congestion charge.  Moreover, a static deterministic 

equilibrium approach is proposed for the route choice model with multiple income class 

users. 

Although a number of multiclass models dealing with heterogeneity in users’ valuation 

of time have been reviewed, the analytical formulations of some of them are not 

relevant to the framework proposed for the present study.  For instance, bottleneck 

queuing models, which provide better prediction of the temporal segregation effect of 

heterogeneous responses to pricing, are overly complex for incorporation into a general 

network analysis.  Models with a stochastic framework are not pursued despite better 

behavioural representation because of the outstanding issue of non-convexity of the 

objective function.  Besides, in congested network conditions the results of both 

deterministic and stochastic models are not very different (as discussed in Section 4.2).   

Of the models reviewed, the model frameworks adopted by Anderson and Mohring 

(1996), Anderson (1996) and Florian (1998) are relevant to the present study.  

Application of these frameworks to the multiple income class model is described in 

Section 4.5. 

4.4 ROUTE CHOICE AND SHORT-RUN MARGINAL COST PRICING  

This section links the two types of network equilibrium solution described in Section 

4.1 and the marginal social cost pricing in Chapter 2.  Theoretically, a linkage between 

marginal cost pricing and traffic assignment can be established.  The market 

equilibrium, characterised by the equilibrium at the marginal private cost (MPC=APC) 

of travel in Figure 2.6, is equivalent to the user equilibrium (UE) traffic assignment 

discussed earlier in Section 4.1.1.  On the other hand, the system equilibrium outlined in 
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Section 4.1.2 is characterised by the first best optimal solution where users are faced 

with the full price of their trips (i.e., APC + congestion fee).  The efficient tolls will 

coerce users to make choices that achieve a minimum cost for the network system.  

The average travel cost is determined via the link performance function of the supply 

curve, and is expressed as a function ta(Va) where ta is the travel time on link a and va 

the traffic volume on link a.  The average travel cost can also be expressed as a 

generalised cost function, ca(Va), comprising travel time plus money component (i.e., 

vehicle operating cost and parking cost).  When travellers are assumed identical in their 

preferences, a single value of time is used to convert the generalised cost components 

into a common unit of either ‘time’ or ‘money’.   

For the system optimum assignment, the link performance function includes the average 

travel cost plus the optimum toll, τ+)( aVac .  This congestion toll, τ, is the focus of the 

next subsections where optimal congestion charges under different pricing objectives 

and constraints in a static-deterministic route choice framework are derived.  First, the 

efficient tolls are obtained under the assumption that users are identical in their 

valuation of travel time savings.  This assumption is then relaxed in Section 4.5 where 

users are considered heterogeneous with respect to time valuation. 

4.4.1 Pricing All Links (First-Best Solution) 

If every link in the road network can be priced at the marginal external cost of 

congestion, then the efficient congestion charge on each link is derived taking the 

marginal congestion delay multiplied by the total traffic volume.  Mathematically the 

optimum charge is derived without specifying the exact functional form of the travel 

cost functions.  It is sufficient at this stage to define the average private travel cost on a 

link as given by the function ca(Va).  This generalised unit cost of travel can be 

comprised of travel time + vehicle operating cost.  The time component of cost is an 

increasing function of the traffic flow on a link while the vehicle operating cost is 

generally invariant to the level of congestion.   

Equations 4.1a to d summarise the graphical analysis in Figure 2.6 (Chapter 2, Section 

2.2.3).  The subscript a denotes a link, hence Va means the total traffic flow on link a.  

ASCa is the average social cost on link a which is equal to the average private cost.  

TSCa is the total cost and MSCa is the marginal social cost.  The optimum congestion 
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charge, aφ  is obtained by taking the difference between marginal social cost and 

average social cost. 

  )a(VacaASCaMPCaAPC ===  (4.1a) 

  )a(VacaVaASCaVaTSC ⋅=⋅=  (4.1b) 

 )a(V )a(V)(
acaVac

adV
aTSCd

aMSC ′⋅+==  (4.1c) 

 )a(V-)a(V )a(V acacaVacaASCaMSCa ′⋅+=−=φ   

 )a(VacaVa ′⋅=φ  (4.1d) 

4.4.2 Partial Pricing Schemes (Second-Best Solution) 

As one could imagine, second-best tax rules can become rather complicated as models 

become more realistic.  Therefore, the second-best tax rules will be considered only for 

the simplest model settings possible.  In this section, the congestion toll that will 

internalise the congestion externality will be derived using a two-route network given in 

Figure 4.3.   

Origin Destina
tion

Toll Route

Free Route  

Figure 4.3 Substitute routes 

In this setting, it is assumed that due to some constraints (e.g., on equity grounds or due 

to private ownership of a road) only one route is subject to pricing.  The other route 

must remain toll free, but will operate at a lower service level.  Under this constraint, 

the optimum charge on the Toll Route must take account of the interdependency 

between the substitute routes.  A higher toll will cause greater diversion to the unpriced 

alternative while a lower toll will have the opposite effect.  It is further assumed that the 

regulator sets the toll to maximise social welfare, defined as total benefits minus total 
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costs.  Benefits are determined according to the Marshallian measure.  Following 

Verhoef et al. (1996) the maximisation problem can be stated as follows:  

 )()(

0

)(max   W FVFcFVTVTcTV
V

dvvD ⋅−⋅−= ∫  (4.2) 

For the network in Figure 4.3, the average travel cost on the Toll Route is defined as 

cT(VT) while that of the Free Route is cF(VF).  In this network setting, the link travel 

cost is equivalent to the average travel cost on a path or route connecting an origin-

destination pair.  Thus, the total demand is simply the sum of the traffic volumes of the 

two routes, V=VT+VF. 

The first term in the objective function defines the total marginal benefits while the 

second and third terms represent the average travel costs on the Toll Route and the Free 

Route, respectively.  Equation 4.1 is maximised subject to the following constraints: 

  )()( τ+= TVTcVD  (4.2a) 

 )()( FVFcVD =  (4.2b) 

  0  ,0 ≥≥ FVTV  (4.2c) 

The first constraint in Equation 4.2b requires that the total benefit in the toll route must 

equal the total cost given as the sum of the average travel time plus the toll fee.  

Similarly, the second constraint equates the total benefit to the travel cost on the free 

route, which is simply the average travel time.  At equilibrium, these constraints define 

Wardrop’s first principle of equalising the cost on both routes.  The third constraint 

requires the flows on each route to be non-negative.  Again following Verhoef et al. 

(1996) the maximisation problem can be represented by the following Lagrangian 

which incorporates the Wardrop equilibrium conditions as constraints: 

 

))()((                     

))()(()()(

0

)(

FVFcVDF

TVTcVDTFVFcFVTVTcTV
V

dvvDL

−⋅+

−−⋅+⋅−⋅−= ∫
λ

τλ  (4.3) 

with FVTVV += .  The first-order conditions are 
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 0)())()(()()( =′⋅+′−′⋅+′⋅−−=
∂
∂ VDFTVTcVDTTVTcTVTVTcVD

TV
L λλ  (4.3a) 

 0))()(()()()()( =′−′⋅+′⋅+′⋅−−=
∂
∂

FVFcVDFVDTFVFcFVFVFcVD
FV
L λλ  (4.3b) 

 0=−=
∂
∂

T
L λ
τ

 (4.3c) 

 0)()( =−−=
∂
∂ τ
λ TVTcVD
T

L  (4.3d) 

 0)()( =−=
∂
∂

FVFcVD
F

L
λ

 (4.3e) 

Simplifying Equation 4.3a using TTV λ=  in Equation 4.3c, and )()( FVFcVD =  in 

Equation 4.3e, we find  

 
)()(

)(

FVFcVD
FVFcFV

F ′−′
′⋅

=λ  (4.3f) 

From Equation 4.3d 

 )()( TVTcVD ′−=τ  (4.3g) 

Substitution of 0=Tλ  to Equations 4.3a and b, Fλ  in Equation 4.3f yields the welfare-

maximising one-route toll as 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′−′

′−
⋅′⋅−′⋅=

)()(
)()()(

VDFVFc
VD

FVFcFVTVTcTVτ  (4.3h) 

It can be easily shown that under a first best setting where both the Toll Route and the 

Free Route are priced at the socially efficient price, the welfare maximising tolls are 

equivalent to the marginal external costs on a link derived earlier in Equation 4.1d.  For 

the two-route case the first-best efficient tolls are expressed as  

 F T,  R        , )( =′⋅= VRRcRVRτ  (4.3i) 

As described earlier, the subscripts T and F refer to the Toll Route and Free Route, 

respectively.  V represents the total demand while VT and VF are the traffic volumes on 

the Toll Route and the Free Route.  The derivative )( TVTc′  and )( FVFc′  define the slope 
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of the average private cost curves while the derivative )(VD′  gives the slope of the 

demand curve for total trips. 

Perfectly Inelastic and Price Responsive Cases 

The second-best toll in Equation 4.3h maximises society’s welfare, subject to the one-

route constraint, with some efficiency loss.  This is reflected in the second term of 

Equation 4.3h, which indicates that, for optimal acceptance of the fee, only a fraction of 

the marginal external costs on the untolled route should be charged to take into account 

the "spill-over" effects from the tolled route.  The bracketed expression determines the 

effects on the optimal toll, the range of which may even result in a subsidy (i.e., a 

negative toll) for the Toll Route.  In the normal case of positive tolls on the Toll Route, 

the bracketed expression will be non-negative and range between 0 and 1.  At the 

extreme cases, the bracketed expression approaches unity under perfectly inelastic 

overall demand.  Thus, Equation 4.3h reduces to 

 )()( FVFcFVTVTcTV ′⋅−′⋅=τ  (4.3j) 

At the other extreme, the bracketed expression approaches zero under perfectly elastic 

overall demand.  Thus, Equation 4.3h reduces to 

 )( TVTcTV ′⋅=τ  (4.3k) 

4.4.3 Profit Maximising Tolls 

When a private operator is assumed for the Toll Route in Figure 4.3, it is expected that 

the toll will maximise profit instead of social welfare.  The profit maximising objective 

can be expressed as follows: 

 TVR ⋅= µ  max  (4.4) 

Equation 4.4 is maximised subject to the following constraints: 

  )()( µ+= TVTcVD  (4.4a) 

 )()( FVFcVD =  (4.4b) 

  0  ,0 ≥≥ FVTV  (4.4c) 
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The revenue maximising one-route fee, τ, can be found by solving the following 

Lagrangian: 

 ))()(())()(( FVFcVDFTVTcVDTTVL −⋅+−−⋅+⋅= λµλµ  (4.5) 

with FVTVV += .  The first-order conditions are 

 0)())()(( =′⋅+′−′+=
∂
∂ VDFTVTcVDT

TV
L λλµ  (4.5a) 

 0))()(())()(( =′−′⋅+′−′⋅=
∂
∂

FVFcVDFTVTcVDT
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L λλ  (4.5b) 

 0=−=
∂
∂
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 (4.5c) 

 0)()( =−−=
∂
∂ µ
λ TVTcVD
T

L  (4.5d) 

 0)()( =−=
∂
∂

FVFcVD
F

L
λ

 (4.5e) 

Rearranging Equation 4.5a and using TTV λ=  in Equation 4.5c, we find 

 0)())()(( =′⋅−′−′= VDFVDTVTcTV λµ  (4.5f) 

Solving for Fλ using Equation 4.5b yields 

 
)()(

)(

FVFcVD
VDTV

F ′−′
′⋅−

=λ  (4.5g) 

Substitution of Fλ  to Equation 4.5f and simplifying the terms then yields the following 

revenue-maximising one-route fee 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′−′

′
⋅′⋅−′⋅=

)()(
)()()(

VDFVFc
FVFcVDTVTVTcTVµ  (4.5h) 

The revenue maximising one-route fee in Equation 4.5h has a similar interpretation to 

the welfare maximising one-route toll except that the bracketed expression contains 

different terms.  The constraint of not tolling one route reduces the maximum amount 

that can be imposed on the Toll Route. 
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4.4.4 No Toll Equilibrium 

For completeness, the non-intervention case is included.  Equilibrium under this case is 

governed by the condition equalising total marginal benefit to total private cost.  

Following Wardrop’s principle, drivers will choose the minimum cost route and at 

equilibrium the cost of both routes is equalised so that no driver will unilaterally change 

route.  The equilibrium condition can be expressed as 

 )()()( FVFcTVTcVD ==  (4.6) 

where FVTVV += .   

4.4.5 Summary of Pricing Solutions 

The travel costs and optimal tolls for the simple two-route network under four different 

pricing regimes are summarised in Tables 4.2 and 4.3.  These expressions will be used 

in the simulation model in Chapter 5, together with the exact functional forms of the 

demand and cost functions. 

Table 4.2 Two-route network path costs under different pricing regimes  

Pricing Regime Toll Route Cost  Free Route Cost  Equilibrium Solution 

First best (FB) TTVTc φ+)(  FFVFc φ+)(  System optimal 

Second best (SB) τ+)( TVTc  )( FVFc  System and user 
optimal 

Profit maximising 
(PM) 

µ+)( TVTc  )( FVFc  System and user 
optimal 

No Toll (NT) )( TVTc  )( FVFc  User optimal 
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Table 4.3 Optimal two-route and one-route tolls 

Pricing Regime Optimal Tolls Equation 

First best (FB)    F T,  a     , )a(V =′⋅= acaVaφ  (4.1d) 

Second best (SB) 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′−′

′−
⋅′⋅−′⋅=

)()(
)()()(

VDFVFc
VD

FVFcFVTVTcTVτ  
(4.4h) 

Profit maximising (PM) 
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
′−′

′
⋅′⋅−′⋅=

)()(
)()()(

VDFVFc
FVFcVDTVTVTcTVµ  

(4.5h) 

4.5 FRAMEWORK FOR MULTIPLE INCOME CLASS EQUILIBRIUM 

A simplified deterministic multiclass user equilibrium approach, used earlier in Florian 

(1998), is adopted for the present study. 

It is assumed that the demand between O-D pair w can be divided into k income classes.  

If the generalised travel cost comprises only travel time and the toll charge, then the 

cost of link a perceived by a user of class k can be written as 

 AavvPvsvs
Kk

k
aa

k
a

k
aaa

k
a ∈=+= ∑

∈

  ,      ,)()( θ  (4.7) 

where, a ε A is the set of links, )( aa vs  is the travel time cost for link a at flow av , kθ  is 

the value of time for each class k (expressed in time/unit of cost), k
aP  is the toll price 

imposed on link a for each class k.   

Under optimal pricing, k
a

k
a fP =  for first best toll, and kk

a fP =  for second best toll. 

The cost of a path for each user class with a single tolled link is given as 

 KkWwRrvsvs k
war

Aa
aaar

k
r ∈∈∈+= ∑

∈

  ,  ,  , P)()( k
a

kθδδ  (4.8) 

where   k
wRr∈  is the set of routes connecting O-D pair w for user class k, Ww∈   is 

the set of O-D pairs, Kk ∈   is the set of user classes, and 1=arδ  if link a belongs to 

path r and zero otherwise. 

The link cost function given in Equation 4.7, expressed in generalised time units, 

implies that the different classes are subject to the same congestion effect.  However, 
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each class perceives a different constant bias.  This perceived constant bias is reflected 

by the varying values of time. 

As discussed in Florian (1998), the simplified multiclass user equilibrium model is 

equivalent to the classic deterministic network equilibrium model that satisfies the 

Wardrop (1952) user equilibrium condition.  In addition, the simplified multiclass user 

equilibrium model is a convex cost minimisation problem, which has a unique optimum 

solution.  The numerical solution of this model by the linear approximation method can 

be found in INRO Consultants Inc. (1998).  For each O-D pair w, at user equilibrium, 

no user in each class can improve his/her travel time by unilaterally switching routes. 

4.6 SUMMARY 

This chapter outlines the framework for the optimal pricing of urban roads under the 

assumption that drivers’ response to toll charges varies according to their willingness to 

pay.  Different approaches to characterise the user equilibrium problem in congested 

networks, together with a range of urban traffic assignment models that recognise 

several user classes were explored.  Linkage between route choice equilibrium and 

marginal cost pricing was discussed including equilibrium solutions with marginal 

social cost pricing given two assumptions of travel demand responsiveness to price 

increases.  Finally, the chapter describes the framework for multiple income-class 

traffic assignment equilibrium.  This multiple income-class framework will be used for 

the corridor simulations in Chapter 5 and for the urban-wide pricing applications in 

Chapter 7. 



 

 

CHAPTER FIVE 

A Corridor Model  

The major analytical shortcoming of models of congestion charges, noted in Chapter 1, 

has been treating commuters as homogeneous.  This chapter uses a simple two-route 

model to explore the effects of replacing the homogeneity assumption with an explicit 

recognition that people have different values of time.  Congestion pricing is applied in a 

simple network that typifies intercity travel or travel along a corridor within an urban 

area.  Although limited, the example is intended to be realistic.  This prepares the way 

for the application of the full model to Perth, in Chapters 7 and 8.   

Underlying the models of this chapter and Chapter 6 is the pricing theory set out in 

Chapter 2.  Judgments on the value of road pricing schemes are based on the 

measurement of welfare effects as discussed in Chapter 3.  Chapter 4 has described the 

potential pricing regimes together with the formulation of a multiclass traffic 

assignment framework to model the impacts of congestion charges.  In this chapter, 

efficient congestion charges are derived for users with non-identical time values as 

discussed in Chapter 4.   Welfare implications and other impacts of tolls on travel 

behaviour are examined using the welfare measures described in Chapter 3.     

5.1 INTRODUCTION 

In order to demonstrate the advantage of allowing heterogeneity in money-time trade-

off, several scenarios are designed to explore the effects of the pricing regimes 

described in Chapter 4.  The various cases are designed to partly address the issues 

raised in Chapter 1 particularly the size of efficiency gains from partial pricing, the 

effect of heterogeneity in time saving valuations and sensitivity to the parameters of the 

supply performance function.  

Network-wide effects of pricing are dealt with in Chapters 7 and 8.  Details of the cases 

modelled for the corridor pricing simulations are given in Section 5.6. 
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As mentioned in Chapter 1, Section 1.4.1, explicit treatment of differential responses to 

toll charges in traffic assignment models has been relatively recent. Studies dealing with 

the spatial or route substitution effects in the two-route case include Sapkota (1998), 

Verhoef and Small (1999), and Small and Yan (2000).  A review of other papers that 

allow for user heterogeneity in the route choice model was presented in Chapter 4.  

Simulation outcomes in the present corridor model will be compared with results from 

these earlier studies. 

5.2 PRICING OBJECTIVES AND PRICING REGIMES 

Two pricing objectives are considered.  One is to maximise society’s welfare under 

both the ‘first best’ solution (where both routes of the corridor are priced at the 

marginal social cost) or to pursue a ‘second best’ policy, where only one route is priced 

at the socially optimum level.  From a practical perspective, a first best policy is 

infeasible but this policy scenario is important as a benchmark for comparison with the 

second best policy.  As described in Chapter 3, the efficiency gains that can be expected 

under second best policies are less than under the first best.  The loss in efficiency is 

largely due to compromises made to satisfy equity and other objectives. 

The second objective is to examine profit maximising by a private toll road operator.  

For the simple corridor case, profit is maximised under the constraint that the 

alternative route remains toll free. 

The four pricing regimes are first best (FB), second best (SB), profit maximising (PM) 

and the non-intervention or no toll scenario.  Optimal charges for first and second best 

and also the profit maximising charge were derived in Chapter 4, Section 4.4.  The 

corridor simulation model examines the short-run impacts of congestion pricing on 

morning peak hour commuting by private car. 

5.3 DEMAND 

Two alternative assumptions are made about the demand for travel on the corridor by 

peak-hour work-bound auto commuters: (1) demand is fixed or perfectly inelastic, and 

(2) demand is variable and responsive to changes in generalised cost.  In the second 
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case, demand cannot be described as ‘elastic’ because the absolute value of the 

elasticity is likely to be less than one.  Under a fixed demand model, the total number of 

peak commuting trips is unchanged before and after implementation of peak hour road 

user charges.  Because total demand is unresponsive to price increases, only diversion 

or re-routing can result.  When demand is responsive, total morning peak trips will 

decrease after a price increase by an amount which depends upon the price elasticity of 

demand.  Thus, the price-responsive demand assumption allows for exploration of the 

two roles of second best prices, as Ramsey-like prices targeted at less elastic market 

segments and as route-allocative devices aimed at minimising user costs for a given 

demand.  

5.3.1 Fixed Demand 

Demand for morning peak commuting in the corridor is stratified into twelve discrete 

income classes.  If we denote Tk as the demand for trips by income class k, then the total 

corridor demand TFD can be expressed as 

 ∑
=

=
12

1k
kFD TT  (5.1) 

Because demand for travel is assumed unresponsive to toll charges, total initial demand 

TFD is unchanged after the introduction of efficient charges.  However, demand for 

travel on a particular route by income class k will change according to the price changes 

on each route.  If commuters are assumed to respond differently to a toll according to 

their valuation of time, then those with higher willingness to pay for the travel time 

saving will choose the tolled facility.  Those with low time valuations will be happy to 

travel longer in the alternative route in exchange for saving the cost of the toll.  Thus, 

consideration of the differing willingness to pay allows for the segregation or spatial 

effects of tolls. 

The assumption of fixed demand at the origin-destination level is a common practice, 

which comes out of the urban travel model process.  The standard four-step travel 

model approach is illustrated in Figure 5.1. Assignment of the fixed demand is the last 

stage of the process. 

At the route choice stage, only the re-routing effect of tolls on the road network is 

observed.  Other margins of choice in response to a toll are assumed to have been 
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accounted for in the previous stages.  In a full stage model, changes in path travel costs 

brought about by the new price equilibrium are fed back into the earlier stages.  The 

process is iterated until reasonable convergence is achieved.  One weakness, however, 

of the sequential iterative procedure is the absence of direct feed back into the trip 

generation stage.  For the corridor simulation, we are only interested in the re-routing 

effect of charging the efficient tolls. 

Figure 5.1 Four-step travel model process 

5.3.2 Variable Demand 

As described earlier, under price responsive demand the total morning peak trips will be 

reduced after the introduction of pricing.  Those who are tolled off represent the other 

margins of travel choice such as shifting time of travel to off-peak hours, taking another 

mode of transport, carpooling and telecommuting.  For the corridor analysis, change in 

destination is not an option since there is only a single destination being considered. 

Although total trips will decrease as cost of travel is increased, it is possible to have a 

positive generation effect.  This can occur under tolling when the saving in travel time 

is valued more than the cost of the charge.  High time value commuters who previously 

travelled outside the peak hour or used an alternative mode may decide to travel on the 

premium route during the peak. 

A variable demand approach, however, does not follow the sequential analysis of the 

four-step process in Figure 5.1.  Instead, the last three steps are simultaneously 

estimated.  The simultaneous treatment of travel decisions provides a more realistic 

characterisation of travellers’ trip decision making (Oppenheim, 1995). 

Step 1:  Trip Generation

Step  2:  Trip Distribution

Step  3:  Mode Choice

Step  4:  Route Choice or
Traffic Assignment

Accounts for the other effects of pricing
such as change in destination, change in
mode,  shift to off-peak,  carpooling, other
travel substitution such as telecommuting.

Accounts only for route diversion or re-
routing effects of pricing.



CHAPTER 5: A CORRIDOR MODEL 99 

 

For the present analysis, the elastic or variable demand function takes the constant 

elasticity form and is given in the relation: 

 
ε
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Its inverse function is  
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where T represents the total traffic demand between an origin-destination (OD) pair and 

P is the cost of travelling between that OD pair.  The subscript ‘0’ represents the base 

conditions (i.e., the equilibrium without tolls).  ε  is the overall price elasticity of 

demand. 

The inverse demand function in Equation 5.3 is akin to the inverse function used in 

markets which freely respond to the quantity.  In the context of congestion pricing, the 

level of congestion on the road determines the congestion price while congestion 

depends on the quantity of traffic on the road. 

As in the fixed demand case, variable demand TVD for the morning peak in the corridor 

is stratified into 12 discrete income classes.  Thus, the relation in Equation 5.2 can be 

expanded to  
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Tok is the demand for morning peak travel by income class at the unpriced equilibrium 

while Pk defines the generalised private cost (time + toll) perceived by each income 

class under a tolling scenario.  Note that Po is the same for every class at the no pricing 

case.  Since Po is constant, Equation 5.4 can be re-arranged as  

 **)(
12

1
∑

=

−=
k

kokoVD PTPPT εε  (5.5) 

Demand in each income class that can be derived from Equation 5.4 or 5.5 also allows 

for the generation of new trips.  This can happen when the generalised travel price (time 
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+ toll) perceived by an income class k is lower than at the base travel price (i.e., Pk < 

Po).  Since willingness to pay for a toll price is higher for high-income commuters, it is 

plausible for demand by a high-income class to increase under a pricing scenario.   

The constant demand elasticity function has been applied in recent transport studies 

(Milne et al., 2000; Santos and Newbery, 2001).  It gives a plausible distribution of trip 

valuations, and is relatively tractable.  The elasticity of the overall demand relationship 

covers all travel choices, which together would reduce the volume of vehicle trips after 

imposition of a charge in the time period represented.  The demand elasticity is defined 

by the relation 

 
o

o

P
P

T
T

ln

ln
=ε  (5.6) 

ε is negative; as P rises due to the additional toll charge T decreases in response to 

increased travel cost. 

Range of demand elasticity values 

Values of travel demand elasticity adopted in recent congestion pricing studies range 

from -0.2 to -1.2.  In calculating the main economic measures of congestion for 

Melbourne, Sydney, Brisbane, Adelaide and Perth, the Australian Road Research Board 

(ARRB, 1995) use a value of –0.40 and –0.50 for the interpeak and off-peak periods, 

respectively.  For sensitivity analysis, ARRB explores the elasticity range from –0.20 to 

–1.20.  Anderson and Mohring (1996) use two values, -0.5 and -1.0, in their study of 

congestion pricing for the Twin Cities (Minneapolis and St. Paul).  In designing for 

optimal road pricing cordons, Shepherd et al. (2001) use -0.58 while Santos et al. 

(2001) adopt three values (-0.20, -0.40 and -0.70) in calculating the optimal cordon toll 

in eight English towns.  In studying the effects of alternative road pricing systems on 

network performance, May and Milne (2000) assume a value of –0.50.  In his posting at 

the TMIP (Travel Model Improvement Program) listserve, Goodwin (2001) indicates 

elasticity values of -0.5 to -0.8 as generally acceptable for European conditions. 

The present study adopts a value of –0.40 to model the pricing objectives and different 

pricing regimes described earlier in Section 5.2.   
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5.3.3 Travel Data 

Three thousand commuting trips are assumed along the corridor during the morning 

peak hour.  Trips are stratified into the twelve income classes shown in Table 5.1.  For 

easy comparison of the effects of pricing, the twelve classes are further aggregated into 

three income groups representing low, medium and high incomes.   

Four different combinations or distributions of income groups are considered.  These 

are called ‘demand mixes’ or demand combinations.  The demand mixes can be 

construed to represent distributions of ability and willingness to pay, as shown in Figure 

5.2.  For instance, Demand 50/30/20 means that 50% of morning peak commuters have 

income in the range of $35,000 and below while 30% belong to medium-income 

households ($35,000 to $55,000) and the remaining 20% belong to the well-to-do 

(above $55,000).  In contrast, Demand 10/20/70 implies a corridor with predominantly 

rich residents (70% having incomes of $55,000 and higher).  Demand 35/35/30 and 

Demand 20/40/40 represent medium and medium to high-income corridors.  Within an 

urban area, the demand combinations can be interpreted as representing four 

economically diverse suburbs.  Equilibrium solutions with these income combinations 

are expected to vary as the mean value of time differs for each demand mix.  Time 

values by income class and the mean values of time for demand combinations are 

discussed in the next section. 

The rationale for the four demand mixes is to test the sensitivity of the equilibrium 

resulting from the application of different pricing regimes when commuters’ differential 

responses to optimal charges are modelled explicitly. 
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Table 5.1 Combinations of income groups using the corridor, 
representing different distributions of ability to pay  

Aggregate Percentage of Trips by Income Group

Income 
Class

Income Range
Income 
Group

Demand 
50/30/20

Demand 
35/35/30

Demand 
20/40/40

Demand 
10/20/70

Class 1 <$20,000

Class 2 $20,000-$25,000

Class 3 $25,000-$30,000

Class 4 $30,000-$35,000

Class 5 $35,000-$40,000

Class 6 $40,000-$45,000

Class 7 $45,000-$50,000

Class 8 $50,000-$55,000

Class 9 $55,000-$60,000

Class 10 $60,000-$65,000

Class 11 $65,000-$70,000
Class 12 >$70,000

50% 20%35% 10%

30% 40%35% 20%

20% 40%30% 70%

Low

Medium

High
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Figure 5.2 Demand mixes representing four distributions of ability to pay 

5.3.4 Time Values by Income Group 

The average hourly wage rate is approximated by dividing the mean annual income in 

each class by the assumed number of hours worked in a year.  The number of hours 

worked is taken as 2000 hours for those earning above $20,000 per annum while 1600 

hours are assumed for those earning below $20,000.  Use of a lower number of hours 

worked can be justified by the greater number of part time jobs for these income strata.   

Chapter 2, Section 2.3.2 provides an overview on the valuation of travel time savings.  

The method devised by Lisco (1967) is adopted in the present analysis to derive the 
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value of time for each income class.  For commuters with annual income up to $35,000, 

the value of time is estimated from the function shown in Figure 5.3, which has a slope 

of 0.143.  Using this relation, the value of time for Income Class 4 can be derived as:  

Estimated average hourly wage rate  $16.25 

(1)  mean annual income  $32,500 

(2) mean annual income * slope of Y $32,500*0.143 = 0.464 

(3) average hourly wage rate*(2) $16.25*0.464 = $7.54/hr 

Thus, the value of time for Income Class 4 is $7.54 per hour. 

 

Figure 5.3 Proportion of wage rate for commuters with annual income up 
to $35,000 

For commuters with annual income above $35,000, the value of time is taken as 50% of 

the average hourly wage rate.  For instance, the estimated average hourly wage rate for 

Income Class 12 is $40 per hour.  Therefore the value of time for this class is about $20 

per hour.  Figure 5.4 shows the approximate values of time for each of the twelve 

income classes given in Table 5.1.  The lowest income stratum values an hour of travel 

time at about $2 while the highest income stratum values travel time at approximately 

$20. 
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Figure 5.4 Values of time for the 12 income classes1 

The value of time for each of the 12 income classes given in Figure 5.4 is applied in the 

analysis that treats commuters’ heterogeneity with respect to their valuation of the 

travel time savings from toll charges.  For the identical user analysis, an average value 

of time for each demand mix or combination is obtained using the expression in 

Equation 5.7, and the results are summarised in Table 5.2. 
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where Tok is the demand for morning peak travel by income class at the unpriced 

equilibrium and θk is the value of time by income class. 

Table 5.2 Average values of time for the four demand mixes 

Demand Mix Average Value of Time, θavg 
($/hr) 

Demand 50/30/20 9.52 
Demand 35/35/30 11.00 
Demand 20/40/40 12.66 
Demand 10/20/70 14.65 

 

                                                 
1  The value of time distribution is non linear not only because the intervals are unequal but also because 

the average wage rates use different number of hours worked for incomes $20,000 and below.  
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5.4 SUPPLY  

5.4.1 Description of the Network  

The corridor model features one origin and one destination linked by two parallel routes 

that can differ in capacity and free-flow travel time.  The model and its operating 

features are shown in Figure 5.5.  The link cost functions are assumed to be of the BPR 

type, and are further described in the next section.  The Arterial Route, which is a free 

route under second best and profit maximising pricing policies, is typical of an urban 

arterial road with interrupted flow.  It has a posted speed limit of 60 kph, and thus 

allows an unimpeded travel time of 1 minute per km, or 18 minutes for the corridor 

journey.  The Express Route, on the other hand, is typical of an urban expressway and 

has a posted speed limit of 80 kph.  Unimpeded journey time, therefore, is 12 minutes. 

The Express Route not only provides faster travel than the Arterial Route, but also is 

shorter by 2 km.  Travel time along this route is therefore quicker by 6 minutes.  Given 

the time differential between the routes, and in the absence of toll fees, rush hour 

commuters would rationally choose the Express Route up to the point where corridor 

journey time is no better than travelling on the Arterial Route.  Equilibrium is achieved 

when travel times are equalised between the two routes, so that no single user can 

further minimise his or her journey time by switching routes (following Wardrop’s first 

principle described earlier in Chapter 4, Section 4.1.1).  With commuters only acting in 

their self interest, which is to minimise travel time, such an equilibrium would result in 

under utilisation of the Arterial Route while the Express Route would operate at near 

capacity.  Rationing by congestion is thus inefficient for this network. 

The corridor network in Figure 5.5 typifies the problem raised by Pigou (1920) in his 

classic two-route problem, where he pointed out the need for an externality tax on the 

faster route in order to coerce users to take the underutilised alternative route.  As 

described in Chapter 2, a congestion fee is required to make commuters internalise the 

social cost of their trips.  The congestion charge would then bring about an efficient use 

of scarce capacity by optimally redistributing traffic.   
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Figure 5.5 Attributes of corridor network 

5.4.2 Performance Function  

As discussed in Chapter 2 (Section 2.3.1) and in Chapter 3 (Section 3.5.1), for each link 

in the network, a link service function, or volume delay curve describes the relationship 

between travel time on the link and the flow on the link.  A link service function 

proposed by the Bureau of Public Roads (BPR, 1964) is frequently adopted in practice, 

and the model parameters α = 0.15 and β = 4.0, which appeared in the original 

publication, are usually employed.  The BPR formula is expressed in the relation: 
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where t =  travel time on a link (min) 

 to = free-flow travel time on a link (min) 

 V = the traffic flow or demand on a link (vph) 

 Q = is either the “practical” or “ultimate” capacity of a link (vph) 

 α and β = are parameters and are often set at 0.15 and 4.0, respectively 

The corridor traffic assignments in this example use different values for α and β, which 

are equal to 0.6 and 3.0, respectively.  Taylor and Taplin (1998) use these parameter 

values in their optimal toll pricing simulation.  In addition, the parameter Q refers to the 

“ultimate” capacity of a link.  Sensitivity tests for the effects of different values of α, β 

and Q are described earlier in Chapter 2 (Section 2.3.1) and in Chapter 6 (Section 

6.3.3). 

Express Route

Arterial Route

Capacity   = 1500 vph            α = 0.60
Length      = 18 km                 β = 3.0
Speed       = 60 kph

Capacity   = 3000 vph            α = 0.60
Length      = 16 km                 β = 3.0
Speed       = 80 kph
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5.5 EQUILIBRATION OF DEMAND AND SUPPLY 

Equilibration of demand for travel along the corridor and supply of road capacity under 

various charging regimes follows Wardrop’s user and system optimised solutions 

discussed in Chapter 4.  The optimal tolls for the various pricing objectives and 

charging regimes are determined using the relations expressed in Table 4.3 in Chapter 

4, Section 4.4.5, which is reproduced below. 

Pricing Regime Toll Route Cost  Free Route Cost  Equilibrium Solution 

First best (FB) TTVTc φ+)(  FFVFc φ+)(  System optimal 

Second best (SB) τ+)( TVTc  )( FVFc  System and user 
optimal 

Profit maximising 
(PM) 

µ+)( TVTc  )( FVFc  System and user 
optimal 

No Toll (NT) )( TVTc  )( FVFc  User optimal 

 

The equilibrium solutions for the route choice with non-identical travellers follows the 

model framework in Chapter 4, Section 4.5.  The simulations of the various cases 

described in Section 5.6 have been carried out with a widely used transportation 

planning suite known as EMME/2 (INRO Consultants Inc, 1998).    

5.6 CASES MODELLED 

As described in the introduction, the various cases modelled in this section are designed 

to partly address the following issues raised in Chapter 1: 

(i) How large are the efficiency gains from partial pricing? 

(ii) How much does a realistic representation of the heterogeneity of driver 

valuations of time saving from toll charges affect welfare?  

(iii) How sensitive are the optimal toll estimates to changes in the parameter values 

of the supply performance function? 

To shed light on the above issues, the scenarios modelled encompass the following four 

dimensions: demand mixes, commuter heterogeneity in value of time, pricing regimes 

and elasticity of travel demand to generalised travel cost.  Figure 5.6 shows a visual 

representation of these dimensions. 
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Figure 5.6 Schematic representation of the different scenarios modelled 

On the issue of efficiency gains from partial pricing, the three pricing regimes 

considered are first best (FB), second best (SB), and profit maximising (PM).  Details 

are given in Section 5.2.  The FB regime serves only as a benchmark for measuring the 

efficiency gains from partial pricing regimes (i.e., SB and PM). Efficiency gains, 

discussed in Chapter 3, are analysed under alternative assumptions.  One is that total 

demand is fixed or perfectly price inelastic, so that the only response to a toll is the 

choice of route.  The other alternative is price responsive demand allowing for both 

route diversion and change in total trips. 

Welfare effects are first examined under the assumption that drivers are identical 

(homogeneous) in that they place the same value on travel time and therefore the time 

saving to be made from toll charges.  The second assumption takes the more realistic 

case that drivers react differently to a road price.  Differential responses to a toll are 

reflective of drivers’ ability to pay.  The values of time for both the identical and the 

non-identical drivers are given in Section 5.3.4. 

Each of the four demand mixes (Table 5.1 and in Figure 5.2) represents a different 

distribution of willingness to pay.  As noted in Section 5.3.3, they can be construed as 

four suburbs with different economic profiles.  The purpose is to examine the 

equilibrium solutions and hence the welfare implications for economically divergent 

corridors. 

Identical users
versus

Non-identical Users
Fixed Demand

versus
Variable Demand

First Best Pricing
Second Best Pricing
Profit Maximising

Demand 50/30/20
Demand 35/35/30
Demand 20/40/40
Demand 10/20/70

Demand mix representing
distributions of willingness
to pay:
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Each demand mix requires 12 equilibrium solutions or scenarios.  Table 5.3 presents the 

twelve scenarios for demand comprising 50% low, 30% medium, and 20% high 

incomes (50/30/20).  With four demand combinations, 48 scenarios need to be modelled 

in addition to the no toll scenario.  Additional cases are modelled in Chapter 6 to test 

the sensitivity of the model results described in Section 5.7. 

Table 5.3 Twelve cases modelled for Demand 50/30/20 

 Identical Users Non-identical Users 

Fixed Demand FB SB PM FB SB PM 
Variable Demand FB SB PM FB SB PM 

FB = First Best pricing regime,  SB = Second Best pricing regime,  PM = Profit Maximising pricing regime  

As mentioned in Section 5.4.1, under first best pricing both the Arterial and Express 

routes are priced at the marginal social cost of travel.  On the other hand, only the 

Express Route is priced under second best and profit maximising policies. 

5.7 RESULTS OF NUMERICAL SIMULATIONS 

This section provides an overview of the results for the cases described in Section 5.6 

while analyses of the welfare effects of the simulated cases are presented in Chapter 6.  

In subsection 5.7.1 a comparison of the no toll equilibrium to a standard case is 

discussed.  This is followed by a comparison of the equilibrium outcomes assuming 

identical versus non-identical users. 

Table 5.4 presents the equilibrium outcomes, together with the three economic 

measures (revenues, change in surplus, and efficiency gain) for the extreme demand 

combinations⎯ i.e., demand with predominantly poor and rich residents, demand 

50/30/20 and 10/20/70, respectively.  Table 5.4 also includes the total corridor trips 

under a given equilibrium outcome.  As described in Section 5.6, equilibrium outcomes 

are obtained for the two assumptions of willingness to pay (identical and non-identical 

users) and for the two assumptions of demand elasticity (ε = 0 and ε = -0.40).  Details 

of equilibrium outcomes for all demand combinations are summarised in Tables 5.A.1 

to 5.A.4 in Appendix 5.  Likewise, comparison of the optimal tolls and revenues for the 

three pricing regimes are given in Figures 5.A.1 to 5.A.7. 
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Below are highlights of the equilibrium outcomes in Table 5.4. 

• When corridor demand is unresponsive to price (ε = 0), the benefits from a pricing 

scheme come entirely from traffic re-routing or route switching.  With optimal tolls 

levied on both routes, estimate of the efficiency gain from re-routing would be 

higher when users are assumed heterogeneous.  Similar outcomes are obtained 

when only the Express Route is priced with the welfare maximising toll (i.e., under 

second best).  For the two-route corridor model with fixed demand, it appears that 

distribution of willingness to pay has no significant effect on the proportion of 

benefits from traffic re-routing. 

• The large proportion of benefits derived from traffic re-routing typifies the corridor 

problem, which stems from providing two routes with significantly different route 

characteristics and level of service.  Benefits from re-routing may not be as high 

under different network settings and degree of corridor congestion.  This will be 

explored later in Chapter 6 where sensitivity tests of the parameters and the model 

assumptions are examined. 

• As expected, revenues are much higher with a profit maximising objective.  For 

demand dominated by low-income commuters, the revenue is about 1.75 times that 

of first best pricing with inelastic demand and non-identical users.  Consequently, 

welfare losses are greatest as a private toll operator extracts the consumers’ surplus.  

Estimate of loss in consumers’ surplus are higher with identical users regardless of 

demand elasticity. 

• Toll revenues are higher with first best pricing.  Consequently, welfare losses are 

higher than with second best pricing. 

• The efficiency gains from partial pricing, where only one route is priced optimally, 

yields benefits comparable to what can be achieved under a first best policy.  When 

demand is perfectly price inelastic, benefits from second best pricing are about the 

same as the first best regardless of the willingness to pay distribution.  With price 

responsive demand, the efficiency gains from partial pricing range from 95% to 

98% of the first best when users have different time valuation and about 96% with 

identical time values.  Previous studies found much lower efficiency gains (below 

50%) from second best pricing schemes.  A full discussion, including a comparison 

with results from previous studies is given in Chapter 6. 
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• Finally, the equilibrium solutions in Table 5-4 suggests that road congestion pricing 

may not necessarily be economically bad for low income drivers.  In a pricing 

scheme where drivers are offered the freedom to choose between a premium-priced 

route and a relatively inferior but free alternative route, second best pricing offers 

more or less the best option to low income drivers. 

Table 5.4 Summary outcomes of model simulations representing 
“poor” and “rich” dominated corridors 

ε = 0 ε = -0.40 ε = 0 ε = -0.40 ε = 0 ε = -0.40 ε = 0 ε = -0.40

Trips 3,000 2,757 3,000 2,775 3,000 2,775 3,000 2,775

Toll Revenue ($) 3,546 2,569 5,605 4,227 3,673 2,788 5,656 4,294

Change in Surplus ($) -2,268 -1,175 -3,850 -2,325 -2,766 -1,780 -4,259 -2,741

Efficiency Gain ($) 1,278 1,394 1,755 1,902 907 1,008 1,397 1,553

Trips 3,000 2,991 3,000 2,946 3,000 2,912 3,000 2,912

Toll Revenue ($) 990 1,074 2,242 2,335 1,588 1,625 2,446 2,503

Change in Surplus ($) 288 259 -488 -497 -680 -656 -1,048 -1,011

Efficiency Gain ($) 1,278 1,333 1,755 1,838 907 969 1,398 1,492

Trips 3,000 2,635 3,000 2,620 3,000 2,571 3,000 2,571

Toll Revenue ($) 6,208 2,781 8,920 4,445 5,074 2,647 7,812 4,076

Change in Surplus ($) -10,361 -2,589 -19,481 -4,836 -15,336 -3,752 -23,618 -5,778

Efficiency Gain ($) -4,153 193 -10,560 -391 -10,263 -1,105 -15,806 -1,702

Toll on Expressway Only (Second Best)

Toll on Expressway Only (Profit Maximising)

Demand 10/20/70

Non-identical Users Identical Users

Toll on Both Routes (First Best)

Demand 50/30/20 Demand 10/20/70 Demand 50/30/20

 

In the next subsection, the equilibrium outcomes for the no toll scenario and the 

“standard” case are described.  The so-called “standard” case refers to the equilibrium 

assignments where only a single value of time is assumed for each of the four demand 

mixes described in Section 5.6.  Use of a single value of time is quite common practice 

when analysing the benefits from road improvement projects that are well spread 

throughout a metropolitan area. 

5.7.1 No Toll Equilibrium and the Standard Case 

In this section, the no toll equilibrium is compared to the standard case where a single 

value of time is used to evaluate the impacts of tolls. Table 5.5 presents equilibrium 

outcomes for the no toll and standard case scenarios, the no toll results being in the first 

column.  The next three columns give the results from three pricing regimes with 
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perfectly inelastic demand while the last three columns present the pricing outcomes 

with price responsive demand.  It is important to note that all scenarios in Table 5.5 

assume users are identical in time valuation. 

Table 5.5 No toll case and standard case equilibrium solutions using a 
single value of time 

Pricing Regimes[c] First 
Best

Second 
Best[a]

Profit 
Max[b]

First 
Best

Second 
Best[a]

Profit 
Max[b]

Flows on Arterial Route (vph) 174 770 770 2160 673 762 1385

Flows on Express Route (vph) 2826 2230 2230 840 2102 2150 1186

Reduction in Total AM Peak Trips 0 0 0 0 -7.5% -2.9% -14.3%

Toll on Arterial Route ($/veh) 0 0.93 0 0 0.62 0 0

Toll on Express Route ($/veh) 0 1.87 0.95 8.04 1.57 1.01 2.97

Toll on Arterial Route (cents/veh-km) 0 5 0 0 3 0 0

Toll on Express Route (cents/veh-km) 0 12 6 50 10 6 19

Revenues ($) 0 4887 2112 6754 3709 2162 3521

Change in  Surplus ($) 0 -3679 -922 -20402 -2366 -870 -4989

Efficiency Gains or Net Benefit ($)[d] 0 1208 1190 -13648 1344 1292 -1468

Total Congestion Cost ($)[e] 3589 1629 1630 14723 1236 1430 2600

Arterial Route Utilisation (V/C Ratio) 12% 51% 51% 144% 45% 51% 92%

Express Route Utilisation (V/C Ratio) 94% 74% 74% 28% 70% 72% 40%

Speed on Arterial Route 59.9 55.5 55.5 21.5 56.9 55.6 40.8

Speed on Express Route 53.3 64.2 64.2 79.0 66.3 65.5 77.1

Time Saved on Express Route (min) 0 4.50 4.50 38.09 4.50 4.77 14.05

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c] Optimal pricing solutions are the same for all demand mixes

[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to.α.(V/C)^β

Fixed Demand         
(ε = 0)

Variable Demand      
(ε = -0.40)No 

Pricing

 

No toll equilibrium outcomes 

The no toll equilibrium solution is the same for the four demand mixes because every 

commuter minimises travel time.  It is only when tolls are charged that perceived travel 

costs differ according to willingness to pay for the time saving afforded by the toll 

charge.  Thus, heterogeneity in time valuation does not affect the equilibrium solution 

with no toll. 

In the absence of pricing, the user equilibrium yields an inefficient distribution of traffic 

between the two routes.  The Express Route operates at 94% of its capacity but the 

Arterial Route is underutilised (operating only at 12% of capacity).  Consequently, 

travel speed on the Arterial Route is nearly equal to its free flow speed of 60 kph 
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whereas speed on the Express Route drops to 53 kph (about 33% reduction from the 

free speed of 80 kph).  The high usage of the Express Route is inefficient because of the 

large resource cost due to congestion⎯ in excess of three thousand dollars for the 

morning peak hour. 

The inefficient utilisation of corridor capacity described above is the typical problem 

first cited by Pigou (1920) in his classic two-route problem.  The inefficiency arose 

because the alternative route is inferior in quality⎯ i.e., in terms of level of service⎯ 

compared to the favoured route.  To divert some traffic to the inferior route, it is 

necessary to raise the cost of travel along the better route by imposing an additional 

charge.  Thus, for the corridor network, pricing both the Arterial and the Express routes 

or only the Express Route can reduce the high societal loss due to traffic congestion. 

Standard case equilibrium outcomes 

It is assumed that a road authority uses a single value of time (VOT) of $12.66 (the 

VOT of 20/40/40 demand mix in Table 5.2) to evaluate the effects of pricing policies.  

The optimal traffic distribution, optimal tolls, economic measures and other relevant 

information for the standard case (single value of time) scenarios are shown in Table 

5.5.  Apart from the no toll case, the demand scenarios are fixed demand and a demand 

elasticity of –0.40.  In each of these, the three options examined are optimal pricing 

(first best), a toll on the expressway (second best) and a profit maximising option in 

which the express route is treated as a private tollway, with no restriction on what can 

be charged (profit maximisation).  The following paragraphs deal with salient findings. 

Equilibrium traffic distribution 

Optimal tolls cause substantial changes from the no toll equilibrium.  Express Route 

utilisation in both first and second best pricing regimes would fall to 74% from the 94% 

utilisation under a no toll equilibrium.  In contrast, a profit maximising (PM) regime 

would result in extreme underutilisation (about 28% with fixed demand and 40% with 

variable demand).  Such an excessive exercise of monopoly power by a private toll 

operator would not be permitted in reality. 

With a completely price unresponsive demand, optimal traffic distribution would be the 

same for first and second best charging regimes.  This is because the one-route 
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congestion charge is derived to achieve an optimal allocation of traffic between the two 

routes: the second best toll is designed to eliminate the deadweight loss of traffic 

congestion, as is the first best policy.  On the other hand, different optimal traffic 

patterns are observed when demand is price responsive.  Tolling only the Express Route 

would cause fewer drivers to seek alternative arrangements to driving (about 3%) 

compared to 7.5% being tolled off when both routes are optimally priced at the 

marginal cost of congestion. 

With a single value of time, traffic distribution from optimal pricing would be the same 

for all four demand mixes.  In effect the equilibrium solutions fail to capture the 

differing abilities to pay among commuters in economically diverse corridors. The 

shortcomings of adopting a single value of time when toll charges are to be introduced 

in areas with different socio-economic profiles and heterogeneous time valuations are 

shown in the next section. 

Tolls and revenues  

Although both first and second best policies achieved the same traffic distribution, the 

optimal tolls are different.  In a second best policy, only the Express Route is priced.  

The Express toll is about half of the first best toll when demand is fixed and over 50% 

of the first best with price responsive demand.  The relatively higher one-route toll 

under a variable demand assignment accounts for the spillover effects as discussed in 

Section 4.4.2 (refer Equation 4.3h). 

Consequently, revenues from optimal charges are different for the two policies, with 

first best pricing yielding higher revenues (more than 50% above the revenues from the 

second best policy). 

For the profit maximising regime, the unregulated toll operator would charge more than 

4 times the optimal charge under a first best policy with completely inelastic demand.  

The resulting toll revenues, however, would only be 1.4 times the first best revenues, as 

little traffic would be attracted to the Express Route due to its excessive toll.  

Consequently, congestion delay would markedly increase on the free Arterial route 

resulting in higher congestion cost on the corridor than without any pricing (about 4 

times the base congestion cost).  This highly inefficient outcome would make 

consumers far worse off than with no pricing. 
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When total demand is price responsive, the toll under a profit maximising regime is 

much lower so that route utilisation is improved, although the Express Route is still 

underutilised at 40% of its capacity.  The improved traffic allocation yields lower 

congestion cost relative to the no toll case. The profit maximising toll causes some 

commuters (about 14.3%) to use alternative arrangements for their rush hour travel. 

Net benefits from tolling 

The higher revenues from the first best policy mean greater losses by road users (both 

those who are tolled off and those who pay the toll).  However, there is a larger 

efficiency gain from the first best policy than from the second best.  This is due to the 

inefficiency of leaving one route free of charge, resulting in some deadweight loss that 

is not internalised. Nevertheless, the efficiency gain from second best pricing is about 

98.5% of the first best with demand fixed and 96.1% with variable demand.  Of this 

efficiency gain, about 92% comes from traffic re-routing.  As discussed earlier, the 

efficiency gains obtained from the corridor network are much higher than the values 

obtained from previous studies.  A full discussion of this issue is deferred to Chapter 6. 

Profit maximising leads to an overall negative benefit, with a much bigger net loss 

when demand is perfectly price inelastic (about 9 times the loss with variable demand). 

Detailed analysis on the welfare effects from the various charging regimes is presented 

in Chapter 6. 

5.7.2 Equilibrium Outcomes with Identical versus Non-identical Users 

This section presents a comparison of the equilibrium outcomes under different 

assumptions of willingness to pay.  The standard case described in Section 5.7.1 is 

extended in two ways.  The first extension retains the homogeneity assumption, as in 

the standard case, except that the road authority now correctly determines the average 

value of time for each of the four demand mixes.  In other words, the road authority 

now recognises that in a poor-dominated corridor (Demand 50/30/20) the average value 

of time is $9.52 per hour while in a rich-dominated corridor the road authority correctly 

determines the average value of time to be $14.65 per hour (refer to Table 5.2 for the 

average value of time for all four demand mixes).  The resulting equilibrium solutions 

using the correct average value of time for each demand mix are summarised in 
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appendix Table 5.A.1 for the fixed demand cases and in Table 5.A.2 for the variable 

demand cases. 

The second extension to the standard case is to treat users as heterogeneous.  In this 

non-identical case, the road authority uses willingness to pay by different income 

classes to analyse the optimal traffic distribution in each of the four assumed corridors 

(i.e., represented by the demand mixes) instead of using an average value of time for 

each demand mix.  Results of the simulations are summarised in Table 5.A.3 for the 

fixed demand cases and in Table 5.A.4 for the variable demand cases.  Comparison of 

the optimal tolls and revenues for the three pricing regimes are given in Figures 5.A.1 to 

5.A.7.  The next sub-section compares the equilibrium outcomes of the simulations. 

Traffic Distribution 

For ease in comparing the effects of heterogeneity in value of time for the various 

charging regimes and distributions of willingness to pay, a traffic flow index is used 

with the equilibrium flows in the identical case having an index of 100.  This is shown 

in Table 5.6. 

Second best and profit maximising regimes with product differentiation appear to have 

opposite effects when commuters are assumed to have identical time values.  Total toll 

route traffic tends to be higher under second best and lower under profit maximising 

than when users are taken to have heterogeneous time values. 

In other words, the homogeneous treatment would be likely to underestimate Arterial 

Route traffic while overestimating traffic on the Express Route.  In practice, it is 

common to find toll road traffic falling short of predictions.  The homogeneous time 

value assumption seems a plausible explanation of such overestimation of toll road 

traffic.  Another possible explanation in overestimating toll road traffic is a skewed 

distribution of the value of travel time savings (VTTS), i.e., only a minority of drivers 

might have high VTTS whereas the majority may have low values.  An average VTTS 

might be the same, but predictions of response to congestion prices will be different.  

This topic is beyond the purpose of this thesis, but it is another research direction 

regarding VTTS and road pricing. 

When demand is responsive to toll charges and users are assumed to have identical time 

values, the underestimation of Arterial Route traffic tends to be greater under second 
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best.  In contrast, under a profit maximising regime, the overestimation of Arterial 

Route traffic tends to be less for price responsive demand. 

Table 5.6 Comparison of equilibrium traffic volumes resulting from various 
charging regimes under different assumption of user 

heterogeneity  

 

When socio-economic characteristics among suburbs are significantly different, it is 

appropriate to treat commuters as having unequal time values. Low-income users would 

prefer the toll free Arterial route to avoid paying the toll.  Consequently, predicted 

traffic on the untolled Arterial route is relatively high for a demand mix with 50% low, 

30% medium and 20% high income.  Use of the Arterial decreases when the demand 

mix is dominated by high-income commuters.  In other words, treating commuters as 

homogeneous would result in greater overestimation of toll route traffic in poor-

dominated corridors. 

Tolls 

Unlike the pattern of optimal flows for the identical user assignments, optimal tolls rise 

with increasing average value of time.  Except for the second best regime, the efficient 

tolls are significantly lower with price elastic demand.  This pattern is similar for both 

identical and non-identical user assumptions. 

Variable Demand, ε=-0.40 Arterial Express Arterial Express Arterial Express
Demand 50/30/20 108.8 96.3 115.1 98.3 102.2 102.8
Demand 35/35/30 106.2 97.4 111.1 99.0 98.5 108.0
Demand 20/40/40 105.2 97.9 109.3 99.3 99.9 105.3
Demand 10/20/70 102.3 99.2 104.5 100.0 98.4 106.0

Fixed Demand, ε=0

Demand 50/30/20 107.0 97.6 107.0 97.6 92.7 118.8
Demand 35/35/30 105.1 98.3 105.1 98.3 94.2 114.9
Demand 20/40/40 104.0 98.6 104.0 98.6 93.1 117.9
Demand 10/20/70 101.6 99.5 101.6 99.5 95.5 111.7

Variable Demand, ε=-0.40
(Total AM Peak Trips) First Best

Second
Best

Profit
Maximising

Demand 50/30/20 99.3 102.7 102.5
Demand 35/35/30 99.5 102.2 102.9
Demand 20/40/40 99.7 101.9 102.4
Demand 10/20/70 100.0 101.2 101.9

First Best Second Best Profit Maximising

Traffic Volumes Index with Identical User Equilibrium Flows = 100
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The pattern of toll estimates is similar for fixed and variable demands except that the 

profit maximising and first best tolls are higher with fixed demand.  Profit maximising 

gives a much higher toll when total demand is unresponsive to price.  The identical user 

assumption leads to underestimation of such higher tolls. 

Welfare maximising tolls on the Express Route are lower with heterogeneous users for 

both fixed and variable demand.  The difference under first best with variable demand is 

about 11% less for demand 50/30/20, 8% for 35/35/30, 6% for 20/40/40 and 2% for 

10/20/70.  There is an even greater difference under second best with 33% less toll for 

demand 50/30/20, 22% for 35/35/30, 18% for 20/40/40 and 7% for 10/20/70.  

Comparable differences in toll estimates are obtained for fixed demand assignments. 

These results highlight the shortcoming of the homogeneous assumption in dealing with 

the impacts of product differentiation. The large toll revenues imply a large loss of 

consumers’ surplus as will be shown in Chapter 6. 

5.7.3 Price Elasticity of Demand by Income Class 

Non-identical commuter time values imply differing price elasticities of demand with 

respect to generalised cost.  This can be demonstrated with a simple example.  Assume 

there are 100 peak hour commuters in each of the twelve classes.  In the absence of a 

toll, travel cost is only the travel time of 10 minutes.  A $1 toll would increase travel 

cost by $1, in addition to the 10-minute time cost.  An overall demand elasticity of –

0.40 is assumed. Demands after the toll is imposed, and the consequent price elasticity 

by income class, have been determined for identical and non-identical users and are 

shown in Figure 5.7. 

It is apparent from Figure 5.7 that taking account of differential responses to a toll 

charge is consistent with actual travel behaviour.  Low-income drivers would be more 

price sensitive than high-income drivers.  Failure to capture these differing price 

responses has a significant impact on welfare estimates as will be shown in Chapter 6. 
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Figure 5.7 Price elasticity of demand by income class for a $1 toll 
 

5.7.4 Link-based versus Path-based Approach to Consumer Surplus 
Measure 

The “rule-of-a-half” given in Equation 3.1 is used to determine the change in consumer 

surplus from the no toll scenario.  The change in consumer surplus resulting from a 

pricing scheme can be measured for each individual link, and the results summed to 

provide the network-wide measures.  The approach, as described in BTCE (1995), is 

based on the assumption of identical time value users. 

This section examines the applicability of such a link-based measure of the change in 

consumer surplus when users have differing abilities to pay. The link-based measure is 

compared with results from a path-based approach which reflects the equilibrium cost 

between an OD pair. 

A comparison for the extreme income groups (Class 1 and Class 12) is shown in Figure 

5.8.  The network attributes are the outcomes from equilibrium assignments with non-

identical users.  The Vi’s are the link or path flows while the Ci’s are the generalised link 

or path costs.  Network data for the identical user assignments are not shown, but the 

calculated consumers’ surpluses are given in Table 5.7. 
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(a) No toll

TA =18.02 min        V1   =   5     C1 = $ 0.60

τA = 0                      V12 = 33     C12 = $ 6.01

TE =18.02 min        V1   =   85     C1 = $ 0.60

τE = 0                      V12 = 537     C12 = $ 6.01

(b) Toll on the Expressway

TA =19.85 min        V1   =   87     C1 = $ 0.66

τA = 0                      V12 =     0     C12 = $ 6.62

TE =14. 60 min        V1  =    0     C1 = $ 1.31

τE = $0.82               V12 = 583    C12 = $ 5.69
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Expressway
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(a) No toll

TA =18.02 min        V1   =   5     C1 = $ 0.60

τA = 0                      V12 = 33     C12 = $ 6.01

TE =18.02 min        V1   =   85     C1 = $ 0.60

τE = 0                      V12 = 537     C12 = $ 6.01

(b) Toll on the Expressway

TA =19.85 min        V1   =   87     C1 = $ 0.66

τA = 0                      V12 =     0     C12 = $ 6.62

TE =14. 60 min        V1  =    0     C1 = $ 1.31

τE = $0.82               V12 = 583    C12 = $ 5.69
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Figure 5.8 Travel times, flows and perceived generalised travel cost for 
Income Class 1 and 12 (assuming non-identical users) 

 

Table 5.7 Link versus path-based measure of the effect of a toll on 
consumers surplus for Income Class 1 and 12 

  Link-Based Path-Based 

Class Value of 
Time 
($/hr) 

Arterial 
($) 

Express 
($) 

Aggregate 
($) 

Path1[a] 

($) 
Path2[b] 

($) 
Aggregate 
($) 

Non-identical Users 

1 2.01 -3 -30 -33 -3 -3 -6 
12 20.00 -10 178 168 5 179 184 

Identical Users 

1 12.66 -4 -22 -26 -4 -22 -26 
12 12.66 -26 -139 -166 -26 -139 -166 
[a]  Path 1 is the Arterial Route 
[b]  Path 2 is the Express Route 

In the absence of a toll, the perceived cost by each income class is the same for the 

Arterial and the Express Routes.  At this equilibrium, each income group uses both 

routes.  When a toll of $0.82 is charged on the Express Route, the generalised travel 

cost for Class 1 commuters would greatly increase thereby forcing them to use only the 

Arterial Route.  In contrast, the time differential of 5 minutes would bring substantial 

reduction in travel cost for Class 12 users.  At equilibrium, a complete segregation by 

income class occurs.  From the equilibrium costs, the change in consumers’ surplus by 

income group is determined. 

As shown in Table 5.7, the estimated changes in consumers’ surplus would be equal for 

link and path-based methods if users were identical in time valuation.  This is not the 
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case for non-identical time values.  A link-based approach would tend to overestimate 

the losses for low-income commuters while the opposite would occur for high-incomes.  

Aggregating over the 12 income classes, the link-based approach would overestimate 

the lost surplus by a factor of 2.8. 

Second Best-Demand 20/40/40: ε = -0.40 
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Figure 5.9 Link versus path-based measure of average consumer surplus by 
income class 

 

The example indicates that for value of time VOTi < VOTcritical, the link-based estimate 

of the change in consumer surplus, ∆S, will be larger.  In other words, the lost surplus 

for low-income users will be higher.  On the other hand, when VOTi > VOTcritical, the 

link-based estimate of ∆S will be lower although the underestimation is less pronounced 

than those with VOTi below the critical VOT.  This is shown in Figure 5.9 for the 12 

income classes.  Here the VOTcritical occurs at Income Class 5. 

In summary, there are two important points to note from Table 5.7 and Figure 5.8.  One 

is the inapplicability of the link-based approach to measure the change in consumers’ 

surplus in the real world case of users being heterogeneous in time valuation.  The other 

point is the failure of the identical user treatment to reflect the change in surplus based 

on consumers’ differing money-time trade-offs. 
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5.8 SUMMARY 

In Chapter 5 a corridor model has been used to demonstrate the need to recognise the 

heterogeneity of time valuations.  Several scenarios have been used to demonstrate the 

advantage of recognising heterogeneity in time saving valuations, to explore pricing 

regimes and to address the size of efficiency gains from partial pricing. 

Three pricing regimes are considered but the first best serves only as benchmark for 

measuring the efficiency gains from partial pricing. Efficiency gains are analysed under 

alternative assumptions. One is fixed or perfectly price inelastic total demand, so that 

the only response to a toll charge is in the choice of route.  The second alternative is 

variable or price responsive demand allowing for both route diversion and change in 

total trips.   

These are the major findings from the various equilibrium scenarios: 

• When corridor demand is unresponsive to price (ε = 0), the benefits from a pricing 

scheme come entirely from traffic re-routing or route switching.  With optimal tolls 

levied on both routes, estimate of the efficiency gain from re-routing would be 

higher when users are assumed heterogeneous.  Similar outcomes are obtained 

when only the Express Route is priced with the welfare maximising toll (i.e., under 

second best).  For the two-route corridor model with fixed demand, it appears that 

distribution of willingness to pay has no significant effect on the proportion of 

benefits from traffic re-routing. 

• The large benefits from traffic re-routing stem from providing two routes with 

significantly different characteristics and service levels.  Benefits from re-routing 

may not be as high under different network settings and degrees of corridor 

congestion. 

• As expected, revenues are much higher with a profit maximising objective.  If 

demand is dominated by low-income commuters then the revenue is about 1.75 

times that of first best pricing with inelastic demand and non-identical users.  

Consequently, welfare losses are greatest as a private toll operator extracts the 

consumers’ surplus. 

• Toll revenues are higher with first best pricing.  Consequently, welfare losses are 

higher than with second best pricing. 
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• The efficiency gains from partial pricing, where only one route is priced optimally, 

yields benefits comparable to what can be achieved under a first best policy.  When 

total demand is perfectly price inelastic, benefits from second best pricing are about 

the same as from first best regardless of the willingness to pay distribution.  With 

price responsive demand, the efficiency gains from partial pricing range from 95% 

to 98% of the first best when users have different time valuations and about 96% 

with identical time values.  This significant outcome depends on the assumptions 

and contrasts with previous studies which found much lower efficiency gains 

(below 50%) from second best pricing schemes. 

• The equilibrium solutions suggest that road congestion pricing is not necessarily a 

disadvantage for low income drivers.  In a pricing scheme where drivers are offered 

the freedom to choose between a premium-priced route and a relatively inferior but 

free alternative, second best pricing offers more or less the best option to low 

income drivers. 

• Analysis of the price elasticity of demand indicates that treating commuter 

responses to a toll as being differentiated is consistent with actual travel behaviour.  

Low-income drivers would be more sensitive to price increases than high-income 

drivers.  Thus, failure to capture commuters’ differing price elasticities would have 

a significant impact on welfare estimates. 

• A comparative analysis of link-based and path-based approaches to the 

measurement of consumer surplus suggests that the heterogeneity of time valuations 

makes the link-based approach inappropriate for this purpose.  In addition, the 

identical user assumption would fail to reflect the change in consumers’ surplus 

based on consumers differing money-time trade-offs. 
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APPENDIX 5 

Details of equilibrium outcomes for the numerical simulations of the cases described in 

Section 5.6 are summarised in Tables 5.A.1 to 4.  The first two tables present the results 

for the identical user assignment while the last two tables summarise the non-identical 

cases.  These tables extend Table 5.4 to different average values of time in both the 

fixed and price responsive demand cases and for all demand mixes. 

Table 5.A.1 Fixed demand: performance of different toll regimes assuming 
identical users 

No 
Toll

Pricing Regimes
No 

Pricing
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb

Flows on Arterial Route (vph) 174 770 770 2160 770 770 2160 770 770 2160 770 770 2160

Flows on Express Route (vph) 2826 2230 2230 840 2230 2230 840 2230 2230 840 2230 2230 840

Reduction in Total AM Peak Trips 0 0 0 0 0 0 0 0 0 0 0 0 0

Toll on Arterial Route ($/veh) 0 0.70 0 0 0.80 0 0 0.93 0 0 1.07 0 0

Toll on Express Route ($/veh) 0 1.41 0.71 6.04 1.63 0.82 6.98 1.87 0.95 8.04 2.17 1.10 9.30

Toll on Arterial (cents/veh-km) 0 4 0 0 4 0 0 5 0 0 6 0 0

Toll on Express (cents/veh-km) 0 9 4 38 10 5 44 12 6 50 14 7 58

Revenues ($) 0 3673 1588 5074 4244 1835 5863 4887 2112 6754 5656 2446 7812

Change in Aggregate Surplus ($) 0 -2766 -680 -15336 -3196 -786 -17724 -3679 -922 -20402 -4259 -1048 -23618

Efficiency Gains or Net Benefit ($)[d] 907 907 -10263 1048 1049 -11861 1208 1190 -13648 1397 1398 -15806

Total Congestion Cost ($)[e] * 1224 1224 11068 1415 1415 12791 1629 1630 14723 1885 1885 17044

Arterial  Utilisation (V/C Ratio) 12% 51% 51% 144% 51% 51% 144% 51% 51% 144% 51% 51% 144%

Express Utilisation (V/C Ratio) 94% 74% 74% 28% 74% 74% 28% 74% 74% 28% 74% 74% 28%

Speed on Arterial Route (kph) 59.9 55.5 55.5 21.5 55.5 55.5 21.5 55.5 55.5 21.5 55.5 55.5 21.5

Speed on Express Route (kph) 53.3 64.2 64.2 79.0 64.2 64.2 79.0 64.2 64.2 79.0 64.2 64.2 79.0

Time Saved on Express Route (min) 0 4.50 4.50 38.09 4.50 4.50 38.09 4.50 4.50 38.09 4.50 4.50 38.09

* Congestion Cost Under No Pricing for each demand type

VOT=$9.52/hr  (Demand 50/30/20) 2698

VOT=$11.00/hr (Demand 35/35/30) 3118

VOT=$12.66/hr (Demand 20/40/40) 3589

VOT=$14.65/hr (Demand 10/20/70) 4155

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c]  Each of the 12 income classes has a different value of time
[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to. .(V/C)^

VOTc=$14.65 
(Demand 10/20/70)

VOTc=$9.52 
(Demand 50/30/20)

VOTc=$11.00 
(Demand 35/35/30)

VOTc=$12.66 
(Demand 20/40/40)
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Table 5.A.2 Variable demand: performance of different toll regimes assuming 
identical users 

No 
Toll 

Pricing Regimes
No 

Pricing
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb

Flows on Arterial Route (vph) 174 673 762 1385 673 762 1385 673 762 1385 673 762 1385

Flows on Express Route (vph) 2826 2102 2150 1186 2102 2150 1186 2102 2150 1186 2102 2150 1186

Reduction in Total AM Peak Trips 0 -7.5% -2.9% -14.3% -7.5% -2.9% -14.3% -7.5% -2.9% -14.3% -7.5% -2.9% -14.3%

Toll on Arterial Route ($/veh) 0 0.46 0 0 0.54 0 0 0.62 0 0 0.71 0 0

Toll on Express Route ($/veh) 0 1.18 0.76 2.23 1.36 0.87 2.58 1.57 1.01 2.97 1.81 1.16 3.44

Toll on Arterial (cents/veh-km) 0 3 0 0 3 0 0 3 0 0 4 0 0

Toll on Express (cents/veh-km) 0 7 5 14 9 5 16 10 6 19 11 7 21

Revenues ($) 0 2788 1625 2647 3222 1878 3059 3709 2162 3521 4294 2503 4076

Change in Aggregate Surplus ($) 0 -1780 -656 -3752 -2057 -758 -4336 -2366 -870 -4990 -2741 -1011 -5778

Efficiency Gains or Net Benefit ($)[d] 0 1008 969 -1105 1165 1120 -1277 1344 1292 -1469 1553 1492 -1702

Total Congestion Cost ($)[e] * 929 1075 1950 1074 1242 2253 1236 1430 2600 1431 1655 3002

Arterial  Utilisation (V/C Ratio) 12% 45% 51% 92% 45% 51% 92% 45% 51% 92% 45% 51% 92%

Express Utilisation (V/C Ratio) 94% 70% 72% 40% 70% 72% 40% 70% 72% 40% 70% 72% 40%

Speed on Arterial Route (kph) 59.9 56.9 55.6 40.8 56.9 55.6 40.8 56.9 55.6 40.8 56.9 55.6 40.8

Speed on Express Route (kph) 53.3 66.3 65.5 77.1 66.3 65.5 77.1 66.3 65.5 77.1 66.3 65.5 77.1

Time Saved in Express Route (min) 0 4.50 4.77 14.05 4.50 4.77 14.05 4.50 4.77 14.05 4.50 4.77 14.05

* Congestion Cost Under No Pricing for each demand type

VOT=$9.52/hr  (Demand 50/30/20) 2698

VOT=$11.00/hr (Demand 35/35/30) 3118

VOT=$12.66/hr (Demand 20/40/40) 3589

VOT=$14.65/hr (Demand 10/20/70) 4155

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c]  VOT means weighted average value of time
[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to.η.(V/C)^η

VOTc=$14.65 
(Demand 10/20/70)

VOTc=$9.52 
(Demand 50/30/20)

VOTc=$11.00 
(Demand 35/35/30)

VOTc=$12.66 
(Demand 20/40/40)
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Table 5.A.3 Fixed demand: performance of different toll regimes assuming non-
identical users (each of the 12 income classes has a different time 
value) 

No 
Toll

Pricing Regimes
No 

Pricing
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb

Flows on Arterial Route (vph) 174 824 824 2002 809 809 2035 801 801 2010 782 782 2062

Flows on Express Route (vph) 2826 2176 2176 998 2191 2191 965 2199 2199 990 2218 2218 938

Reduction in Total AM Peak Trips 0 0 0 0 0 0 0 0 0 0 0 0 0

Toll on Arterial Route ($/veh) 0 0.85 0 0 0.93 0 0 1.04 0 0 1.12 0 0

Toll on Express Route ($/veh) 0 1.31 0.46 6.22 1.54 0.61 7.16 1.80 0.75 8.26 2.13 1.01 9.51

Toll on Arterial (cents/veh-km) 0 5 0 0 5 0 0 6 0 0 6 0 0

Toll on Express (cents/veh-km) 0 8 3 39 10 4 45 11 5 52 13 6 59

Revenues ($) 0 3546 990 6208 4133 1337 6909 4781 1658 8177 5605 2242 8920

Change in Aggregate Surplus ($) 0 -2268 288 -10361 -2679 115 -12838 -3167 -45 -14960 -3850 -488 -19481

Efficiency Gains or Net Benefit ($)[d] 1278 1278 -4153 1453 1451 -5929 1614 1613 -6782 1755 1755 -10560

Total Congestion Cost ($)[e] * 1255 1255 5704 1471 1471 7565 1695 1695 8616 1976 1976 12342

Arterial  Utilisation (V/C Ratio) 12% 55% 55% 133% 54% 54% 136% 53% 53% 134% 52% 52% 137%

Express Utilisation (V/C Ratio) 94% 73% 73% 33% 73% 73% 32% 73% 73% 33% 74% 74% 31%

Speed on Arterial Route (kph) 59.9 54.6 54.6 24.7 54.8 54.8 24.0 55.0 55.0 24.6 55.3 55.3 23.5

Speed on Express Route (kph) 53.3 65.1 65.1 78.3 64.8 64.8 78.4 64.7 64.7 78.3 64.4 64.4 78.6

Time Saved on Express Route (min) 0.00 5.04 5.04 31.41 4.89 4.89 32.73 4.81 4.81 31.73 4.62 4.62 33.84

* Congestion Cost Under No Pricing for each demand type

Demand 50/30/20 2698

Demand 35/35/30 3118

Demand 20/40/40 3589

Demand 10/20/70 4155

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c]  Each of the 12 income classes has a different value of time
[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to. .(V/C)^

Demand 50/30/20[c] Demand 35/35/30[c] Demand 20/40/40[c] Demand 10/20/70[c]
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Table 5.A.4 Variable demand: performance of different toll regimes assuming 
non-identical users (each of the 12 income classes has a different 
time value) 

No 
Toll

Pricing Regimes
No 

Pricing
First 
Best

Second 

Best[a]

Profit 

Max[b]
First 
Best

Second 

Best[a]

Profit 

Max[b]
First 
Best

Second 

Best[a]

Profit 

Max[b]
First 
Best

Second 

Best[a]

Profit 

Max[b]

Flows on Arterial Route (vph) 174 732 877 1416 715 846 1364 708 833 1384 689 796 1363

Flows on Express Route (vph) 2826 2025 2114 1219 2047 2129 1281 2058 2135 1249 2086 2150 1257

Reduction in Total AM Peak Trips 0 -8.1% -0.3% -12.2% -7.9% -0.8% -11.8% -7.8% -1.1% -12.2% -7.5% -1.8% -12.7%

Toll on Arterial Route ($/veh) 0 0.60 0 0 0.64 0 0 0.72 0 0 0.77 0 0

Toll on Express Route ($/veh) 0 1.05 0.51 2.28 1.26 0.68 2.68 1.47 0.82 3.06 1.77 1.09 3.54

Toll on Arterial (cents/veh-km) 0 3 0 0 4 0 0 4 0 0 4 0 0

Toll on Express (cents/veh-km) 0 7 3 14 8 4 17 9 5 19 11 7 22

Revenues ($) 0 2569 1074 2781 3033 1448 3438 3537 1756 3817 4227 2335 4445

Change in Aggregate Surplus ($) 0 -1175 259 -2589 -1457 73 -3107 -1788 -44 -3808 -2325 -497 -4836

Efficiency Gains or Net Benefit ($)[d] 0 1394 1333 193 1576 1521 330 1749 1712 9 1902 1838 -391

Total Congestion Cost ($)[e] * 955 1193 1385 1126 1376 1477 1298 1572 1905 1521 1792 2343

Arterial  Utilisation (V/C Ratio) 12% 49% 58% 94% 48% 56% 91% 47% 56% 92% 46% 53% 91%

Express Utilisation (V/C Ratio) 94% 67% 70% 41% 68% 71% 43% 69% 71% 42% 70% 72% 42%

Speed on Arterial Route (kph) 59.9 56.1 53.9 39.9 56.3 54.4 41.3 56.4 54.6 40.8 56.7 55.1 41.4

Speed on Express Route (kph) 53.3 67.6 66.4 76.9 67.2 66.1 76.4 67.0 65.9 76.7 66.6 65.5 76.6

Time Saved on Express Route (min) 0 5.04 5.64 14.60 4.88 5.36 13.56 4.81 5.25 13.98 4.62 4.96 13.57

* Congestion Cost Under No Pricing for each demand type

Demand 50/30/20 2698

Demand 35/35/30 3118

Demand 20/40/40 3589

Demand 10/20/70 4155

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c]  Each of the 12 income classes has a different value of time
[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to. .(V/C)^

Demand 10/20/70[c]Demand 50/30/20[c] Demand 35/35/30[c] Demand 20/40/40[c]
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Figure 5.A.1 Express Route tolls based on average capacity to pay but 
assuming identical users 

 

Figure 5.A.2 Toll revenues based on average capacity to pay but assuming 
identical users 
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(a) Fixed Demand (b) Variable Demand
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Figure 5.A.3 Express Route tolls based on willingness to pay by income 
class (assuming non-identical users) 

(a) Fixed Demand (b) Variable Demand
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Figure 5.A.4 Toll revenues based on willingness to pay by income class 
(assuming non-identical users) 
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(a) Fixed Demand (b) Variable Demand
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Figure 5.A.5 Equilibrium tolls on the Express Route with identical versus 
non-identical users 
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(a) Fixed Demand (b) Variable Demand
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Figure 5.A.6 First best and second best Express Route tolls with identical 
versus non-identical users 
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Figure 5.A.7 Toll revenues with identical versus non-identical users 

 



 

 

CHAPTER SIX 

Corridor Model: Welfare Effects and 
Sensitivity to Assumptions  

In Chapter 5, various cases were modelled to partly address the following issues raised 

in Chapter 1:   

(i) How large are the efficiency gains from partial pricing? 

(ii) How much does a realistic representation of the heterogeneity of driver 

valuations of time saving from toll charges affect welfare?  

(iii) How sensitive are the optimal toll estimates to changes in the parameter values 

of the supply performance function? 

Chapter 5 (Section 5.7) provided an overview of the numerical simulations.  This 

chapter deals with the welfare outcomes of these pricing simulations.  The issue of 

welfare implications from different charging regimes is examined under two 

assumptions of user heterogeneity.  One follows the standard treatment of homogeneous 

or identical users where drivers are assumed to place the same value on travel time and 

therefore the time saving to be made from toll charges.  The other assumption takes the 

more realistic case that drivers react differently to a road price.  Differential responses 

to a toll are reflective of drivers’ ability to pay.   

The efficiency gains from pricing are analysed under two assumptions of price 

responsiveness of total travel demand in the corridor.  One is that demand is fixed or 

perfectly inelastic to a toll.  Thus, the only response to a toll charge is the choice of 

route.  On the other hand, a variable or price responsive demand allows for both route 

diversion and other behavioural responses described in Chapter 1.   

The chapter also analyses the sensitivity of the results to some of the assumptions used 

in the analysis, which include the proportion of corridor capacity that is subjected to 

pricing, inclusion of vehicle operating cost as part of private travel cost, and variations 

in the parameters of the travel cost function.   
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Four different demand combinations are considered where each demand mix represents 

a different distribution of willingness to pay.  As pointed out in Section 5.3.3, the four 

demand combinations can be construed as four suburbs with different economic 

profiles.  The purpose is to examine the equilibrium solutions, and hence the 

implications for welfare, in economically divergent corridors.  Details of demand mixes 

are described in Table 5.1 and in Figure 5.2 in Chapter 5. 

Section 6.1 describes the welfare effects of pricing on different income classes.  This is 

followed with a discussion of the efficiency gains from partial pricing schemes in 

Section 6.2.  Then Section 6.3 reports on sensitivity analyses carried out on the 

parameters and assumptions. Section 6.4 compares the effect of using a discrete 

distribution of time value classes with results obtained with a continuous distribution.  

A summary in Section 6.5 concludes the chapter. 

6.1 WELFARE EFFECTS 

Three measures are examined to evaluate the welfare impacts of tolls on different 

income groups.  These include (1) percentage change in total generalised private cost, 

(2) change in average consumer surplus, and (2) change in average consumer surplus 

after tax recycling.   

Measurement of the change in consumers’ surplus follows the path-based approach 

described in Chapter 3 and in Chapter 5 (Section 5.7.4). ). Selected results from the 

extreme demand mixes are presented in Figures 6.1 to 6.6. One mix is 50% low income, 

30% medium income, 20% high income (50/30/20) and the other is (10/20/70). 

Complete results for all four demand mixes are given in the appendix.   

6.1.1 Percentage Change in Total Generalised Private Cost 

The cost changes when users are not identical are shown in Figures 6.1 and 6.2. The 

percentage changes in total generalised private cost relative to the no toll scenario when 

demand is completely price inelastic are shown in Figure 6.1 and the results for the 

price responsive demand case are presented in Figure 6.2. In each figure, the horizontal 

axis shows the twelve income classes. 
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The percentage change in generalised travel cost varies by income class. Those with 

lower incomes would tend to experience greater increases in travel cost while relatively 

lesser increases for those with higher incomes. The results are discussed under four 

headings. 

Different pricing regimes 

• Pricing generally increases private travel cost.  

• Under a first best policy, the percentage change in total generalised private cost for 

low-income class commuters represents a large proportion of their travel cost.  The 

graphs in Figures 6.1 and 6.2 indicate that the first best policy is less egalitarian.  

Low-income commuters would suffer more while medium to high-income 

commuters would suffer less because the cost of the toll represents only a small 

fraction of their travel cost. 

• One important point to note from Figure 6.2 is the relatively smaller travel cost 

increase for the three lowest income classes under a profit maximising policy than 

under a first best policy.  This seems to suggest that so long as alternatives to peak 

hour driving exist, commuters would not be as badly off under a one-route profit 

maximising regime as when both routes are priced at the socially optimal level. 

• A welfare maximising one-route toll, i.e., second best regime, would require the 

least increase in private travel cost.  This suggests that product differentiation offers 

the most viable pricing policy. 
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Figure 6.1 Non-identical users: percentage change in total private cost 

by income class resulting from three charging regimes, ε = 0 
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(a) Poor Corridor (b) Rich Corridor
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Figure 6.2 Non-identical users: percentage change in total private cost 
by income class resulting from various charging regimes,  
ε  = -0.40 

Identical versus non-identical users 

There are several major effects of treating drivers as homogenous instead of 

heterogeneous with respect to their valuations of time savings resulting from toll 

charges: 

• The identical assumption would generally yield higher estimates of the total travel 

cost increases for all pricing regimes. 

• On the other hand, it would tend to underestimate the increase in travel cost for low 

income drivers under a first best policy. 

• The situation is quite different with heterogeneous users where the increase in 

travel cost varies by income classes.  Those with lower incomes would tend to 

experience greater increases in travel cost while there would be relatively smaller 

increases, if not cost reductions, for those with higher incomes.  The results in 

Figures 6.1 and 6.2 indicate that some income groups would experience reduced 

travel costs under a second best pricing scheme.  The cost reductions are attributed 

to the savings in travel time which are valued highly by high income travellers.   

• In summary, treating the effects of tolls as the same for everybody would fail to 

capture the effects of product differentiation, where high income drivers are able to 

buy their way out of congestion. 
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Fixed versus price responsive demand 

Increases in travel cost by income classes are generally greater when demand for travel 

in the corridor is assumed unresponsive to the toll price.  These increases are much 

higher with first best and profit maximising regimes.  In practice, however, such an 

assumption of completely price inelastic demand is unrealistic.  Rather, it is a matter of 

determining the extent of demand response to pricing. 

“Poor” versus “rich” corridor 

Results for the users with non-identical time values indicate an important pattern.  The 

percentage change in private travel cost by income class varies for different demand 

mixes.  Increases in travel cost for higher income drivers tend to be lowest in poor 

dominated corridors.  Under second best pricing schemes, high income drivers would 

experience reduced travel cost.  This suggests that pricing in a poor dominated corridor 

must be designed with better alternatives for the poor commuter motorists in order to 

overcome the regressiveness of pricing. 

The point where the change in total generalised private cost starts to decline coincides 

with the class with the critical value of time, i.e., drivers in the income group who are 

indifferent between taking the Arterial Route or the Express Route.  Commuters whose 

incomes are higher than the class with critical value of time would experience relatively 

lower percentage changes in total generalised private cost. 

6.1.2 Change in Average User Surplus 

This subsection examines the average or per trip change in consumer surplus.  The 

change in average consumer surplus is compared to the surplus enjoyed when travel is 

toll free.  The average change is defined as the change in total or aggregate surplus by 

income class divided by the level of use in the no toll regime.  It is expressed in cents 

per vehicle as shown in the vertical axis of Figures 6.3 and 6.4.  The horizontal axis 

shows the twelve income classes. 

The “rule-of-a-half” given in Equation 3.1 was employed to determine the change in 

consumer surplus relative to the no toll scenario.  With tolls, the change in consumer 

surplus would be largely negative (i.e., a loss in surplus). The loss of surplus would be 

greater under a first best regime than under a second best. 
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If commuters all behaved identically then the loss of surplus would be much higher than 

is estimated for non-identical users. More importantly, the identical treatment would fail 

to capture the effect of product differentiation under a second best policy where some 

commuters may potentially enjoy a positive change in surplus. Allowing for 

heterogeneity of time values results in a more realistic assessment of toll impacts as it 

enables the differential effects of prices to be captured. 

Different pricing regime 

• Commuters from all income classes would suffer greater surplus loss under a profit 

maximising regime.  The magnitude is at least four times higher when demand is 

perfectly inelastic to the charge with a maximum of $8 per trip for a rich dominated 

corridor (10/20/70) in Figure 6.3. 

• The loss in surplus is significantly higher in all cases for the one-route profit 

maximising regime, reflecting the monopoly power of private toll operators.  The 

figures are even larger when total demand is unresponsive to price increases, 

roughly four times higher than when demand is price responsive. 

Differential impacts 

• As discussed in Chapter 5 (Section 5.7.1), modelling the four economically 

different suburbs with a single value of time would not capture the impact of 

product differentiation. 

• The results in Figure 6.4 for price responsive demand indicate that change in 

consumer surplus does vary with the distribution of willingness to pay.  In low-

income dominated corridors, those with higher incomes would enjoy greater 

benefits due to the lower tolls.  However, the surplus would be eroded as the 

proportion of higher-incomes increases and eliminated when they dominate 

demand. 

• A significant result is that pricing benefits those who care the least while hurting 

those in the middle.  In other words, pricing has the greatest impact on commuters 

who are indifferent between the two routes (those with a critical value of time).  

This is consistent with the findings of (Verhoef and Small, 1999). 
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Figure 6.3 Non-identical users: average change in consumers’ surplus 
relative to the no toll scenario (before tax recycling) by 
income class resulting from various pricing regimes, ε = 0 
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Figure 6.4 Non-identical users: average change in consumers’ surplus 
relative to the no toll scenario (before tax recycling) by 
income class resulting from various pricing regimes, ε = -0.40 

• More importantly, this model specification shows that low-income commuters may 

not be significantly worse off with pricing, especially when there is a free 

alternative route.  Furthermore, the results are consistent with expectation that some 

commuters would benefit positively from pricing because of shorter journey time. 
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Fixed versus price responsive demand 

When total commuter trips are perfectly inelastic with respect to the toll, the lost surplus 

would be relatively higher than with a price responsive demand.  A more realistic 

analysis of the welfare effects of pricing would treat total demand as responding to the 

toll charges.  Determining the level of responsiveness would be important in devising a 

“package” of pricing and alternative measures to enhance the public and political 

acceptability of road congestion pricing. 

6.1.3 Change in Average Consumer Surplus After Tax Recycling 

This subsection examines the average change in consumer surplus when tolls are treated 

as a social transfer—also known as tax recycling.  It is assumed that tolling is costless 

and therefore the revenues can be given back to all peak hour commuters (including 

those who no longer drive during the morning peak).  On this assumption, toll revenues 

are not a net loss to society but are a transfer.  A convenient way to take them into 

account when considering general welfare is to redistribute or recycle the revenues 

notionally to all road users (Small, 1983). 

When toll revenues are returned to commuters as a lump sum everyone gains from 

pricing.  If demand is unresponsive to toll charges, the average change in consumers’ 

surplus after recycling is equal for first best and second best regimes as indicated in 

Figure 6.5.  The gains would vary for different distributions of willingness to pay. The 

average surplus gain is not uniform for the 12 income classes in this non-identical 

analysis.  Commuters who are indifferent between the two routes are the ones who gain 

least from pricing while high-income drivers tend to gain the most.  However, low-

income drivers would gain substantially from tolls on a corridor dominated by high-

income commuters because the latter would pay a large amount of toll.  Since the 

revenues are equally distributed, low-income commuters would enjoy greater benefit. 

If time values were assumed identical then the average surplus gain would be the same 

for all income classes, ranging from 30 cents per vehicle in the poor corridor to 47 in 

the rich corridor. 

With a price responsive demand, the change in average surplus after tax recycling 

shows a similar pattern to the fixed demand case except that the average gain for first 

best and second best regimes are not quite equal, as Figure 6.6 indicates.  However, 
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product differentiation under a second best policy would provide almost as much gain 

as could be achieved with a first best policy. 
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Figure 6.5 Average change in consumers’ surplus relative to the no toll 
scenario (after non-differentiated tax recycling) by income 
class resulting from welfare maximising tolls, ε = 0 
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Figure 6.6 Average change in consumers’ surplus relative to the no toll 
scenario (after non-differentiated tax recycling) by income 
class resulting from welfare maximising tolls, ε = -0.40 
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6.2 EFFICIENCY GAINS FROM PARTIAL PRICING SCHEMES 

As discussed in Chapter 5 (Section 5.7), the efficiency gain from a second best policy as 

estimated in this study differs substantially from previous studies.  In Small and Yan's 

(2000) two-route network with two groups of users, only a 6% efficiency gain is 

achieved while in Verhoef and Small's (1999) two-route plus a serial link with a 

continuously distributed value of time the efficiency gain is about 22.9%.   

A feature of both the Small and Yan (2000) and Verhoef and Small (1999) studies is the 

high level of congestion in the corridor.  The no toll scenario of Small and Yan has the 

corridor utilised at 43% above capacity while in Verhoef and Small the corridor is 

utilised at 58% over capacity.  Moreover, the proportion of priced capacity in Small and 

Yan is 30% while that of Verhoef and Small is 25%.  Both degree of corridor capacity 

utilisation and proportion of priced capacity affect the efficiency gain to be made under 

a second best policy.   

In the present study, the corridor capacity is only utilised at 67% and the proportion of 

priced capacity is 67%.  Both corridor attributes account for the surprisingly better 

outcome for a second best policy.  

To demonstrate the combined effects of corridor congestion and proportion of priced 

capacity, numerical simulations were carried out using the demand mix with 20% low, 

40% medium and 40% high incomes.  The simulations only consider the case with non-

identical users and with a price responsive demand.  Two proportions of priced capacity 

were analysed.  One assumes 67% of corridor capacity is priced while the other 

assumes only 33%.  Demand for travel along the corridor is varied from as low as 25% 

of corridor capacity to a congested condition where demand is twice the available route 

capacities.  The results are shown in Figure 6.7 where the efficiency gains from a 

second best pricing policy relative to a first best policy is plotted against the degree of 

congestion along the corridor.  

There are two important points to note in Figure 6.7.  One is the large effect of priced 

capacity on the efficiency gains from second best pricing.  The other is the 

compounding effect of congestion.  With demand twice the corridor capacity, the 

efficiency gains could drop below 40% of those made under first best pricing. 
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Figure 6.7 Relative efficiency gain from partial pricing under different 
level of corridor congestion and assuming different capacities 
for the priced route (proportion of first best gain) 

These results explain the relatively high efficiency gains of second best pricing in the 

present study compared to results from previous studies.  Moreover, Figure 6.7 reveals 

an important outcome for policy consideration.  That is, that partial pricing in a less 

congested corridor provides an efficient outcome comparable to a first best policy. An 

example of such pricing in a relatively uncongested corridor is the introduction of HOT 

(High Occupancy/Toll) lanes where solo car drivers are allowed to buy into 

underutilised HOV (High Occupancy Vehicle) lane/s. 

Figure 6.7 also shows that it is more efficient to price the larger portion of capacity.  

This result is consistent with the findings of Verhoef and Small (1999).   

For a profit maximising policy, however, it is more efficient to price only a small 

portion of capacity.  This prevents the private toll operator from exercising monopoly 

power, and thus charging excessive tolls.  The simulation results in Tables 6.A.1 to 

6.A.4 illustrate this point. 
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6.3 SENSITIVITY ANALYSIS OF PARAMETERS AND ASSUMPTIONS 

This section examines the effects on the performance of different pricing regimes of 

varying the following model parameters: 

• Reversing the capacity of the routes;  

• Varying the parameters of the travel impedance function; and 

• Including the vehicle operating cost component of the generalised cost of travel. 

The purpose of the sensitivity analysis is to examine cases where product differentiation 

might be more important.  Results for each sensitivity test are described below. 

6.3.1 Reversing the Route Capacities  

The corridor network set out in Chapter 5 (Section 5.4.1) has the premium route 

assigned twice the capacity of the free alternative route.  In a real situation, it may be 

more practical, particularly in terms of public acceptability, to leave free the larger 

portion of capacity.  This is in fact the situation on State Route 91 in Orange County, 

California, where 2 lanes in each direction are priced while the parallel lanes (6 lanes in 

each direction) are toll free.  It is important to explore how the optimal charges under 

the three pricing regimes change when the capacity of the premium route is only half 

that of the free route. 

For this analysis, capacities of the Arterial and Express routes given in Figure 5.5 

(Chapter 5) are reversed.  Other characteristics of the routes remain the same as in the 

initial case including the parameters of the supply performance function.  The overall 

corridor capacity is maintained at 4,500 veh/hr.  Likewise, the time differential of 6 

minutes is maintained.  Equilibrium solutions are obtained for the three pricing regimes, 

considering variable demand with non-identical users.  Simulation results are 

summarised in Table 6.1 and Figures 6.8 and 6.9. The following points are noted. 

Effects of reversed route capacities on traffic distribution (premium route 
capacity half the free route) 

• For the no toll scenario, traffic distribution between the two routes changes 

radically when capacities of the routes are reversed.  The Arterial Route is 
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operating at 50% of its capacity while the Express Route is operating just over 

capacity. 

• Consequently, travel speeds on the Express Route drop by 38% of the free flow 

speed.  Compared to the no toll scenario at the original capacity, travel speeds drop 

on both routes. 

• An important result is the better traffic distribution resulting from product 

differentiation, i.e., under second best and profit maximising regimes.  The lower 

profit maximising toll relative to the no toll scenario results in better utilisation of 

both routes. 

Tolls and congestion costs: effects of reversed route capacities (premium route 
capacity half the free route) 

• The results indicate that, in the toll-free case, reversing route capacities reduces the 

cost of congestion delay by 23% (the demand figures at the foot of Table 6.1 

compared with the corresponding figures in Table 5.A.4). This reduction is 

attributed to the fewer commuters on the Express Route that experience long 

journey times. 

• Welfare maximising tolls, both first best and second best, are increased 

significantly while profit maximising tolls are greatly reduced relative to the no toll 

scenario at original capacity [Figure 6.8(a)].  This is similar to the pattern observed 

by Verhoef and Small (1999) and Small and Yan (2000) for the SR-91 Express 

Lanes.  The SR-91 tolling system has only 25% of its total capacity priced 

according to the congestion level. 

• The toll increases for the Express Route under first best and second best regimes 

are smaller in the ‘rich corridor’.  Comparing Tables 5.A.4 and 6.1, the first best 

toll on the Express Route is increased by 43% for 50/30/20 (poor corridor) and by 

30% for 10/20/70 (rich corridor).  Similarly, the second best toll for the Express 

Route is increased by 63% for 50/30/20 and by 19% for 10/20/70. 

• There is a reduction in the profit maximising toll which reflects the smaller 

monopoly power a private toll operator can exert when there is a free alternate route 

that has a larger capacity than the premium-priced route. 
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• The reduction in the profit maximising toll is somewhat greater where there is more 

ability to pay (37% decrease for 50/30/20 and 41% decrease for 10/20/70). 

Table 6.1 Performance of different toll regimes with route capacities 
reversed assuming non-identical users (each of the 12 
income classes has a different time value)             
[Comparable to results for original capacities in Table 5.A.4] 

Base 
Case 

Pricing Regimes
No 

Pricing
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb
First 
Best

Second 

Besta

Profit 

Maxb

Flows on Arterial Route (vph) 1491 1565 1780 1974 1571 1785 1982 1568 1776 1971 1581 1768 1982

Flows on Express Route (vph) 1509 1140 1188 952 1137 1186 938 1143 1189 948 1139 1188 926

Reduction in Total AM Peak Trips 0 -9.8% -1.1% -2.5% -9.7% -1.0% -2.7% -9.6% -1.2% -2.7% -9.3% -1.5% -3.1%

Toll on Arterial Route ($/veh) 0 0.73 0 0 0.85 0 0 0.98 0 0 1.16 0 0

Toll on Express Route ($/veh) 0 1.50 0.83 1.43 1.72 0.94 1.61 2.02 1.11 1.89 2.31 1.29 2.09

Toll on Arterial (cents/veh-km) 0 4 0 0 5 0 0 5 0 0 6 0 0

Toll on Express (cents/veh-km) 0 9 5 9 11 6 10 13 7 12 14 8 13

Revenues ($) 0 2855 985 1365 3299 1112 1508 3837 1323 1789 4461 1538 1932

Change in Aggregate Surplus ($) 0 -1827 -65 -400 -2178 -120 -525 -2625 -253 -748 -3244 -489 -1061

Efficiency Gains or Net Benefit ($)[d] 0 1028 920 965 1121 992 983 1212 1070 1041 1217 1049 871

Total Congestion Cost ($)[e] * 1135 1456 1134 1279 1656 1315 1462 1883 1527 1614 2097 1803

Arterial  Utilisation (V/C Ratio) 50% 52% 59% 66% 52% 60% 66% 52% 59% 66% 53% 59% 66%

Express Utilisation (V/C Ratio) 101% 76% 79% 63% 76% 79% 63% 76% 79% 63% 76% 79% 62%

Speed on Arterial Route (kph) 55.9 55.3 53.3 51.2 55.2 53.3 51.2 55.3 53.4 51.3 55.2 53.4 51.2

Speed on Express Route (kph) 49.7 63.3 61.6 69.4 63.4 61.7 69.8 63.2 61.6 69.5 63.4 61.6 70.1

Time Saved on Express Route (min) 0 4.4 4.7 7.2 4.4 4.7 7.4 4.4 4.7 7.3 4.4 4.6 7.4

* Congestion Cost Under No Pricing for each demand type

Demand 50/30/20 2068

Demand 35/35/30 2390

Demand 20/40/40 2751

Demand 10/20/70 3184

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c]  Each of the 12 income classes has a different value of time
[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to.α.(V/C)^β

Demand 10/20/70cDemand 50/30/20c Demand 35/35/30c Demand 20/40/40c

 

Welfare effects of reversed route capacities (premium route capacity half the free 
route) 

• Apart from the profit maximising case, the results in Figure 6.8 indicate only 

moderate effects on aggregate consumers’ surplus despite the large increases in the 

tolls under both first and second best regimes. 

• In the profit maximising case, there will be a much smaller loss of surplus if the 

premium route has the lesser capacity. 
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• The results in Figures 6.8 and 6.9 imply that one-route tolls are more efficient in 

welfare terms if the premium route has the greater capacity.  This is particularly 

important for a predominantly low-income corridor, which would suffer a 

substantial loss of surplus when the priced route has the lesser capacity. 

• On the other hand, Figure 6.9(b) also suggests that, under a second best regime, low 

to medium income commuters from a high-income area might be a little better off 

when the priced route has the lesser capacity. 

Efficiency gains with reversed route capacities (premium route capacity half the 
free route) 

As described in Section 6.2, the efficiency gain from a second best policy is a function 

of the portion of capacity that is priced as well as the degree of corridor congestion.  For 

the results in Table 6.1, the efficiency gains are relatively lower than when 67% of 

corridor capacity is priced (Table 5.A.4).  The gains dropped from about 96% to 86% of 

the gains under a first best policy. 
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Figure 6.8 Comparison of tolls and surplus between original and 
reversed route capacity cases (non-identical users) 
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Figure 6.9 Average change in consumers’ surplus relative to the no toll 
case (before tax recycling) by income class with reversed 
route capacities 

6.3.2 Inclusion of Vehicle Operating Costs 

The simulations in Chapter 5 (Section 5.6) excluded vehicle operating cost (VOC) on 

the grounds that it is generally independent of traffic flow.  That is, VOC is not directly 

a function of congestion, although a stop-and-go condition will increase petrol 

consumption.  Cox (1999) argued that fuel consumption is a good proxy for congestion 

costs as petrol consumption, and therefore costs, increase as travel speeds drop because 

of increasing congestion levels.  Figure 6-10 illustrates Cox’s point.   

As a test of sensitivity, VOC is included in a simulation at the rate of 10 cents per km 

[Luk (1996)].  Applying this rate to the network links described in Figure 5.5 yields 

VOC for the Arterial Route of $1.80 and $1.60 for the Express Route, a differential of 

20 cents.  For the simulation models, this cost differential is treated as an addition to the 

travel time cost on the Arterial Route.  In other words, it is equivalent to a 20 cents toll 

on users of the Arterial Route.  Results are summarised in appendix Table 6.A.1, which 

can be compared to Table 5.A.4 (without VOC). 
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Figure 6.10 Effect of Congestion on Fuel Consumption 

Major consequences of including VOC 

The 20 cents VOC differential or penalty on using the Arterial Route generally works in 

the opposite way to the effect of tolls. Some of the consequences shown in Table 6.A.1 

are substantial. The following points summarise the main effects. 

• Inclusion of VOC will significantly increase the second best tolls while only 

slightly increasing tolls for first best and profit maximising regimes.  The second 

best toll on the Express Route increases by about 29% when demand is dominated 

by low-income commuters (50/30/20) but only 13% for high-income (10/20/70).   

• Net benefits from various charging regimes are slightly different from the 

equilibrium solutions that ignore VOC.  The efficiency gain from a second best 

congestion charge is about 10% lower for low-income dominated demand while it 

is about the same for the high-income dominated suburb.  Ignoring VOC leads to 

overestimation of the efficiency gains from one-route tolling when the population is 

dominated by low incomes. 

• The results suggest an improvement in the efficiency gains of private tolling if users 

perceive their vehicle operating cost. 
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• The effect of VOC on welfare is not highly significant for the two-route network.  

This does not imply that the effect is negligible in a complex urban network. When 

pricing causes commuters to take a circuitous route, vehicle operating cost may be 

increased significantly.   

6.3.3 Variations in the Parameters of the Travel Cost Function 

This section examines the effect of the parameters of the supply performance function 

on the equilibrium flow predictions and consequently on welfare impacts of various 

charging regimes.  The BPR performance function expressed as 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
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⎝

⎛
+=

β

α
Q
Vtt o 1  was 

examined in Chapter 2 (Section 2.3.1).  The parameter Q represents the “ultimate” 

capacity of the corridor.   

Combined effects of α and β 

The combined effects of α and β on the equilibrium solutions are explored using the 

demand mix with 20% low, 40% medium and 40% high income commuters.  Only first 

best pricing is simulated under price responsive demand.  The resulting optimal toll 

pattern (Figure 6.11) is consistent with the implied parameter influence on travel time.  

The parameter α has a sharp linearly increasing effect on the calculated optimal tolls 

while β has a decreasing effect.  The decreasing effect of β is attributed to the fact that 

the volume capacity ratio (VCR) is less than the critical value of 1.0, i.e., the express 

route is operating below capacity.  Thus, below capacity, the parameter which increases 

the estimated optimal toll is α.   

The effects of α and β on revenues, congestion delays, and aggregate surplus are shown 

in Figure 6.12.  These follow the pattern of tolls in Figure 6.11.  The higher the value of 

α, the larger would be the optimal toll, the revenues and the congestion costs.  This 

implies that the loss in aggregate surplus increases with higher α.  For a corridor 

network operating below capacity, a higher β value would imply a smaller loss of 

aggregate surplus. 
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(a) First best tolls given different values of α (b) First best tolls given different values of β
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Figure 6.11 Optimal tolls at different values of parameters α and 

β assuming non-identical users 

 

(a) Revenues, aggregate surplus and 
congestion delay given different values of α

(b) Revenues, aggregate surplus and congestion 
delay given different values of β
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Figure 6.12 Revenues, aggregate surplus and congestion delay at 
different values of parameters α and β assuming non-identical 
users 
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Equilibrium solutions with BPR and Study parameters 

To further demonstrate the combined effects of α and β on the equilibrium assignment, 

and consequently on consumers’ welfare under pricing, a comparison is made using the 

BPR (Bureau of Public Roads) values of 0.15 and 4.0 for α and β, respectively and the 

study parameters of 0.60 and 3.0.  The parameter Q is the “ultimate” capacity in both 

cases. 

Two assumptions of corridor capacity utilisation are simulated to reflect the congestion 

effect of the exponent β.  The first assumes a total of 3,000 morning peak trips.  If 

demand is unresponsive to price, the corridor network capacity would be utilised at 

66.7%.  The second assumes a total of 4,950 morning peak trips, which would exceed 

the corridor capacity by 10% if demand is perfectly inelastic to price increases.  This 

high corridor demand is referred here as the “congested” case. 

Commuters are assumed heterogeneous in their time valuations and responsive to travel 

cost. The demand mix is 20% low, 40% medium and 40% high income. Only first best 

charging is examined.  Equilibrium outcomes for the BPR and the Study are 

summarised in Table 6.2. The following are significant results. 

• At the no toll equilibrium, the BPR estimate of Express Route traffic is 12% higher 

than the Study estimate. 

• The BPR parameters yield lower traffic reductions especially at a higher or 

congested level of corridor utilisation. 

• The BPR parameters give higher flow predictions for the Express Route to the 

extent that it is still utilised above capacity (at 105%) even after first best pricing is 

introduced while the Arterial Route is only utilised at 81%.  The Study parameters 

appear to be more efficient in allocating the traffic under congested conditions. 

• Although the BPR parameters predict more trips, the toll estimates are significantly 

lower than the estimates obtained using the Study parameters.  Under congested 

condition, the BPR toll estimates range from 30% to 45% of the toll estimates using 

the Study parameters. 

• Consequently, the revenues are much lower for the BPR estimates (about 45% for 

the congested condition). 
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• In terms of efficiency gains, total net benefits would be much lower with BPR 

parameters ⎯ about 25% under uncongested condition and 74% under congested 

condition.  Estimated individual loss of consumer surplus, however, is much higher 

with the Study parameters. 

 
Table 6.2 Equilibrium with first best charging regime for BPR and Study 

parameter values under two assumptions of corridor capacity 
utilisation 

BPR-

congested[b]

Study-

congested[b] Uncongested[a] Congested[b] Uncongested[a] Congested[b]

Flows on Arterial Route (vph) 850 1298 369 1,220 708 1,177

Flows on Express Route (vph) 4100 3652 2442 3,162 2058 2,905

Reduction in Total AM Peak Trips 0 0 -6.3% -11.5% -7.8% -17.5%

Toll on Arterial Route ($/veh) 0 0 0.01 1.00 0.72 3.30

Toll on Express Route ($/veh) 0 0 0.67 1.88 1.47 4.14

Revenues ($) 0 0 1630 7146 3537 15904

Change in Aggregate Surplus ($) 0 0 -1197 -4258 -1788 -12023

Efficiency Gains or Net Benefit ($)[c]
0 0 433 2888 1749 3881

Total Congestion Cost ($)[d]
5481 11923 454 1973 1298 5673

Arterial  Utilisation (V/C Ratio) 56.7% 86.5% 24.6% 81.3% 47.2% 78.5%

Express Utilisation (V/C Ratio) 136.7% 121.7% 81.4% 105.4% 68.6% 96.8%

Speed on Arterial Route (kph) 59.1 43.2 60.0 56.3 56.4 46.51

Speed on Express Route (kph) 52.5 38.4 75.0 67.5 67.0 51.79

Time Saved on Express Route (min) 0 0 5.2 5.0 4.8 4.68

[a] Corridor AM peak trips = 3000 (Corridor utilisation = 66.7%)

[b] Corridor AM peak trips = 4950 (Corridor utilisation = 110%)

[c]  Revenue plus change in surplus

[d]  Congestion delay is obtained using the expression, Delay = to.α.(V/C)^β

BPR: α = 0.15,   β = 4.0 Study: α = 0.60,   β = 3.0No Pricing

 
 

In summary, the results in Table 6.2 suggest the use of values other than the standard 

BPR parameter values.  The BPR values would yield skewed results towards the 

Express Route, thus resulting in a lower utilization estimate for the Arterial Route.  

Estimates of the magnitude of the toll, and consequently the efficiency gains and 

welfare effects from pricing are influenced by the values of the performance function.  

These findings are similar to those obtained by Nakamura and Kockelman (2000) in 

their study of congestion pricing and road rationing applied to the San Francisco Bay 

Bridge corridor.  Their study revealed that welfare effects are highly sensitive to the 

assumption of the corridor’s travel time or performance function.   
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6.4 MULTIPLE TIME-VALUES COMPARED WITH A CONTINUOUS 
DISTRIBUTION 

A few recent studies have dealt with the two-route problem assuming heterogeneity of 

users’ time valuations.  One such study assumed a continuous distribution of values of 

time (Verhoef and Small, 1999).  Ideally, a continuous distribution provides a better 

approximation than a discrete distribution.  To find out just how variant the results 

would be using two different distributions of values of time, a comparison is made 

using the data and results in Verhoef and Small (1999). 

Verhoef and Small extended the two-link network by adding a serial link to represent 

travel further to the CBD.  Traffic must then share the serial link, thus eroding some of 

the gains that high time value users obtain from the tolled facility.  The two-route plus a 

serial link network (called here the V-S network) was used to examine first best and 

second best pricing regimes.  The continuously distributed values of time from Verhoef 

and Small are shown in Figure 6.13.  From this continuous distribution, a discrete 

distribution with 12 income classes is approximated.  The 12 discrete classes are then 

assigned to the V-S network using the multiclass framework in Chapter 4.  Equilibrium 

traffic distribution and optimal tolls from this multiclass assignment with 12 discrete 

classes are compared with Verhoef and Small’s results in Figures 6.14 and 6.15. 
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Figure 6.13 Proportion of vehicle trips by commuters with differing time 
valuation 
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Figure 6.14 indicates that the difference between the discrete and continuous 

distributions under a first best pricing regime is insignificant.  The continuous 

distribution gives slightly higher toll estimates (3% for Link A and 1.6% for Link B). 

(a) First best link flows (b) First best link tolls
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Figure 6.14 Comparison of first best traffic distribution and tolls 

(a) Second best link flows (b) Second best link tolls
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(a) Second best link flows (b) Second best link tolls
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Figure 6.15 Comparison of second best traffic distribution and tolls 

For the second best case given in Figure 6.15, the discrete distribution yields a 

relatively higher flow prediction for the tolled link (about 4% more) while predicting 

fewer trips on the untolled link (16% less).  Consequently, the toll estimate is markedly 

different.  The toll estimate in the discrete case is about 1.8 times the toll estimate based 

on the continuous distribution.  The estimate of $3.31 in the continuous case seems low, 
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considering that the critical value of time (i.e., for the commuter who is indifferent 

between the alternative routes) is about $13.  The highest value of time is about $23.8, 

so that the range of values of time for the toll route users is from $13 to $23.8.  If the 

range of values of time is applied to the estimated flows, the toll should be at least $6. 

Despite the toll difference in the second best case, results from the discrete distribution 

appear to be comparable to those from the continuous distribution.  The advantage of 

the discrete approach is the relative ease with which data pertaining to the income 

distribution can be obtained.  Census data can be used to approximate the discrete 

distribution of willingness to pay, as will be demonstrated in Chapter 7 where pricing 

simulations are applied in an urban-wide network.  In addition, the discrete treatment 

avoids the unwieldy computations required with a continuously distributed value of 

time. 

6.5 SUMMARY 

The purpose of the corridor simulations was to demonstrate the importance of allowing 

heterogeneity in commuters’ money-time trade-off.  Specifically the simulations were 

designed to assess efficiency gains from partial pricing and the welfare effects of 

optimal pricing, given a realistic representation of the heterogeneity of driver valuations 

of time saving from toll charges. Below is a summary of key outcomes from the 

numerical simulations. 

6.5.1 Welfare Effects 

The impacts of various charging regimes are measured using consumers’ surplus. 

• Pricing generally increases private travel cost resulting in loss in consumer surplus. 

• Under a first best policy, the percentage change in total private cost for low-income 

class commuters represents a large proportion of their travel cost.  Thus, first best 

policy is less egalitarian.  Low-income commuters would suffer more under this 

policy while medium to high-income commuters will suffer less because the toll 

cost represents a smaller fraction of their total travel cost. 
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• A welfare maximising one-route toll, i.e., a second best regime, would require the 

least increase in private travel cost suggesting that product differentiation offers the 

most viable pricing policy. 

• Consistent with theory, lost surplus would be higher with a first best regime before 

redistribution of toll revenues.  Likewise commuters from all income classes would 

suffer greater loss of surplus under a profit maximising regime.  The magnitude is 

at least four times higher when demand is perfectly inelastic to the charge with a 

maximum of $8 per trip for a rich dominated corridor. 

• Ignoring heterogeneity in values of time may cause the welfare benefits of second 

best policies to be dramatically underestimated, by as much as a factor of nine. 

• A profit maximising policy always produces a welfare loss (compared to no toll). 

• Welfare gains from all the differential pricing policies are greater when there is 

more heterogeneity.   

• Users whose value of time is close to the critical value would be expected to suffer 

the largest average losses. 

• Under first best tolling, the loss in consumer’s surplus is strictly decreasing with the 

value of time. 

• The changes in consumer’s surplus for second best are much smaller than under 

first best.  Users with a relatively high value of time even benefit directly from 

second best.  This helps explain why parallel-route pricing appears to be a socially 

more acceptable regime than first best tolling. 

• When toll revenues are returned to commuters as a lump sum everyone gains from 

pricing.  If demand is unresponsive to toll charges, the average change in 

consumers’ surplus after recycling is equal for first best and second best regimes.  

The surplus gains would vary for different distributions of willingness to pay. 

• It is more efficient for the premium route to have the greater capacity.  This is 

particularly important for a predominantly low-income corridor. 

• Consumers will not be as badly off under a profit maximising regime if the 

premium route has the lesser capacity. 

• In summary, allowing for heterogeneity in time valuation provides better 

assessment of toll as it is able to capture the differential effects of prices.  More 
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importantly, it shows that low-income commuters may not be significantly worse 

off with pricing especially when there is a free alternative route.  Furthermore, the 

results are consistent with expectation that some commuters would benefit 

positively from pricing because of shorter journey time. 

6.5.2 Efficiency Gains 

Efficiency gains from partial pricing schemes are functions of congestion and the 

proportion of priced capacity.  For the two route case, the higher the congestion in the 

corridor, the lower the efficiency of second best pricing.  Furthermore, the smaller the 

proportion of priced capacity, the lower would be the efficiency of second best pricing.  

The combined effect of low corridor congestion and a large proportion of priced 

capacity would result in very high efficiency gains (from 95%) relative to a first best 

policy.  The efficiency gains in the present study are significantly higher than previous 

studies.  It was found that the relatively lower efficiency gains obtained in previous 

studies are attributable to the high congestion in the corridors considered. Other results 

with respect to partial pricing are as follows: 

• It is more efficient to price multiple lanes instead of having a single pay lane.   

• Efficiency gains increase with the price responsiveness of demand. 

• For a profit maximising policy, it is more efficient in welfare terms to allow a 

private toll operator to price only a small proportion of total capacity.  This curtails 

the private operator’s exercise of monopoly power. 

• Ignoring the vehicle operating costs would result in overestimation of the efficiency 

gains from one-route tolling when the traffic is dominated by low income 

commuters.  If users perceived their vehicle operating costs the efficiency gains of 

private tolling would improve. 

6.5.3 Link-based Measure of Consumers Surplus 

As discussed in Chapter 5 (Section 5.7.4), the link-based approach to measure the 

benefits from a pricing scheme is not the appropriate method when users differ in their 

valuations of the time saving from toll charges.  Changes in surplus for users with value 

of time below the critical value of time (i.e., the value of time for users who are 

indifferent between the routes) is likely to be overestimated.  For those above the 

critical value of time it will tend to be underestimated. Thus, using a link-based method 
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to measure the benefit from a pricing scheme may inadvertently result in an anti-poor 

policy and consequently reduce the public acceptability of congestion pricing.  A path-

based approach is recommended for measuring the change in consumers’ surplus from a 

pricing scheme.  

6.6 CONCLUSION 

This chapter has completed the first of the two analyses foreshadowed at the beginning 

of Chapter 1. This was to use a simple network with two approximately parallel routes 

to determine the optimal toll when only one route is priced. Limiting the toll to only one 

route is a second best or sub-optimal policy which has been compared in detail with the 

first best. 

This limited model has shown that under moderately congested conditions a toll on one 

route can achieve most of the efficiency gains of first best pricing on both routes and 

also have favourable distribution impacts. This completes the work of Chapter 5 in 

providing an empirical analysis of how urban commuters with differing abilities to pay 

would respond to additional road user charges. The model has determined the split of 

traffic between routes, the efficiency gain, the revenue and the changes in travel cost, as 

well as the distributional effects.  

The two-route model used in these two chapters has rectified the analytical weakness of 

treating commuters as homogeneous and has explored the complex effects of removing 

the homogeneity assumption. Also it has provided evidence that the non-identical 

treatment of users will enhance the acceptability of congestion pricing as a transport 

policy. This prepares the way for developing the second major analysis, a road user 

charging model for the city of Perth, in Chapters 7 and 8.  
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APPENDIX 6 

 

Table 6.A.1 Performance of different toll regimes with vehicle operating 
cost included assuming non-identical users (each of the 12 
income classes has a different time value) 

Base 
Case 

Pricing Regimes No Pricing First Best
Second 

Best[a] Profit Max[b] First Best
Second 

Best[a] Profit Max[b]

Flows on Arterial Route (vph) 86 690 806 1368 666 762 1338

Flows on Express Route (vph) 2914 2068 2136 1263 2118 2172 1292

Reduction in Total AM Peak Trips 0 -8.1% -1.9% -12.3% -7.2% -2.2% -12.3%

Toll on Arterial Route ($/veh) 0 0.64 0 0 0.69 0 0

Toll on Express Route ($/veh) 0 1.12 0.66 2.33 1.86 1.22 3.61

Toll on Arterial (cents/veh-km) 0 4 0 0 4 0 0

Toll on Express (cents/veh-km) 0 7 4 15 12 8 23

Revenues ($) 0 2762 1402 2948 4391 2658 4667

Change in Aggregate Surplus ($) 0 -1175 49 -2584 -2242 -588 -4740

Efficiency Gains or Net Benefit ($)[d] 0 1587 1451 364 2149 2070 -73

Total Congestion Cost ($)[e] * 1110 1191 1234 1591 1822 2210

Arterial  Utilisation (V/C Ratio) 6% 46% 54% 91% 44% 51% 89%

Express Utilisation (V/C Ratio) 97% 69% 71% 42% 71% 72% 43%

Speed on Arterial Route (kph) 60.0 56.7 54.9 41.2 57.0 55.6 42.1

Speed on Express Route (kph) 51.6 66.9 65.8 76.6 66.1 65.2 76.3

Time Saved on Express Route (min) 0 4.69 5.08 13.65 4.41 4.68 13.10

* Congestion Cost Under No Pricing for each demand type

Demand 50/30/20 2950

Demand 10/20/70 4645

[a]  Welfare maximising one-route tolling satisfying Wardrop's equilibrium
[b]  Profit maximising one-route tolling satisfying Wardrop's equilibrium
[c] Optimal pricing solutions are the same for all demand mixes
[d]  Revenue plus change in surplus
[e]  Congestion delay is obtained using the expression, Delay = to.α.(V/C)^β

Demand 50/30/20[c] Demand 10/20/70[c]
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(a) Demand 50/30/20 (b) Demand 35/35/30

(c) Demand 20/40/40 (d) Demand 10/20/70
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Profit Maximising: Identical Users Profit Maximising: Non-identical Users  

Figure 6.A.1 Percentage change in total private cost by income class resulting 
from various charging regimes, ε = 0 
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Figure 6.A.2 Percentage change in total private cost by income class under 
second best pricing regime, ε = 0 
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(a) Demand 50/30/20 (b) Demand 35/35/30

(c) Demand 20/40/40 (d) Demand 10/20/70

Legend

First Best: Identical Users First Best: Non-identical Users
Second Best: Identical Users Second Best: Non-identical Users
Prof it Maximising: Identical Users Prof it Maximising: Non-identical Users

Elasticity, ε = -0.40

-10.0%

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
h

a
n

g
e
 i

n
 T

o
ta

l 
P

ri
v
a
te

 C
o

s
ts

Elasticity, ε = -0.40

-10.0%

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
h

a
n

g
e
 i

n
 T

o
ta

l 
P

ri
v
a
te

 C
o

s
ts

Elasticity, ε = -0.40

-10.0%

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
h

a
n

g
e
 i

n
 T

o
ta

l 
P

ri
v
a
te

 C
o

s
ts

Elasticity, ε = -0.40

-10.0%

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
h

a
n

g
e
 i

n
 T

o
ta

l 
P

ri
v
a
te

 C
o

s
ts

 

Figure 6.A.3 Percentage change in total private cost by income class resulting 
from various charging regimes, ε = -0.40  
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(c) Demand 20/40/40 (d) Demand 10/20/70
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Figure 6.A.4 Percentage change in total private cost by income class under 
second best pricing regime, ε = -0.40 
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(a) Demand 50/30/20 (b) Demand 35/35/30

(c) Demand 20/40/40 (d) Demand 10/20/70
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Figure 6.A.5 Average change in consumers’ surplus relative to the no toll 
scenario (before tax recycling) by income class resulting from 
various pricing regimes, ε = 0 



166 CHAPTER 6:  CORRIDOR MODEL-WELFARE EFFECTS & SENSITIVITY TO ASSUMPTIONS 

 

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
e
n

ts
/

v
e
h

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
e
n

ts
/

v
e
h

(a) Demand 50/30/20 (b) Demand 35/35/30

(c) Demand 20/40/40 (d) Demand 10/20/70

Legend

First Best: Identical Users First Best: Non-identical Users
Second Best: Identical Users Second Best: Non-identical Users
Profit Maximising: Identical Users Profit Maximising: Non-identical Users

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
e
n

ts
/

v
e
h

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class
C

e
n

ts
/

v
e
h

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
e
n

ts
/

v
e
h

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
e
n

ts
/

v
e
h

(a) Demand 50/30/20 (b) Demand 35/35/30

(c) Demand 20/40/40 (d) Demand 10/20/70

Legend

First Best: Identical Users First Best: Non-identical Users
Second Best: Identical Users Second Best: Non-identical Users
Profit Maximising: Identical Users Profit Maximising: Non-identical Users

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

C
e
n

ts
/

v
e
h

Elasticity, ε=-0.40

-220

-180

-140

-100

-60

-20

20

60

100

1 2 3 4 5 6 7 8 9 10 11 12

Income Class
C

e
n

ts
/

v
e
h

 

Figure 6.A.6 Average change in consumers’ surplus relative to the no toll 
scenario (before tax recycling) by income class resulting from 
various pricing regimes, ε = -0.40 
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Figure 6.A.7 Average change in consumers’ surplus relative to the no toll 
scenario (after non-differentiated tax recycling) by income class 
resulting from various pricing regimes, ε = 0 
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Figure 6.A.8 Average change in consumers’ surplus relative to the no toll 
scenario (after non-differentiated tax recycling) by income class 
resulting from various pricing regimes, ε = -0.40 

 

 



 

 

 CHAPTER SEVEN 

An Urban-wide Pricing Model: The Case of 
Perth  

In Chapters 5 and 6, the impacts of various pricing regimes in a limited two-route 

network were explored.  The main objective of the simulations was to examine the 

impacts of pricing systems on efficiency gains and on consumer welfare when 

differential responses to a toll are taken into account.  Results indicate significantly 

different traffic patterns and hence different optimal toll levels.  The effect of pricing on 

welfare was seen to be misrepresented if commuters are treated as if they are 

homogeneous with respect to time valuation.  It is concluded from the corridor 

simulation results that it is essential to recognise travellers’ money-time trade-offs when 

analysing any road pricing policy. 

Notwithstanding the insights provided by the two-route problem, its limited scope fails 

to capture the more complex interactions in an urban or metropolitan wide network.  As 

Anderson (1996) pointed out, “cross-route” externalities are pervasive on large 

transport networks.  Therefore, models of actual road networks are needed to predict the 

effects of road congestion pricing.   

In this chapter, the hypothetical pricing regimes are applied to the urban area of Perth, 

the capital city of Western Australia.  Two features introduced into the Perth congestion 

pricing model are: (1) the use of Census Data to infer a discrete distribution of 

willingness to pay from income distribution, and (2) the use of multiple income class 

assignment with twelve discrete income classes.  Details of the application are 

described in the following sections while discussions of the results of the various 

pricing simulations are presented in Chapter 8. 

The first section deals with background to the study area, the time period considered for 

the pricing simulations, the objective of pricing in the urban-wide application, and the 

envisaged tolling system.  Description of the Perth metropolitan transport system 

follows in Section 7.2 while information on travel characteristics and socio-economic 

profiles of Perth travellers are discussed in Section 7.3.  Section 7.4 presents the core of 
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the chapter, which is the model set up for the urban-wide multiple income class pricing 

simulations.  This is followed with a brief description of the multiclass assignment in 

Section 7.5 while Section 7.6 outlines the scenarios or pricing schemes.  A summary in 

Section 7.7 concludes the chapter. 

7.1 BACKGROUND 

This section briefly describes the spatial and temporal coverage, as well as the pricing 

objective and the tolling technology.  

7.1.1 Study Area 

The choice of Perth, the capital of Western Australia, for the hypothetical application of 

optimal and sub-optimal direct road user charges stems from the need to consider some 

form of direct road use pricing in future planning as Perth continues to expand.  At 

present, Perth has no priced road facility, unlike other major cities in Australia where 

toll roads exist.  In Sydney, two bridges (the Sydney Harbour Bridge and the Sydney 

Harbour Tunnel), four motorways, and the Eastern Distributor are tolled.  In 

Melbourne, other examples are two toll roads under the name "City Link," which came 

into full operation in 2001.  The Melbourne City Link roads have a fully automated 

tolling system.   

Undoubtedly, the existing road network in Perth is coping well with current travel.  

However, as population and activities grow, the pressure on Perth’s urban road network 

will greatly increase.  Thus, some form of direct road use pricing is a real option for 

Perth if it is not feasible to meet all demand growth with increased road capacity.  

Figure 7.1 presents a map of Perth Metropolitan area.  The rectangle approximately 

defines the area of most concentrated population and economic activity.  The road 

network inside the rectangle in Figure 7.1 is shown in Figure 7.2.  The thick blue line 

traversing the Swan River from Fremantle to the Canning River then to the south of the 

Railway goods line as indicated in Figure 7.2 defines the spatial coverage of the road 

network that is used in this study for the pricing simulations. 
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It would be ideal to cover the extent of the road network in Figure 7.2 but the spatial 

coverage was reduced to match computing resources.  Figure 7.13 on page 190 depicts 

the links and nodes of the modelled road network defined in Figure 7.2. 

 

Figure 7.1 Map of Perth metropolitan area 
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Figure 7.2 Detail map of Perth showing the extent of network covered in 
the pricing model 

7.1.2 Tolling Period 

The study deals only with the morning peak commuting period.  This does not mean 

that the afternoon peak is less significant.  As Figure 7.3 indicates, traffic build up in the 

afternoon peak is as intense as the morning peak.  To explore the welfare effects of 

pricing, however, the morning peak period is considered adequate.   
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Figure 7.3(a) Time of day profile for 1996 average hourly weekday traffic 
at the Narrows Bridge 

The morning peak period covers two hours, between 7:00-9:00 a.m.  Most arterial roads 

and the freeway have their highest traffic around these times.  Figure 7.3(a) shows the 

profile of traffic along Kwinana Freeway at the Narrows Bridge.  Northbound traffic, 

going to the CBD and workplaces further North between 7:00-9:00 is about 24% of 

total traffic between 7:00 a.m. and 7:00 p.m. while southbound traffic is only about 

15%.  Traffic north of the CBD has a higher southbound peak as indicated in Figure 

7.3(b) for traffic along the Mitchell Freeway at Ocean Reef Road. 
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Figure 7.3(b) Time of day profile for 1996 average hourly weekday traffic 
along Mitchell Freeway at Ocean Reef Road 

The two-hour (7:00-9:00) period conforms to Main Roads WA’s definition of morning 

peak traffic, but the MRWA traffic model is designed for a 24-hour period, which is not 

appropriate for analysing the effects of pricing policies.    

7.1.3 Objective of Pricing 

The introduction of road pricing would be aimed at maximising society’s welfare by 

reducing the time lost in traffic congestion.  Ideally, imposing a toll equal to the 

marginal external cost on every link in the network would result in such a welfare 

maximising regime. As mentioned in Chapter 1, these first best tolls, however, are far 

removed from both practical and political perspectives.  The applicable theory is that of 

second best.   

First and second best as well as profit maximising tolls were explored in Chapters 5 and 

6.  In the second best and profit maximising cases, the slower route (i.e., the Arterial 

Route) remained toll free.   
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For the network-wide pricing simulations, the objective of maximising profit will not be 

explored and the welfare maximising tolls under second best will not be derived.  

Instead, the welfare effects of pricing, in the context of non-identical time values, will 

be examined by applying a uniform toll along selected routes⎯ on a freeway or on 

selected arterial routes.  The rationale is purely on analytical grounds.  Accounting for 

spillover effects of second best tolls in a general network is very complex.  Verhoef 

(1998) derived the second best optimal toll in a general static network but the 

application was very limited. Verhoef applied his methodology to a five-link network in 

an attempt to optimise the location of cordon tolls (Verhoef, 2001).  More importantly, 

there is no analytical solution for second best with heterogeneous users due to the 

discontinuity created by non-identical responses to toll charges. 

In summary, the urban-wide pricing simulations consider only the welfare maximising 

objective with the ideal first best pricing regime and the option of charging uniform 

tolls on selected routes.  Details of the pricing schemes or scenarios examined are given 

in Section 7.6. 

7.1.4 Electronic Tolling System 

A fully automated tolling technology is envisaged for any tolling scheme in Perth. The 

Melbourne City Link is one example of a fully automated state-of-the-art toll collection 

system in Australia.  Similar technologies have been in use in other countries such as 

the Electronic Road Pricing in Singapore, the Electronic Toll Route System in Canada’s 

Highway 407 and the Fastrak electronic tolling systems in U.S. cities, to mention a few. 

The electronic tolling system envisaged would require vehicles to be fitted with a tag, 

also known as a transponder, to identify them for billing purposes.  The transponder 

device sits on the windscreen and beeps when the vehicle passes a toll point.  Roadside 

gantries are equipped with sensors to detect the transponder and exchange information.  

Figure 7.4 shows the main gadgets used with such an electronic tolling system.  An 

illustration of a transponder transaction for the e-TAG in Melbourne’s City Link 

tollway is shown in Figure 7.5. 
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Figure 7.4 Electronic tolling paraphernalia (Source: Melbourne City Link 
Authority, 2001: Bruce Postle, photographer) 

(a) Close-up of tolling gantry
showing tag reading beacons

(b) Vehicle with e-TAG mounted
behind rear-view mirror

(c) Digital
camera for
reading licence
plate numbers

(d) City Link traffic control room
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Figure 7.5 Demonstration of an electronic tag transaction (Source: City 
Link, 2001) 

7.2 PERTH TRANSPORT SYSTEM  

The metropolitan area of Perth has a well-interconnected road network with the 

Mitchell/Kwinana freeway serving as the spine for the north-south traffic.  The 

metropolitan region is served by a hierarchical road system of national highways, state 

highways, main roads (major and minor arterials), and local government roads.  In 

1994, the metropolitan road system had a total of 11,207 km with about 94 percent 

being local government roads (Perth Metropolitan Transport Strategy (MTS) 1995-

2029, p. 72). 

Perth also has a good public transport system.  The TransPerth system, involving both 

government organisations and private companies, provides bus, train and ferry services.  

Bus services are provided by CGEA Perth Bus, Southern Coast Transit, Swan Transit 

and Path Transit.  Ferry services are provided by Perth Water Transport, and train 

services are provided by Westrail.  There is also Perth’s CAT (Central Area Transit) 

system providing free inner city travel (Centre for International Economics, 2001, p.9). 
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7.3 DEMOGRAPHIC AND TRAVEL CHARACTERISTICS 

Table 7.1 presents a summary of demographic and travel characteristics in the Perth 

Metropolitan Area.  Perth’s population has been growing rapidly for the past 25 years. 

The population was estimated to be 1.36 million in June 2002, and is projected to reach 

1.6 million in 2011, and 2.0 million by 2029 (MTS 1995-2029, p. 10).  At the same 

time, there has been a decline in the number of people living in each household from 3.1 

persons in 1986 to 2.9 in 1991, with an occupancy rate of 2.7 persons expected by 2029.  

Nearly 53 percent of all households had access to two or more motor vehicles.  Only 

about 9.5 percent of households did not have a vehicle. 

Table 7.1 Demographic and Travel Characteristics in Perth Metropolitan Area 

Population (1991) 1,188,700 
Number of person trips per day 4,092,000 
Number of vehicle trips per day 3,070,000 
Mean car occupancy 1.21 persons/veh 
Trip length by car 8.40 km 
Trip rates  
Car 2.86 person-trips/capita/day 
Public transport 0.22 
Walking and cycling 0.36 
Total 3.44 
Modal split  
Car driver/passenger   76.0 per cent 
Public transport     6.4 
Bicycle     5.7 
Walk   10.0  
Other (taxi, motorcycle, etc.)     2.0  
Total 100.0 
Commercial vehicles  
Number of vehicle trips 493,000 per day 
Share of all vehicle trips 16.1 per cent 

Source: WA DoT (1995) and Australian Academy of Sciences and Engineering (1997) 

18% of all metropolitan jobs are currently in the Perth Central Business District (CBD), 

supporting good peak period public transport services.  According to the Perth MTS,  

current employment and housing location trends suggest more people will have to 

travel to decentralised workplaces, for which public transport services will be 

limited.  This will have potentially significant consequences for peak period road 

congestion. 
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Private car ownership in metropolitan Perth has risen from about 200 cars per 1000 

people in 1961 to more than 515 cars per 1000 in 1991.  According to the Perth MTS, 

car ownership on the current land use and transport trends will approach a saturation 

level of about 650 cars per 1000 people by 2021, with only the young, the poor and 

some people with disabilities not having independent access to a car. 

The Perth MTS 1995-2029 is the planning guide describing target strategies to reverse 

current trends in land use and transport practices. 

7.4 MULTICLASS CONGESTION PRICING MODEL FOR PERTH 

This section describes in detail the data and procedures adopted for the multiple income 

class urban-wide pricing models.  It starts with a description of the unit of data analysis 

in Section 7.4.1.  This is followed with discussion of the derivation of values of time for 

the twelve income classes (Section 7.4.2).  Next, it describes the proportions of morning 

peak travellers based on Census data (Section 7.4.3).  This is followed with discussion 

of the estimate of morning peak commuters using the derived Census proportions and 

data of origin-destination travel from Main Roads WA’s strategic planning model 

(Section 7.4.4).  The demand function for the variable demand assignment is discussed 

in Section 7.4.5.  Finally, the attributes of the road network (Figure 7.2) are described in 

Section 7.4.6 while the supply performance functions are described in Section 7.4.7. 

There are two main sources of data: one is the Australian Bureau of Statistics 1996 

Census for income distribution and the other is Main Roads Western Australia 

(MRWA).  Data on origin-destination trip interchanges, road network, and observed 

traffic counts were provided by MRWA.   

7.4.1 Census Collector District (CCD) and Traffic Analysis Zone (TAZ) 

Census data are collected in a spatial unit called the Census Collector District (CCD).  

The size or coverage of the CCDs depends on a number of factors including population 

density and type of land use.  A suburb may comprise one or more CCDs as shown in 

Figure 7.6 for the suburb of Mosman Park which has 18 CCDs.  For the study area 

outlined in Figure 7.2, there are 1,281 CCDs. 
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Figure 7.6 Census collector districts (with serial numbers) for the 
suburb of Mosman Park  

A traffic analysis zone (TAZ), on the other hand, is a spatial unit for traffic analysis.  

For modelling purposes, trips to and from a TAZ are treated as originating or 

terminating at the centroid.  TAZs are usually larger than CCDs.  In some cases, an 

entire suburb is contained in one TAZ while in other cases a TAZ may straddle two or 

more suburbs.  For the example in Figure 7.6, the suburb of Mosman Park is divided 

into two TAZs as depicted in Figure 7.7.  The zoning system follows the traffic zones 

used by MRWA in their strategic transportation planning for the road network in the 

Perth Metropolitan area.  However, some zones were amalgamated to meet the 250 

zone limit of the transport planning software that is used in the study.   

To use the Census data for traffic analysis, it is necessary to establish an equivalence 

deck.  For the study area, a database was set up in Microsoft Access to aggregate data 

from the CCDs to corresponding TAZs.  The 1,281 CCDs were aggregated into 233 

TAZs.  The equivalence deck was then used to aggregate data on different income 

classes as discussed in the next section. 
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Figure 7.7 Traffic analysis zones (TAZ) for the suburb of Mosman Park 

7.4.2 Values of Time Using Census Data 

One of the features of the multiple income class pricing simulations as applied to an 

urban-wide setting is the use of Census data on income distribution as a source of 

information on the distribution of willingness to pay.  Data on income is available at the 

CCD level for family, household, and individual.  The proportion in each income range 

can then be aggregated at the zonal level using the equivalence deck described in the 

previous section.   

The Census data on income distribution at the CCD level are used in two ways: (1) to 

estimate the values of travel time by twelve discrete income classes, and (2) to derive 

the proportion of trips (i.e., the origin-destination trip matrix) by income group at the 

zonal level.  For the present analysis, the 1996 Census data on individual income is 

used.  The rationale for using personal incomes instead of household incomes is to 

avoid the effects of multiple-income earning households. 

In the 1996 Census data, the annual gross personal income is stratified into 16 income 

classes, with the first two classes allocated for negative and nil incomes.  The remaining 

14 categories are further grouped in this study to make 12 income classes.  The range of 
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incomes falling into each of the 12 income categories is shown in Table 7.2.  Also 

shown in Table 7.2 are the average income per class and the average number of hours 

worked by income categories, which is partly based on Hensher (1989)1.  The lower 

number of hours worked by lower income classes is the author’s approximation.  The 

hourly wage rate is obtained by simply dividing the average income by the number of 

hours worked.  The last column in Table 7.2 gives the values of time per income class 

derived using Lisco's (1967) method described in Chapter 5, Section 5.3.4.  Demand for 

the morning peak origin-destination (OD) travel made by commuters within each 

income category is described in the next section. 

Table 7.2 Income profile and values of time by income class 

 

Values of time by income class will be used in the multiple income class traffic 

assignment as described in Chapter 4, Section 4.5.  For the homogeneous or identical 

time-value case, an average value of time (VOT) of $6.40 per vehicle-hour will be used.  

This amount is derived from the data used in the pricing simulations instead of the VOT 

that Main Roads WA uses in their network analysis.  Main Roads WA adopts a VOT = 

$8.50 for private cars with a 1.6 vehicle occupancy.  Thus, the VOT reduces to about 

$5.31 per person-hour.  This figure is far below the value used in the Future Perth 

                                                 
1  The number of annual hours used to convert gross personal income to the average gross hourly wage 

rate is between the range 1,950 to 2,200 per year (based on average working week of 37.5 to 42 hours) 
for salaried persons.  The values are assumed to supply a meaningful measure of the opportunity cost 
of the labour resource. 

Income 
Class

Income Range
Average 

Income per 
class

Number of 
Hours 

Worked per
annum

Average 
Hourly Wage 
Rate ($/hr)

Average Value 
of Time per 

Income Class 
($/hr)

1 Below $6,240 $6,000 1,000 $6.00 $0.51

2 $6,240-$8,319 $7,280 1,000 $7.28 $0.76

3 $8320-$10,399 $9,360 1,000 $9.36 $1.25

4 $10,400-$15,599 $13,000 1,200 $10.83 $2.01

5 $15,600-$20,799 $18,200 1,400 $13.00 $3.38

6 $20,800-$25,999 $23,400 1,500 $15.60 $5.21

7 $26,000-$31,199 $28,600 1,600 $17.87 $7.30

8 $31,200-$36,399 $33,800 1,800 $18.78 $9.07

9 $36,400-$41,599 $39,000 1,800 $21.67 $10.83

10 $41,600-$51,999 $46,800 2,000 $23.40 $11.70

11 $52,000-$77,999 $65,000 2,000 $32.50 $16.25

12 $78,000 and above $88,000 2,000 $44.00 $22.00
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Project, which is $12.50 and vehicle occupancy of 1.28.  The resulting VOT is $9.76 

per vehicle-hour. 

Other values of time adopted in Australian travel studies are as follows: Commeignes 

(1992) gives a value of time for private travel at $7 per person-hour for Perth.  The 

BTCE (1995) use $15 per vehicle-hour in their study of urban congestion for 

Melbourne. 

7.4.3 Proportion of Morning Peak Trips Based on Census Data 

After deciding on the range of 12 income classes described in Table 7.2, the number of 

persons aged 15 years and above belonging to each income category is obtained at the 

CCD level.  Using the equivalence deck described earlier, the number of individuals in 

each income category is then aggregated to the TAZ level.  The proportion of 

individuals in each income class at the zonal level is determined by dividing the total 

persons in each category by the overall total.  This is shown by the series labelled 

Residents (Census) in Figure 7.8. 

Figure 7.8 Proportion of residents and drivers by income class for the 
two zones in Mosman Park suburb 

The calculated proportions can be used to roughly estimate the trips between origins 

and destinations by income classes.  However, before the zonal proportion by income 

class can be applied to estimate the morning peak OD trip matrix, it is necessary to 

make adjustment to reflect reasonable tripmaking rates by the different income groups.  

Using the Census proportions in Figure 7.8 would imply the same trip rate for all 

income classes, which is quite unrealistic.  People with low incomes tend to take fewer 

0%

2%

4%

6%

8%

10%

12%

14%

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

0%

2%

4%

6%

8%

10%

12%

14%

1 2 3 4 5 6 7 8 9 10 11 12

Income Class

Residents (Census) Drivers (Estimated)

(a) Zone 48 (b) Zone 49



184 CHAPTER 7: AN URBAN-WIDE PRICING MODEL 

 

trips, particularly during the peak periods.  The opposite is true for higher incomes, 

although there are some high-income retirees who are not likely to travel during the 

rush hour period.   

To reflect varying trip rates, data from Sydney’s Household Interview Survey (HTS) in 

Table 7.3 were used.  It would be ideal to use data from Perth, however these are not 

available.  The average weekday trips for persons aged 15+ living in the Greater 

Metropolitan Region by income groups were pooled HTS data from 1997, 1998, and 

1999.  The data includes trips made by all modes.  Also, the data encompass the Greater 

Metro area, which includes the areas of Wollongong and the Blue Mountains.  The trip 

rates in column 5 were obtained from data with valid income only.  It is important to 

note that the income category was re-grouped to the twelve income classes used in the 

present study.  The data points in column 5 were used to estimate a polynomial curve in 

Figure 7.9.  As shown in the figure, the cubic equation yields an R2 of 0.84.  The 

estimated trip rates are given in column 6.  

Table 7.3 Average Weekday Trip Rates from Sydney HTS Data 

Class Income Group
Trips on an 

Average 
Weekday

Persons (15+) Trip Rates
Trip Rates 

Estimate from 
Curve

1 <$6,240 187,556        276,985           0.68 0.58

2 $6,240-$8,319 181,757        349,933           0.52 0.58

3 $8320-$10,399 152,011        348,663           0.44 0.62

4 $10,400-$15,599 206,907        291,179           0.71 0.68

5 $15,600-$20,799 225,573        257,487           0.88 0.76

6 $20,800-$25,999 246,229        264,911           0.93 0.84

7 $26,000-$31,199 249,137        267,452           0.93 0.92

8 $31,200-$36,399 238,256        234,273           1.02 0.98

9 $36,400-$41,599 188,893        188,713           1.00 1.03

10 $41,600-$51,999 255,899        257,607           0.99 1.04

11 $52,000-$77,999 268,584        244,273           1.10 1.02

12 $78,000 or more 165,670        158,849           1.04 0.95

Total 2,566,472   3,140,325      0.82

No personal income 245,804        401,129           

Refused to answer 164,056        214,998           

Don’t know 23,736          43,105            

Total 3,000,068    3,799,557        
Source: Transport Data Centre, Department of Infrastructure, Planning & Natural Resources, New South Wales 

Department of Transport,  
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The cubic curve is chosen as more representative of tripmaking in the Perth metro area.  

The higher trip rates for low incomes in the Sydney data reflect the higher number of 

commuters taking public transport.  Since the present study considers only the trips 

made by private cars, it is therefore reasonable to have lower trip rates assumed for low 

incomes.   

The estimated trip rates by income category in Figure 7.9 are then applied to scale the 

Census proportions in Figure 7.8.  The new proportions by income class are also shown 

in Figure 7.8 and are labelled Drivers (Estimated).  These estimated proportions are 

then applied to obtain the morning peak OD trips.  This is discussed in the following 

section. 

An important point illustrated by Figure 7.8 is the substantial difference between the 

income distributions, both actual and estimated, in the two zones.  In Zone 49, Figure 

7.8(b), there is higher proportion of high incomes than in Zone 48.  The differing 

willingness to pay distributions estimated at the zonal level will significantly affect the 

traffic pattern when compared with the results when only a single value of time is 

assumed for all zones.  It has been demonstrated in Chapters 5 and 6 that introduction of 

toll charges creates a different traffic distribution which reflects willingness to pay. 

R2 = 0.8415
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Figure 7.9 Trip rates by income class for morning peak commuter travel 
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7.4.4 Estimate of Morning Peak OD Trips 

Figure 7.10 illustrates the process for estimating the 2-hour morning peak Origin-

Destination (OD) trips by Traffic Analysis Zone (TAZ). 

Main Roads WA only produces a 24-hour OD trip matrix for the entire Perth 

metropolitan area.  This temporally undifferentiated trip matrix does not provide a basis 

for meaningful analysis of pricing policies.  Thus, an estimate for the 2-hour morning 

peak trips was obtained from the 24-hour OD trips by applying a factor of 15.5%.  

Advice received from MRWA was that a one-hour morning peak is roughly 8.5% of 24-

hour OD trips.  The present study adopts a factor of 15.5% for the two-hour morning 

peak.  This relatively lower proportion than the suggested 8.5% for a one-hour peak 

takes account of the fact that the two-hour peak includes portion of the shoulder period. 

24-HR OD Trip Matrix 
by TAZ

2-HR OD Trip Matrix 
Estimate by TAZ

Directionally Adjusted
2-HR OD Trip Matrix 

by TAZ

15.5% 2-HR Peak Factor

AM Peak Observed Counts

Demand Adjustment
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Figure 7.10 Process for Estimating the AM Peak Origin-Destination Trips 

A shortcoming in deriving the morning peak directly from the 24-hour OD trips is 

related to the highly unidirectional nature of peak travel, whereas the 24-hour OD trips 

are bi-directional.  Therefore, it was necessary to adjust the estimated 2-hour OD trips.  

The adjustment process used observed morning peak traffic counts from 364 locations 

spread over the study area.  The adjustment was done by the gradient method (also 

known as the method of steepest descent) formulated by Spiess (1990).  It was 
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accomplished with the aid of a standard version of the EMME/2 transportation planning 

system.  Figure 7.11 shows the fit of the adjusted volumes compared to observed counts 

for the 364 links.  The regression gave an R2 of 0.95.   

Predicted VolumesPredicted Volumes

 

Figure 7.11 Observed AM Peak Counts versus Predicted Volumes 

After adjusting the 2-hour OD trips, the estimated driver income proportions for each 

zone described in the previous section were applied.  Figure 7.12 summarises the 

resulting trip estimates representing 1996 travel for each of the 12 income classes. 

The proportion with incomes below $31,200 comprises about 67% of estimated 

population 15 years and over.  The figure is about 75% before applying the trip rates in 

Figure 7.9. 
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Class# Income Bracket
Estimated 

Trips
Proportion of 

Total

1 <$6,240 28,796 7.44%

2 $6,240-$8,319 33,466 8.65%

3 $8320-$10,399 31,342 8.10%

4 $10,400-$15,599 43,498 11.24%

5 $15,600-$20,799 38,927 10.06%

6 $20,800-$25,999 42,947 11.10%

7 $26,000-$31,199 41,633 10.76%

8 $31,200-$36,399 30,987 8.01%

9 $36,400-$41,599 24,926 6.44%

10 $41,600-$51,999 29,469 7.62%

11 $52,000-$77,999 25,049 6.47%

12 $78,000 or more 15,828 4.09%

Totals 386,868 100%
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Figure 7.12 Estimate of total 2-hour morning peak trips by income groups 
(1996 travel conditions) 

7.4.5 Demand Function  

The demand function used to model price responsive demand in Chapter 5 is adopted 

here.  The constant elasticity demand function given in Equation 5.2 is reintroduced as 

Equation 7.1.  

 
ε

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

oP
P

oTPT *)(  (7.1) 

where T represents the total traffic demand between an origin-destination (OD) pair and 

P is the cost of travelling between that OD pair.  The subscript ‘0’ represents the base 

conditions (i.e., the equilibrium without tolls).  ε is the overall price elasticity of 

demand. 

Equation 7.1 is used for the pricing simulations that assume a single value of time, 

while Equation 7.2 is used for the multiple time valuations (with ε = -0.40) 
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Tok is the demand for morning peak travel by income class at the unpriced equilibrium 

while Pk defines the generalised private cost (time + toll) perceived by each income 

class under a tolling scenario.  Po is the same for every class in the base (no pricing) 

case.   
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7.4.6 Road Network  

The highway network is described as a system of links and nodes, links being segments 

of roads between nodes, and nodes being intersections or breaks in links for various 

purposes.  Certain characteristics of these links and nodes are used in predicting the 

pattern of traffic distribution in the network. 

The network representation of the study area described in Figure 7.2 is depicted in 

Figure 7.13.  It has 250 centroid nodes (where trips originate and terminate), 1,520 

regular nodes defining intersections or link subdivisions, 1,100 centroid connectors 

(links connecting zone centroids to the road network) and 3,880 regular links (actual 

road segments).  The network represents 1996 road infrastructure.  Thus, recent major 

additions to the urban network such as the Graham Farmer Freeway and the duplication 

of the Narrows Bridge are not in the network. 

The source of the network in Figure 7.13 is Main Roads WA’s 24-hour network model.  

Approximations, therefore, were necessary to obtain the link capacities for the 2-hour 

morning peak assignments.  As Table 7.4 indicates, different factors were applied to 

derive the 2-hour link capacities by capacity indicator and by link type.  The conversion 

factors were based on advice from MRWA.  The 2-hour morning peak link capacities 

represent “ultimate” link capacities. 

Table 7.4 Peak Hour Factors to Apply to the 24-Hour Link Capacities 

Capacity 
Indicator

Link Type Factor*
Capacity/Lane 

(vph)**

1-3 Freeway (speed 90 kph to 110 kph) 7.0 2,000

4-6 Freeway (speed 60 kph to 80 kph) 7.7 1,800

7-13 Freeway on/off ramps (speed 40 kph to 60 kph) 9.3 1,500

16-25 Expressway (speed 90 kph to 110  kph) 7.7 1,800

26-37 Expressway (speed 60 kph to 80  kph) 8.7 1,600

38-39 Expressway on/off ramps (speed 40 kph to 55 kph) 9.3 1,500

41-55 Divided Arterial (speed 90 kph to 110 kph) 7.7 1,800

56-71 Divided Arterial (speed 80 kph to 80 kph) 8.7 1,600

76-90 Arterial (speed 90 kph to 110 kph) 8.7 1,600

91-106 Arterial (speed 60 kph to 80 kph) 10.0 1,400

107-111 Arterial and rotary (speed of 40 kph) 11.7 1,200

112-116 Residential (speed of 50 kph) 10.5 900

117-122 Centroid links (speed 50 kph to 80 kph) 4.0 3,500

*Factor to divide the 24-hour link capacities.

**Two-hour morning peak "ultimate" link capacities.  
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Figure 7.13(a) 1996 road network in the study area 

 

Figure 7.13(b) 1996 road links in the CBD area 
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7.4.7 Supply Performance Function 

The impedance or volume delay functions express travel time on links as a function of 

traffic volume V, measured in vehicles per hour.  As discussed in Chapter 2, Section 

2.3.1, different functions are defined for different links, depending on speed limits and 

traffic conditions, e.g., traffic is deemed more “disturbed” in the city centre than on 

peripheral links.  Thus, an impedance function with a higher congestion effect is 

required.  This implies higher α and β values for the BPR-type function.  Moreover, the 

parameter Q is defined as the “ultimate” capacity of a link, which as discussed earlier in 

Chapter 2 (Section 2.3.1) require α values higher than the BPR default value of 0.15. 

For the Perth network, eight different curves are defined as indicated in Table 7.5.  The 

volume delay curves are also shown graphically in Figure 7.14 (curves 6 and 8 were 

omitted for clarity).   

Table 7.5 Volume delay curves and values of α and β for Perth network 

Curve Road Type α β

1 Freeway (speed 90 kph to 110 kph) 0.4 4.0

2 Freeway (speed 60 kph to 80 kph) 0.5 4.0

3 Freeway and expressway on/off ramps (speed 40 kph to 60 kph) 0.6 3.5

4 Expressway (speed 60 kph to 110  kph) 0.5 3.2

5 Divided arterial (speed 60 kph to 110 kph) 0.5 3.2

6 Arterial (speed 90 kph to 110 kph) 0.5 3.5

7 Arterial (speed 60 kph to 80 kph) 0.5 3.0

8 Arterial and rotary (speed of 40 kph) 0.6 3.0

9 Residential (speed of 50 kph) 0.6 2.5

10 Centroid links (speed 50 kph to 80 kph) * *

*Centroid connectors do not use impedance functions. The travel time is taken as proportional to the link length.  

The value of α assumed for each road type is within the range of values adopted in 

other studies.  The Australian Road Research Board’s Traffic Assignment Program 

(ATAP) adopted an α of 0.474 (Ramsay, 1991).  Horowitz (1991) in his study on delay-

volume relations for travel forecasting based on the 1985 Highway Capacity Manual 

estimated the following values for α for 6-lane freeways: 0.56 for 80kph, 0.83 for 100 

kph, and 0.88 for 115 kph.  For 4-lane rural divided highways the values of α are 0.71 

for 80 kph, 0.83 for 100 kph, and 1.00 for 115 kph.  Likewise, the value of β assumed 

for each road type is within the range of values adopted in other studies.  ARRB’s 
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ATAP adopted a value of 4.0.  Horowitz estimated the following for 6-lane freeways: 

3.6 for 80 kph, 5.5 for 100 kph, and 9.8 for 115 kph.  For multilane highways, the range 

of β are 2.1 for 80 kph, 2.7 for 100 kph, and 5.4 for 115 kph. 

As Figure 7.14 illustrates, the defined parameters for low-class and low-volume roads 

make them more sensitive to increases in traffic volumes so that they cannot be used as 

better alternatives to high-class arterials.  In contrast, high-class arterials and freeways 

have gentler slopes for volume to capacity (V/C) ratios below 0.5 and then slope steeply 

at V/C ratio beyond 0.5. 

The volume delay functions in Figure 7.14 do not explicitly model intersection delays, 

but the consequences of delay are implicitly incorporated in the speed-flow 

relationships on the road links adjacent to the intersections. 
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Figure 7.14 Travel impedance functions for Perth network 
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7.5 MULTICLASS ASSIGNMENT PROCEDURE 

Trips by income groups are assigned onto the study network with the aid of the 

transportation planning program EMME/2.  The program has an algorithm that allows 

assignment of different classes of users onto the highway network.  It does not however 

differentiate between users according to their willingness to pay.  To make the program 

work for the multiple income users, some special commands written as “macros” were 

devised that would simulate the route choice process among non-identical time value 

users described in Chapter 4.   

7.6 SCENARIOS 

The cases modelled for the urban-wide pricing simulations are designed to examine the 

issues raised in Chapter 1, Section 1.2.4 and Section 1.3, which have been partly dealt 

with in Chapters 5 and 6.  The issues relate to efficiency gains, welfare impacts and 

network wide effects of tolling.  Specifically the following questions are being 

examined in the urban-wide model: 

(i) How large are the efficiency gains from partial pricing? 

(ii) How much does a realistic representation of the heterogeneity of driver 

valuations of time saving from toll charges affect welfare and efficiency gains 

from partial pricing? 

The network-wide effects of pricing cannot easily be singled out; however they can be 

examined through the changes in network performance. 

In Chapter 5, the corridor simulations encompass four different dimensions, viz: (1) 

heterogeneity in commuters’ time valuation, (2) demand elasticity, (3) different pricing 

regimes, and (4) different distributions of willingness to pay, specified as “demand 

mixes”.  The last dimension was designed to examine the impacts of pricing on 

economically divergent corridors or suburbs.  In the general network simulations, the 

artificially specified demand mixes are no longer required as the urban-wide spatial 

coverage already takes account of different distributions of willingness to pay.  As 

discussed earlier, heterogeneity in time valuation is considered at the zonal level. 
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As mentioned in Section 7.1.3, the first best pricing regime will only be applied to all 

roads in the study network.  For the case of partial pricing, a uniform charge per unit 

distance is levied on selected routes.  Southbound traffic on the freeway and three 

arterial routes are selected for the limited pricing scenarios.  The rationale for pricing 

only the southbound traffic is based on the fact that northbound traffic cannot use the 

Fremantle corridor as an alternative when a toll is charged on the northbound freeway. 

Freeway pricing has been chosen as a strategic option because it is more likely to be 

acceptable to price a route that offers a high level of service; although it is recognised 

that the freeway is designed to relieve the burden on parallel arterial roads. 

The cases modelled for the urban-wide pricing simulations used two extreme values of 

demand elasticity: e = 0 and e = -0.40.  The elasticity assumption of -0.40 is the same 

value adopted in Taylor and Taplin (1998).  As noted by Taylor and Taplin, there is no 

specific estimate available, but an elasticity of -0.40 is probably realistic in the 

Australian context.  Detailed descriptions of the cases modelled are as follows: 

A. Price elasticity of demand, ε = 0 

Scenario 1 No toll. 

Scenario 2 All roads are priced at the marginal external cost of congestion 

(first best pricing) with identical users. 

Scenario 3 Same as Scenario 2 but assuming non-identical users. 

Scenario 4 Uniform toll of 14 cents per vehicle-km charged along the 

southbound section of Mitchell/Kwinana Freeway.  The full extent 

of the priced freeway section is shown in Figure 7.15.  In this 

scenario, users are assumed identical.   

Scenario 5 Same as Scenario 4, but assuming non-identical users. 

Scenario 6 Uniform toll of 16 cents per vehicle-km is charged along the 

southbound sections of the following arterial routes: Wanneroo 

Road, Main Street, Marmion-West Coast Highway and Tonkin 

Highway.  The priced arterial sections are depicted in Figure 7.16.  

These arterial routes are chosen arbitrarily, and the purpose of 

tolling these routes is to examine whether the increased travel cost 

on these routes would push commuters to use the freeway.  This 

scenario is analysed with non-identical users only. 
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B. Price elasticity of demand, ε = -0.40 

Scenario 7 Same as Scenario 3 (All roads are priced at the marginal external 

cost of congestion, first best pricing, with non-identical users). 

Scenario 8 Same as Scenario 5 (A uniform toll of 14 cents per vehicle-km 

charged along the southbound section of Mitchell/Kwinana 

Freeway—assuming non-identical users). 

Scenario 9 Same as Scenario 6 (A uniform toll of 16 cents per vehicle-km is 

charged along the southbound sections of the following arterial 

routes: Wanneroo Road, Main Street, Marmion-West Coast 

Highway and Tonkin Highway.—assuming non-identical users). 

As noted above, only Scenarios 2 and 4 consider the case of identical time value users.  

It is considered adequate to examine these two scenarios only in the urban-wide model 

as the impact of the unrealistic assumption of identical values of time on welfare can 

already be generalised from the results in Chapters 5 and 6.   

The mathematical expressions in Chapter 4, Section 4.4, are applied to obtain the 

efficient first best tolls.  A uniform toll of 14 cents per vehicle-km for the freeway is 

based on the 1995 Australian Road Research Board’s estimate of peak period 

congestion charges for Perth (BTCE, 1996).  Similarly, a uniform toll on the selected 

arterials of 16 cents per vehicle-km is based on the 1995 ARRB’s estimate of the 

optimal peak period charge on Perth’s inner arterial routes. 
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Figure 7.15 Uniform tolls of 14 cents/km on southbound freeway links 
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Figure 7.16 Uniform tolls of 16 cents/km on southbound arterial routes 
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7.7 SUMMARY 

This chapter provides detailed background for a hypothetical congestion pricing 

application in the metropolitan area of Perth, Western Australia.  Estimates of morning 

peak commuting trips by income groups using Census data and the peak hour road 

network capacities derived from Main Roads WA’s 24-hour model are described.  

Scenarios for first best and second best pricing regimes are also outlined.  Equilibrium 

outcomes and welfare implications of the various pricing assumptions are described in 

Chapter 8. 



 

 

CHAPTER EIGHT 

An Urban-wide Pricing Model: Results and 
Analysis  

As mentioned in Chapter 7, the insights provided by the two-route problem fail to 

capture the more complex interactions at the urban or metropolitan wide network level 

due to pervasive “cross-route” externalities on large transport networks.  The Perth 

simulations of congestion pricing, outlined in Chapter 7, deal with such pervasive 

network effects under actual road conditions.   

The cases modelled in these urban-wide simulations are designed to examine the issues 

relating to efficiency gains, welfare impacts and network effects of tolling.  The specific 

issues in this wider context are again the size of the efficiency gains from partial pricing 

and the extent to which a realistic representation of differing driver valuations of time 

affects these and the welfare gains. 

The network-wide effects of pricing are examined through the changes in network 

performance. 

This chapter describes the results of the pricing scenarios described in Chapter 7 and the 

implications of those results.  Section 8.1 presents the aggregate outcomes of the pricing 

simulations.  This is followed in Section 8.2 by the analysis of welfare effects of pricing 

policies on different income users.  Next, the limitations and practical constraints on 

model development are outlined in Section 8.3.  The chapter closes with a brief 

summary in Section 8.4.   

8.1 AGGREGATE RESULTS AND ANALYSIS 

Table 8.1 presents the equilibrium outcomes of the pricing scenarios described in 

Chapter 7 (Section 7.6).  The first column gives the traffic conditions and economic 

measures of interest under different pricing scenarios/policies.  The next two columns 

present the outcomes from simulations, with users treated as non-identical in time 

valuation, under two assumptions of demand elasticity.  The last column, summarising 
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results for the homogeneous user case, with fixed total demand, is only included to 

show that results obtained on this basis can be very misleading.  The equilibrium 

outcomes in Table 8.1 only describe the impacts of pricing at the aggregate level.  

Effects of pricing the twelve income classes are described in the next section. 

In 1996, there were 386,868 trips in the study area during the two-hour (7:00-9:00) 

morning peak.  The equilibrium outcome of these trips, assuming tolls are not imposed, 

is summarised in Table 8.1.  Figure 8.1 shows in bandwidth the traffic distribution 

under this no toll equilibrium.  As shown, the north-south traffic heavily utilised the 

Mitchell/Kwinana Freeway. 

8.1.1 Network Performance without Tolls 

When tolls are not charged for travel, Table 8.1 indicates that the network equilibrium 

is unaffected by the assumption of heterogeneity in time valuation—in other words 

regardless of whether users are modelled as homogeneous or heterogeneous, the 

network equilibrium would be the same.  The no toll user equilibrium yields an average 

speed of 43.4 kph and marginally higher at 44.3 kph for the freeway.  Drivers spent 

nearly 60,000 hours of travel time of which about one third were spent in congestion.  

The cost of congestion for the network was close to $130,000 during the two-hour 

morning peak. 

The proportion of time and cost of congestion experienced by each of the twelve 

income classes are discussed in Section 8.2.1. 
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Table 8.1 Effects on network performance and economic measures of 
congestion from hypothetical ‘optimal’ morning peak tolls 

Hypothetically
Identical Users

ε = 0 ε = -0.40 ε = 0

No Toll Scenario

Trips 386,868 287,474 386,868
Time (veh-hr) 58,690 58,690 58,690
Distance (veh-km) 2,549,707 2,549,707 2,549,707
Average Speed (kph) 43.4 43.4 43.4
Cost of Congestion ($)[b] 128,490 128,490 128,490

Optimal Tolls on All Roads (First Best Pricing)

Trips 386,868 287,474 386,868
Time (veh-hr) 57,264 40,814 56,578
Distance (veh-km) 2,672,167 2,209,109 2,621,866
Average Speed (kph) 46.7 54.1 46.3
Cost of Congestion ($)[b] 104,506 53,445 104,696
Toll Revenue ($) 335,138 159,260 340,750
Change in Surplus ($)[c] -307,949 -107,953 -326,149
Efficiency Gain ($)[d] 27,189 51,307 14,601

14 cents/km Toll on the Southbound of Mitchell/Kwinana Freeway

Trips 386,868 333,270 386,868
Time (veh-hr) 60,038 58,329 61,149
Distance (veh-km) 2,577,148 2,532,439 2,572,375
Average Speed (kph) 42.9 43.4 42.1
Cost of Congestion ($)[b] 124,152 119,536 136,801
Toll Revenue ($) 17,934 16,457 12,970
Change in Surplus ($)[c] -14,494 -9,103 -28,700
Efficiency Gain ($)[d] 3,440 7,354 -15,731

16 cents/km Toll on the Southbound of Selected Arterial Roads

Trips 386,868 331,496
Time (veh-hr) 62,298 59,990
Distance (veh-km) 2,577,791 2,522,077
Average Speed (kph) 41.4 42.0
Cost of Congestion ($)[b] 136,883 131,246
Toll Revenue ($) 12,315 10,176
Change in Surplus ($)[c] -25,175 -17,747
Efficiency Gain ($)[d] -12,861 -7,572

[a]  Summed over all road types (except centroid connectors)

[b]  The value of time lost due to congestion

[c]  Losses to all road users, the tolled and the tolled -off

[d] Net benefit or efficiency gains =  toll revenue -road user losses

Non-identical Users
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Figure 8.1 Traffic distribution without toll charges 

8.1.2 Effects of Imposing Tolls on All Links  

The effects of imposing tolls on all roads would yield a significantly different 

equilibrium from the one achieved without tolls (refer Figure 8.1).  Figure 8.2 depicts 

the equilibrium flows plotted as differences in auto volumes between the no toll and the 

tolled scenario (Scenario 1 → Scenario 31).  The red bands indicate a reduction in 

vehicle volumes on a link while the green bands indicate an increase in link volumes in 

response to first best tolls. 

With inelastic demand and the realistic representation of users as non-identical, the 

optimal tolls, averaging 17 cents per vehicle-kilometre, would reduce total travel time  

                                                 
1   All roads are priced at the marginal external cost of congestion (first best pricing) and assuming non-

identical time value users.  Demand elasticity is zero. 
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by 2.4% but would increase total commuting distance by 4.8%.  The longer distance 

travelled is an expected outcome as drivers tend to drive on circuitous routes to seek 

cheaper (i.e., lower toll) routes.  As Figure 8.2 illustrates, traffic would be switching 

routes from the heavily used north-south corridor (the Mitchell/Kwinana Freeway) to 

minor arterials, collectors, and even local streets.  This route switching of traffic across 

the network would improve the overall network speed by 7.4% while the cost of 

congestion would fall by 18.7%.  Thus, the first best toll achieved significant network 

efficiency.  However, this comes with a large loss in consumer surplus. 

In a more realistic case where total demand is responsive to charges (at ε = -0.40), total 

morning peak trips would fall by 26%.  Consequently, total travel time and congestion 

cost would fall by 30.5% and 58.4%, respectively.  The large reduction in total traffic 

would reduce total distance travelled by 13.4% while average network speed would 

improve by 25% (an average increase of nearly 11 kph).  Such a large reduction in total 

demand is achieved at much lower tolls (on average at 10 cents/veh-km with a 

maximum toll at 37 cents/veh-km).  While the maximum toll with price responsive 

demand is approximately half the maximum toll when demand is perfectly price 

inelastic, efficiency gains would nearly double. 

These results for price responsive demand suggest an important policy that could 

improve the public and political acceptability of road congestion pricing.  If better 

transport alternatives were made available to travellers who can less afford the 

additional cost of tolls then opposition to pricing would be reduced.  In the same vein, 

opposition from motorists who choose to put up with the toll charges would be lower if 

travel in the network is faster and takes less time. 

Results from simulations with identical users (last column of Table 8.1) indicate slightly 

different outcomes.  With total demand unresponsive to price, both total travel time and 

distance travelled are a little lower than the values obtained for the non-identical case.  

The optimal tolls, however, are somewhat higher resulting in greater road user losses.  

Consequently, the calculated net benefit or efficiency gain is only about half of the 

benefit that would actually be achieved with heterogeneous users.  In other words, the 

identical user treatment tends to underestimate the benefits from pricing, which could 

potentially reduce the public and political acceptability of pricing schemes.  This 

outcome is consistent with the results for the two-route network in Chapter 5. 
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The effects on commuter groups, with different willingness to pay, of optimally pricing 

all links are described in subsequent sections. 

Undoubtedly, pricing all links in the network would be highly efficient.  However, this 

policy is not only politically impossible to achieve, but also highly impractical to 

implement.  Thus, first best optimal pricing only serves as benchmark for the more 

feasible partial or limited pricing schemes. 

 

Figure 8.2 Change in flows (red reduced, green increased) from no 
pricing to all roads being priced, assuming non-identical 
users and ε = 0 

8.1.3 Effects of Tolling Selected Routes 

As described in Chapter 7 (Section 7.6), applications of second best tolls on the 

Mitchell/Kwinana Freeway and on selected arterial routes were examined.  A uniform 

charge of 14 cents/veh-km on the southbound section of Mitchell/Kwinana Freeway 

was assumed while a uniform charge of 16 cents/veh-km was considered for the 
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selected arterial routes shown in Chapter 7 (Figure 7.16).  The following paragraphs 

describe the network performance and economic measures of congestion for these two 

pricing applications.  Table 8.1 shows details of the equilibrium outcomes while Figures 

8.3 to 8.5 provide graphic interpretation of the traffic redistribution in response to toll 

charges. 

 

Figure 8.3 Change in flows (red reduced, green increased) from no pricing to 
14 cents/veh-km toll on southbound Mitchell/Kwinana Freeway, 
assuming non-identical users and ε = 0 

 
Pricing the freeway  

Figure 8.3 illustrates how traffic redistributes in response to a uniform toll of 14 

cents/veh-km along the southbound section of the Mitchell/Kwinana Freeway—Perth’s 

main north-south spine.  The large reduction in traffic along the tolled freeway section 

creates large increases on alternative routes.  It is important to note that traffic re-

distribution occurs throughout the network.  This illustrates the pervasive cross-route 

external effects in a large network which are not captured by a highly simplified 
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analysis, such as the corridor case of Chapters 5 and 6.  It adds weight to the importance 

of using models of actual road networks when attempting to predict the effects of road 

congestion pricing. 

The results in Table 8.1 indicate that the Freeway toll would increase total travel time 

and commuting distance relative to the no toll scenario.  Consequently, the average 

network speed would drop slightly.  In terms of reducing the cost of congestion, the 

significant reduction along the tolled freeway section is also offset by increased 

congestion in other portions of the network.  Thus, the net reduction in congestion cost 

for the heterogeneous case with fixed total demand is about 3.4% and 7.0% for the price 

responsive demand.   

The toll of 14 cents/veh-km with fixed total demand (ε = 0) would achieve about 13% 

of the efficiency gains that could be achieved by optimally pricing all links and 14% in 

the price responsive case.  However, in the price responsive case, the net benefit from 

the Freeway toll would be more than double that with fixed demand.  In other words, 

the re-routing effect in this limited pricing scheme represents about 47% of total 

benefits. 

When compared with the non-identical user case, the Freeway toll with the identical 

user assumption results in significantly greater congestion cost (last column of Table 

8.1).  Moreover, the loss in consumer surplus is about double the non-identical case 

resulting in a negative net benefit.  This outcome is consistent with the findings in the 

corridor model and indicates the inadequacy of the identical time-value approach to 

analyse the impacts of tolls.  This method would fail to capture the effects of product 

differentiation, where high income users are able to buy their way out of congestion.  

The high congestion, and therefore high road user losses, obtained with the identical 

user assumption are attributed to the high diversion from the tolled freeway section to 

arterial and local streets. 

When differential time valuations are recognised, it is apparent that trip diversion from 

the tolled freeway would be relatively lower than the trip diversion obtained with 

identical users, as Figure 8.4 illustrates.  The green band indicates that the non-identical 

user assignment predicts more trips on the freeway than the identical user assignment.  

Correspondingly, the red bands indicate less diversion of traffic to minor roads in the 

non-identical case than in the identical case. 
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Figure 8.4 Change in estimated flows (red reduced, green increased) from 
identical user assumption to non-identical (Scenario 4 → Scenario 
5)2: 14 cents/veh-km toll on southbound Mitchell/Kwinana Freeway, 
ε = 0 

Pricing selected arterials 

For pricing on selected arterial routes, the uniform price of 16 cents/veh-km would 

result in higher network costs.  This occurs as traffic diverts back onto the unpriced 

freeway as Figure 8.5 shows.  Since congestion on the freeway is already high even 

without pricing the arterial routes, the increased freeway traffic would result in a greater 

loss of consumer surplus than when the freeway section alone is priced.  In addition, the 

higher diversion rate to alternative routes reflects the undesirability of pricing arterial 

routes that do not offer a much better service quality than the many available free 

alternate routes.  In other words, product differentiation in this case does not 

differentiate appropriately between the priced arterials and the toll free alternate routes. 
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Pricing the three arterial routes would result in substantial efficiency losses (last line of 

Table 8.1).  Lost consumer surplus would far exceed the revenues collected.  From a 

policy point of view, therefore, imposing tolls on these arterial routes would be highly 

undesirable. 

 

 

Figure 8.5 Change in flows (red reduced, green increased) from no 
pricing to 16 cents/veh-km toll on selected southbound 
arterial routes, assuming non-identical users and ε = 0 

8.1.4 Partial Tolling and Price Responsive Demand 

The results in the “ε = -0.4” column of Table 8.1 suggest that the efficiency gain from 

partial or limited pricing is increased if trip making by road users is sensitive to price 

increases.  The policy implication therefore is that limited pricing can be made more 

politically acceptable if alternatives to driving go along with its implementation.  This 

result is consistent with findings from opinion surveys and from the Norwegian 

                                                                                                                                               
2  Scenario 5 assumes users are non-identical while Scenario 4 assumes identical users.   
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experience where a packaged approach was considered for the Trondheim Toll Ring 

System.  Public acceptability of the toll ring system was enhanced by dedicating some 

of the toll proceeds to transit and non-motorised modes. 

8.1.5 Implications of Identical Time-value Assumption in Realistic 
Networks 

As discussed in the preceding sections, the identical user treatment tends to 

underestimate the benefits from pricing, which could potentially erode public and 

political acceptability of pricing schemes.  The identical user approach would fail to 

capture the effects from product differentiation, where high income users are able to 

buy their way out of congestion as depicted in Figure 8.4.  Likewise, such an approach 

would fail to recognize those users who are willing to trade off time traveling on a more 

congested free alternate route to save from paying tolls. 

8.2 WELFARE EFFECTS BY INCOME CLASSES WHEN DRIVERS DIFFER 
IN THEIR VALUATIONS OF TIME 

This section presents the welfare implications of the various pricing simulations 

describe in Chapter 7 (Section 7.6).  Results are discussed separately for optimal pricing 

of the entire network and for partial pricing on a freeway section and on selected arterial 

routes.  The discussions mainly focus on results for the non-identical user cases since 

the results with identical users are simply misleading. 

Tables 8.2 to 8.4 summarise the results for the three pricing scenarios with non-identical 

time value users while simulation results for the identical user analysis are presented in 

appendix Tables 8.A.1 and 8.A.2.  The first half of each table presents the results for a 

fixed demand assignment.  The second half presents the results for price responsive 

total demand.  The first column is the income class.  The second column details the 

average income in each class.  The third column indicates the total number of trips 

taken by each income class.  Columns 4 to 6 present the aggregate effects (i.e., the 

effects of tolls for all users within an income group) of tolls by income class while the 

last three columns present the welfare effects per trip by income class.  The per trip 

effects are derived by dividing the aggregate effects by the total number of trips in each 

income group.  The aggregate ‘time cost” column represents the cost of time spent in 

travel (i.e., the vehicle-hours of travel) and the per trip column presents it in minutes.  
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The “toll cost” is the outlays for toll charges.  The “surplus” is the lost consumers’ 

surplus of both drivers who quit driving altogether (when ε = -0.40) and those who 

remain on the priced network.  The welfare effects of the two demand elasticity 

assumptions, fixed (ε = 0) and price responsive (ε = -0.40), are shown in the upper and 

lower portions of Tables 8.2 to 8.4. 

8.2.1 Welfare Effects of Pricing All Links 

Table 8.2 presents the impacts of pricing the entire network at the socially optimal price 

when it is recognised that drivers differ in their time valuation. 

Aggregate effects 

Table 8.2 details the travel cost to each income group of optimally pricing all roads 

while Figures 8.6 and 8.7 depict the travel cost graphically.  As expected, the time cost 

component comprises the larger part of travel cost for high income motorists while the 

converse is true for low incomes; travel time costs relatively less for low income 

motorists.  However, the low income drivers pay a substantial proportion of the tolls 

resulting in a large loss of surplus.  In addition, the middle class would bear the most of 

the burden as they comprised a large percentage of morning peak commuters.  This 

result is consistent with findings by Anderson and Mohring (1996). 

An important point to note in Figures 8.6 and 8.7 is that all income groups experience 

loss of surplus when all roads are optimally priced.  However, the negative benefit is 

not shared equally among all income classes.  This result is consistent with earlier 

findings regarding the regressiveness of so called first best pricing.  The travel cost by 

income groups in Figure 8.7 suggests that the regressiveness of optimal pricing could be 

reduced if alternatives to driving were made available.  

Per trip effects 

The results in Table 8.2 are consistent with the findings of Anderson and Mohring 

(1996) which showed that those with lowest incomes would experience the “worst of all 

worlds” (i.e., the poorer motorists not only have to spend longer travel times but also 

have to pay the tolls resulting in greater loss of surplus).  In contrast, the rich motorists 

would be a lot better off as Figure 8.8 illustrates.  Figure 8.8 also shows the lost surplus 

per trip for the two assumptions of demand elasticity.  As shown, the loss of surplus per 



CHAPTER 8:  AN URBAN-WIDE PRICING MODEL - RESULTS 211 

 

trip would fall considerably for Income Class1 with even higher percentage for Income 

Class12 when demand is responsive to the toll charge.   

Figure 8.9 compares the lost surplus per trip for the two assumptions of willingness to 

pay.  As shown, the identical user assumption would overstate the reduction in benefits 

from pricing. 

Table 8.2 Distributional effects of pricing all roads and assuming non-
identical users 

Income 
Class

Average 
Income 

Trips Taken
Time Cost 

($)
Toll Cost ($) Surplus ($)

Time Cost 
(min)

Toll Cost 
(cents)

Surplus 
(cents)

1 $6,000 28,796 $2,558 $24,854 -$25,115 10.4 86.3 -87.2

2 $7,280 33,466 $4,040 $26,889 -$27,217 9.6 80.3 -81.3

3 $9,360 31,342 $5,902 $24,184 -$24,421 9.0 77.2 -77.9

4 $13,000 43,498 $13,342 $36,014 -$36,151 9.1 82.8 -83.1

5 $18,200 38,927 $19,577 $33,403 -$32,922 8.9 85.8 -84.6

6 $23,400 42,947 $32,896 $38,120 -$36,387 8.8 88.8 -84.7

7 $28,600 41,633 $43,037 $37,081 -$33,650 8.5 89.1 -80.8

8 $33,800 30,987 $39,996 $28,762 -$24,987 8.5 92.8 -80.6

9 $39,000 24,926 $38,325 $23,331 -$19,488 8.5 93.6 -78.2

10 $46,800 29,469 $48,633 $27,310 -$22,455 8.5 92.7 -76.2

11 $65,000 25,049 $55,825 $22,450 -$16,668 8.2 89.6 -66.5

12 $88,000 15,828 $45,542 $12,739 -$8,488 7.8 80.5 -53.6

Total 386,868 $349,673 $335,138 -$307,949 8.9 86.6 -79.6

1 $6,000 14,543 $1,221 $6,379 -$10,695 9.8 43.9 -37.1

2 $7,280 18,868 $2,131 $7,861 -$11,744 9.0 41.7 -35.1

3 $9,360 19,799 $3,495 $8,338 -$10,861 8.5 42.1 -34.7

4 $13,000 29,876 $8,659 $14,276 -$16,153 8.6 47.8 -37.1

5 $18,200 29,022 $14,010 $15,175 -$14,184 8.6 52.3 -36.4

6 $23,400 33,809 $25,098 $19,161 -$14,265 8.5 56.7 -33.2

7 $28,600 34,069 $34,496 $20,043 -$11,194 8.3 58.8 -26.9

8 $33,800 25,827 $32,667 $16,263 -$6,815 8.4 63.0 -22.0

9 $39,000 21,081 $31,861 $13,598 -$3,958 8.4 64.5 -15.9

10 $46,800 25,013 $40,795 $16,113 -$3,802 8.4 64.4 -12.9

11 $65,000 21,686 $48,362 $13,879 -$2,764 8.2 64.0 -11.0

12 $88,000 13,882 $40,482 $8,174 -$1,518 8.0 58.9 -9.6

Total 287,474 $283,276 $159,260 -$107,953 8.5 55.4 -27.9

Zero Demand Elasticity

Price Responsive Demand, ε = -0.40

Aggregate Effects Per Trip Effects
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All Roads are Priced: Non-identical Users, ε = 0
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Figure 8.6 Aggregate effects on income groups when all roads are 
priced at the socially optimal toll and ε = 0 
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All Roads are Priced: Non-identical Users, ε = -0.40
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Figure 8.7 Aggregate effects on income groups when all roads are 
priced at the socially optimal toll and ε = -0.40 
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Figure 8.8 Surplus per trip when all roads are priced at the socially optimal 
toll: fixed versus price responsive demand 
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Figure 8.9 Surplus per trip when all roads are priced at the socially optimal 
toll: identical versus non-identical users 
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8.2.2 Welfare Effects of Pricing a Freeway Section 

Table 8.3 summarises the effects on consumer welfare of a uniform toll of 14 cents/veh-

km along the southbound section of Mitchell/Kwinana freeway. 

Table 8.3 Distributional effects of uniform toll along the southbound 
section of Mitchell/Kwinana Fwy with non-identical users  

Income 
Class

Average 
Income 

Trips Taken Time Cost ($) Toll Cost ($) Surplus ($)
Time Cost 

(min)
Toll Cost 
(cents)

Surplus 
(cents)

1 $6,000 28796 $2,500 $205 -$369 10.1 0.7 -1.3

2 $7,280 33466 $3,950 $219 -$440 9.4 0.7 -1.3

3 $9,360 31342 $5,945 $209 -$548 9.1 0.7 -1.7

4 $13,000 43498 $13,872 $391 -$1,144 9.5 0.9 -2.6

5 $18,200 38927 $21,004 $465 -$1,425 9.6 1.2 -3.7

6 $23,400 42947 $35,845 $838 -$2,134 9.6 2.0 -5.0

7 $28,600 41633 $47,389 $1,493 -$2,467 9.4 3.6 -5.9

8 $33,800 30987 $43,525 $2,141 -$2,015 9.3 6.9 -6.5

9 $39,000 24926 $40,658 $2,869 -$1,479 9.0 11.5 -5.9

10 $46,800 29469 $51,289 $3,742 -$1,651 8.9 12.7 -5.6

11 $65,000 25049 $58,710 $3,482 -$634 8.7 13.9 -2.5

12 $88,000 15828 $48,043 $1,879 -$190 8.3 11.9 -1.2

Total 386,868 $372,729 $17,934 -$14,494 9.3 4.6 -3.7

1 $6,000 24681 $2,373 $120 -$286 11.2 0.5 -1.0

2 $7,280 28715 $3,784 $138 -$335 10.4 0.5 -1.0

3 $9,360 26900 $5,710 $143 -$404 10.2 0.5 -1.3

4 $13,000 37390 $13,362 $292 -$817 10.7 0.8 -1.9

5 $18,200 33503 $20,338 $382 -$1,005 10.8 1.1 -2.6

6 $23,400 36997 $34,937 $625 -$1,472 10.9 1.7 -3.4

7 $28,600 35940 $46,252 $1,337 -$1,777 10.6 3.7 -4.3

8 $33,800 26756 $42,899 $1,708 -$1,456 10.6 6.4 -4.7

9 $39,000 21555 $40,067 $2,650 -$1,017 10.3 12.3 -4.1

10 $46,800 25455 $50,406 $3,580 -$1,027 10.2 14.1 -3.5

11 $65,000 21670 $57,910 $3,531 $68 9.9 16.3 0.3

12 $88,000 13707 $47,482 $1,950 $425 9.4 14.2 2.7

Total 333,270 $365,521 $16,457 -$9,103 10.5 4.9 -2.4

Zero Demand Elasticity

Price Responsive Demand, ε = -0.40

Aggregate Effects Per Trip Effects

 

Aggregate effects 

With only a single route that is priced, toll costs and surplus losses from a uniform price 

are much smaller compared to the case of pricing all roads.  Figures 8.10 and 8.11 

present graphically the aggregate travel cost in Table 8.3.  As shown, fewer low income 

motorists use the tolled freeway section and this is reflected in the amount of toll paid 
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by each income group.  Users of the tolled section were mainly the higher income 

motorists.  With price responsive demand, the proportion of low income toll payers 

would slightly increase while the proportion of medium to high income payers would 

slightly decrease.  These results seem to suggest that availability of alternatives to 

driving on the tolled facility would attract drivers from all income levels, although the 

rate of switching to available alternatives would vary with income level. 
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Figure 8.10 Aggregate effects on income groups when only the southbound 
section of Mitchell/Kwinana Fwy is tolled and ε = 0 
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Figure 8.11 Aggregate effects on income groups when only the southbound 
section of Mitchell/Kwinana Fwy is tolled and ε = -0.40 

Per trip effects 

The welfare effects of partial pricing on a per trip basis are shown in Figure 8.12 for the 

two assumptions of willingness to pay.  The figure reveals three important 

consequences of uniform tolling of the southbound freeway section: (1) a uniform toll 

of 14 cents per vehicle-km along the freeway section would not necessarily be an anti-

poor policy as the toll would fall to those who are willing and able to pay for the time 

saving; (2)  low income drivers suffer little if alternative routes or alternative transport 

modes are available; (3) the middle (i.e., those at or near the critical value of time) to 

higher income motorists would bear most of the toll burden; and (4) limited pricing may 

bring appreciable benefits to those who value time savings highly.  These observations 

are generally consistent with the outcomes in Chapters 5 and 6. 
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Figure 8.12 Surplus per trip with a uniform toll of 14 cents/veh-km along 
the southbound section of Mitchell/Kwinana Freeway 

8.2.3 Welfare Effects of Pricing Selected Arterial Routes 

As discussed earlier in Section 8.1.3, the net benefits from a uniform toll of 16 cents per 

vehicle-km along three selected arterial roads (Wanneroo Road, Marmion Avenue-West 

Coast Highway, and Tonkin Highway) would be negative.  Table 8.4 presents the 

distributional effects. 

Aggregate effects 

Tolling the selected arterial routes would cause low-income drivers to avoid using these 

tolled sections resulting in increased journey times.  Although low-income drivers 

would be able to save the money cost of toll, the circuitous journey would result in a net 

loss of surplus.  The net loss, however, would be relatively small, which again suggests 

that those in the lowest income stratum would not necessarily be disadvantaged by 

tolling so long as alternative routes or other transport modes are available. 
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Table 8.4 Distributional effects of a uniform toll along the southbound 
section of selected arterial roads with non-identical users  

Income 
Class

Average 
Income 

Trips Taken Time Cost ($) Toll Cost ($) Surplus ($)
Time Cost 

(min)
Toll Cost 
(cents)

Surplus 
(cents)

1 $6,000 28796 $2,573 $0 -$237 17.4 0.0 -0.8

2 $7,280 33466 $4,072 $0 -$341 16.1 0.0 -1.0

3 $9,360 31342 $6,065 $21 -$478 15.5 0.1 -1.5

4 $13,000 43498 $14,194 $97 -$1,169 16.2 0.2 -2.7

5 $18,200 38927 $21,674 $147 -$1,771 16.5 0.4 -4.6

6 $23,400 42947 $37,215 $334 -$2,989 16.6 0.8 -7.0

7 $28,600 41633 $49,439 $816 -$3,836 16.3 2.0 -9.2

8 $33,800 30987 $45,809 $1,253 -$3,426 16.3 4.0 -11.1

9 $39,000 24926 $43,452 $1,618 -$3,027 16.1 6.5 -12.1

10 $46,800 29469 $54,371 $2,670 -$3,663 15.8 9.1 -12.4

11 $65,000 25049 $60,783 $3,585 -$2,817 14.9 14.3 -11.2

12 $88,000 15828 $49,378 $1,774 -$1,421 14.2 11.2 -9.0

Total 386,868 $389,023 $12,315 -$25,175 16.1 3.2 -6.5

1 $6,000 24592 $2,445 $0 -$187 11.6 0.0 -0.6

2 $7,280 28590 $3,889 $0 -$262 10.8 0.0 -0.8

3 $9,360 26803 $5,816 $13 -$356 10.4 0.1 -1.1

4 $13,000 37200 $13,598 $75 -$848 10.9 0.2 -1.9

5 $18,200 33305 $20,760 $134 -$1,250 11.1 0.4 -3.2

6 $23,400 36760 $35,707 $293 -$2,080 11.2 0.8 -4.8

7 $28,600 35732 $47,724 $556 -$2,650 11.0 1.6 -6.4

8 $33,800 26592 $44,332 $900 -$2,482 11.0 3.4 -8.0

9 $39,000 21420 $42,121 $1,265 -$2,230 10.9 5.9 -8.9

10 $46,800 25295 $53,007 $1,972 -$2,674 10.7 7.8 -9.1

11 $65,000 21551 $59,419 $3,229 -$1,921 10.2 15.0 -7.7

12 $88,000 13656 $48,427 $1,738 -$809 9.7 12.7 -5.1

Total 331,496 $377,246 $10,176 -$17,747 3.1 -4.6

Zero Demand Elasticity

Price Responsive Demand, ε = -0.40

Aggregate Effects Per Trip Effects

 

Per trip effects 

With fixed demand, low-income groups would choose longer travel times to avoid 

paying the toll.  Drivers in Income Class1 would spend 3.2 minutes longer those in 

Income Class12 but save 4.4 cents in toll.  In this scenario, the middle- and high-income 

groups are the big losers.  A similar pattern can be observed with price responsive 

demand, although the time differential between income groups is less significant.  The 

toll cost, however, has increased slightly for all income groups compared with results 

from the price inelastic demand.  Overall, the loss of surplus per trip is lower in the 

price responsive than the fixed demand case.  A comparison of lost surplus for the two 

assumptions of demand elasticity is given in Figure 8.13.   
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The lost surplus per trip in Figure 8.13 again shows the undesirability of tolling the 

arterial routes rather than the freeway. One important feature of the simulations, 

however, is the consistent finding that low income drivers would not suffer badly from 

partial or limited pricing schemes.  As already noted, partial pricing is not an anti-poor 

policy provided alternative routes or transport modes are available. 
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Figure 8.13 Surplus per trip with a uniform toll of 16 cents/veh-km along 
selected arterial roads 

8.3 LIMITATIONS AND PRACTICAL CONSTRAINTS ON MODEL 
DEVELOPMENT 

The urban-wide pricing model for Perth has some shortcomings that include the 

following: 

Limited treatment of travel demand 

The Perth pricing model does not embody the full four-step model process and hence 

does not provide feedback to earlier stages (i.e., to trip distribution and modal split) to 

achieve a new equilibrium after the introduction of a toll.  Such a lack of feedback, 
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however, is overcome in an approximate way by allowing some drivers to change mode 

via the demand elasticity. 

Another area that requires improvement is the estimation of demand proportions by 

income classes.  It would be better if the trip rate by income class were calculated at the 

trip generation stage rather than after the modal split. 

Focus on morning peak commuting travel 

Due to data availability, the Perth pricing model only deals with morning peak 

commuting.  In order to establish a more time-dependent form of pricing, the Perth 

pricing model should model other periods.  Modelling the peak and off-peak periods 

would allow analysis of peak spreading in response to higher peak charges. 

8.4 SUMMARY 

This chapter has presented analyses of the results of the urban-wide pricing simulations 

in Chapter 7.  The cases modelled are designed to examine the issues relating to 

efficiency gains, welfare impacts and network wide effects of tolling.  Specific 

questions examined with the urban-wide model are the extent of the efficiency gains 

from partial pricing and the extent to which a realistic representation of the 

heterogeneity of driver valuations of time saving from toll charges affects welfare. 

This study has found that efficiency gains from partial pricing can be very small in a 

large urban setting.  These gains largely depend on how the pricing scheme is designed.  

In the hypothetical pricing scenario where a uniform toll of 14 cents/veh-km is levied 

on the southbound section of the Mitchell/Kwinana Freeway, the efficiency gain is 

about 14% of first best. The contrasting toll of 16 cents/veh-km applied on arterial 

routes roughly parallel to the freeway, instead of on the freeway, was so bad that it 

resulted in negative benefits.     

The efficiency gain of 14% from the freeway toll is much lower than the 95% obtained 

in the two-route corridor model. Thus, the large urban simulations have shown that the 

benefits of a one route toll are substantially modified by pervasive cross-route effects. 

However, judicious selection of a number of tolled routes could be expected to increase 
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the efficiency gain and still allow the distribution or equity benefits of leaving 

substantial parts of the network free of tolls.    

The non-identical user treatment clearly gives better estimates of the benefits from 

pricing.  Most importantly, the non-identical analysis reveals that those with lowest 

incomes are not necessarily disadvantaged by selective pricing as long as alternative 

routes or other modes are available.   

The analysis shows that the identical treatment would tend to overemphasise the loss of 

benefits from pricing, which could erode public and political acceptability of pricing 

schemes.  The identical user approach fails to capture the effects from product 

differentiation, where high income users are able to buy their way out of congestion.  

Likewise, such an approach fails to recognize those users who are willing to trade off 

time traveling on a more congested free route to avoid paying tolls.   
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APPENDIX 8 

Table 8.A.1 Distributional effects of tolling all links with identical users 
and ε = 0 

Income 
Class

Average 
Income 

Trips Taken
Time Cost 

($)
Toll Cost 

($)
Surplus ($)

Time Cost 
(min)

Toll Cost 
(cents)

Surplus 
(cents)

1 $6,000 28796 $2,246 $26,551 -$25,374 9.1 92.2 -88.1

2 $7,280 33466 $3,616 $28,530 -$27,474 8.6 85.2 -82.1

3 $9,360 31342 $5,421 $25,582 -$24,557 8.3 81.6 -78.4

4 $13,000 43498 $12,673 $37,790 -$36,255 8.7 86.9 -83.3

5 $18,200 38927 $19,352 $34,535 -$33,111 8.8 88.7 -85.1

6 $23,400 42947 $33,363 $38,771 -$37,191 8.9 90.3 -86.6

7 $28,600 41633 $44,724 $36,925 -$35,316 8.8 88.7 -84.8

8 $33,800 30987 $42,019 $28,308 -$27,061 9.0 91.4 -87.3

9 $39,000 24926 $40,415 $22,827 -$21,786 9.0 91.6 -87.4

10 $46,800 29469 $51,270 $26,722 -$25,474 8.9 90.7 -86.4

11 $65,000 25049 $59,022 $21,832 -$20,757 8.7 87.2 -82.9

12 $88,000 15828 $47,869 $12,376 -$11,793 8.2 78.2 -74.5

Total 386,868 $361,991 $340,750 -$326,149 8.8 88.1 -84.3

Aggregate Effects Per Trip Effects

 

 

Table 8.A.2 Distributional effects of a uniform toll on the southbound 
section of Mitchell/Kwinana Fwy with identical users and ε = 0 

Income 
Class

Average 
Income 

Trips Taken
Time Cost 

($)
Toll Cost 

($)
Surplus ($)

Time Cost 
(min)

Toll Cost 
(cents)

Surplus 
(cents)

1 $6,000 28796 $2,440 $1,077 -$2,397 9.9 3.7 -8.3

2 $7,280 33466 $3,876 $904 -$2,127 9.2 2.7 -6.4

3 $9,360 31342 $5,815 $904 -$1,967 8.9 2.9 -6.3

4 $13,000 43498 $13,652 $1,384 -$3,078 9.4 3.2 -7.1

5 $18,200 38927 $20,893 $1,261 -$2,864 9.5 3.2 -7.4

6 $23,400 42947 $36,044 $1,379 -$3,209 9.7 3.2 -7.5

7 $28,600 41633 $48,423 $1,432 -$3,185 9.6 3.4 -7.7

8 $33,800 30987 $45,554 $1,083 -$2,424 9.7 3.5 -7.8

9 $39,000 24926 $43,884 $899 -$1,983 9.8 3.6 -8.0

10 $46,800 29469 $55,741 $1,095 -$2,385 9.7 3.7 -8.1

11 $65,000 25049 $64,155 $972 -$1,996 9.5 3.9 -8.0

12 $88,000 15828 $51,478 $579 -$1,087 8.9 3.7 -6.9

Total 386,868 $391,956 $12,970 -$28,700 9.5 3.4 -7.4

Aggregate Effects Per Trip Effects

 



 

 
 

CHAPTER NINE 

Implications of Results, Summary and 
Recommendations 
 

This chapter provides a synthesis of the findings from the pricing simulations in both 

the simple corridor network and the urban-wide application.  It discusses the policy 

implications of these findings.  It then describes the study recommendations and the 

important contributions of the research.  Finally, the chapter describes some topics to 

cover in future research that extends the present study findings to enhance the 

acceptability of road congestion pricing. 

9.1 ASSUMPTIONS AND SENSITIVITIES 

9.1.1 Impacts of Relaxing the Homogeneity Assumption  

This section summarises how relaxing the assumption of homogeneous time valuations 

has affected the outcomes of different pricing schemes on traffic distribution, revenues, 

and consumer welfare.  Results from the simulations indicate that identical treatments 

would tend to increase the negative benefits (surplus losses) from pricing, which could 

potentially erode public and political acceptability of pricing schemes.  The identical 

user approach would fail to capture the effects from product differentiation, where high 

income users are able to buy their way out of congestion.  Likewise, such an approach 

would fail to recognize those users who are willing to sacrifice time travelling on a 

more congested but free alternate route in order to avoid paying tolls. 

Relaxing the homogeneity assumption provides better estimates of the benefits from 

pricing.  Most importantly, the non-identical analysis reveals that those with the lowest 

incomes are not necessarily disadvantaged by selective pricing as long as alternative 

routes or other modes are available.  Another significant point to note about the non-

identical results is that it shows that pricing mainly hurts those in the middle income 

strata. 
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In summary, allowing for heterogeneity in time valuation provides a better assessment 

of the impact of toll charges, as it is able to capture the differential effects of prices.  

More importantly, it shows that low-income commuters may not be significantly worse 

off with pricing especially when there is a free alternative.  Furthermore, the results are 

consistent with the expectation that some commuters would benefit from pricing 

because of shorter journey time. 

9.1.2 Sensitivity to Supply Function Parameter Values 

Simulation results reveal that welfare estimates are highly sensitive to the assumption of 

the corridor’s travel time or performance function.  Similar findings were obtained by 

Nakamura and Kockelman (2000) in their study of congestion pricing and road 

rationing applied to the San Francisco Bay Bridge corridor. The results of the present 

study suggest that a range of BPR parameter values should be tested, as well as the 

standard ones used here (α = 0.15 and β = 4.0).  Moreover, the link capacity Q should 

be defined as the ultimate capacity as opposed to practical capacity.  Estimates of the 

appropriate magnitude of toll, and consequently the efficiency gains and welfare effects 

from pricing are influenced by the values of the performance function. 

9.1.3 Sensitivity to Vehicle Operating Cost 

In analysing the impacts of a toll charge, it is imperative to include vehicle operating 

cost when dealing with predominantly low-income commuters.  Ignoring this cost is 

likely to result in overestimation of the benefits from second best congestion charges (or 

partial pricing schemes).  It would probably lead to underestimation of the welfare loss 

by low-income commuters.    

9.1.4 Complex Network Effects 

Simulations of limited pricing schemes reveal that traffic re-distribution occurs 

throughout the network.  Thus, a simplified corridor analysis will not be able to capture 

the pervasiveness of “cross-route” externalities in large transport networks.  This result 

highlights the importance of using realistic models of actual road networks when 

attempting to predict the effects of road congestion pricing.  Simple networks are 

important for intercity tollroads but in the urban setting, network effects and user 

preferences are of paramount importance. 
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9.1.5 Price Elasticity of Demand by Income Group 

Findings from the simulations suggest that modelling differential responses to a toll 

charge is consistent with actual travel behaviour.  Low-income drivers would be more 

sensitive to price increases than high-income drivers.  Failure to capture commuters’ 

differing price elasticities would have significant impact on estimates of distributional 

effects. 

Results of the pricing simulations suggest that the efficiency gain from partial or limited 

pricing is greater if road users are sensitive to price increases.  The policy implication 

therefore is that limited pricing can be made more politically acceptable if alternatives 

to driving go along with its implementation since it is highly unlikely that travel 

demand would be completely unresponsive to price increases.  This result is consistent 

with findings from opinion surveys and from limited pricing experience. 

In practice, an assumption of completely price inelastic demand is unrealistic. A more 

realistic analysis of the welfare effects of pricing would consider the magnitude of the 

demand response to toll charges.  Determining the level of responsiveness would be 

important in devising a “package” of pricing and alternative measures to enhance the 

public and political acceptability of road congestion pricing. 

9.1.6 Multiple Time-Values Versus A Continuous Distribution 

The present study examined the equilibrium outcomes for two different distributions of 

values of time: a continuous distribution versus a discrete distribution with 12 income 

classes. Ideally, a continuous distribution provides a better approximation than a 

discrete distribution. The aim was to find out just how variant the results would be 

between these two different distributions of values of time. Findings of the analysis 

indicate insignificant difference between a continuous distribution and a discrete 

distribution with 12 income classes under a first best pricing regime, although the 

continuous distribution yields slightly higher toll estimates. 

Despite the toll difference in the second best case, results from the discrete distribution 

appear to be comparable to those from the continuous distribution.  The advantage of 

the discrete approach is the relative ease with which data pertaining to the income 

distribution can be obtained.  Census data could be employed to approximate the 

discrete distribution of willingness to pay as was demonstrated in the urban-wide 
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pricing application.  In addition, the discrete treatment avoids the unwieldy 

computations required with a continuously distributed value of time. 

9.1.7 Link-based Measure of Consumers Surplus 

Analysis indicates the inapplicability of the link-based approach to measure the change 

in consumers’ surplus when users are heterogeneous in time valuation.  A link-based 

approach would tend to overestimate the losses for low-income commuters while the 

opposite occurs for high-incomes.  It was shown that a path-based approach is the 

appropriate technique to deal with non-identical time value users.  

9.2 WELFARE FINDINGS 

9.2.1 Pricing in Poor Economy Zones 

The percentage change in private travel cost by income class varies for different 

demand mixes.  Increases in travel cost for higher income drivers tend to be lowest in 

corridors dominated by poor people.  The low income motorists would leave the tolled 

road in great numbers, leaving it to be enjoyed by the few wealthy toll-paying 

motorists. Consequently under second best pricing schemes, high income drivers would 

experience a reduction in travel cost.  This suggests that pricing in poor dominated 

corridors must be designed with better alternatives for poor commuting motorists in 

order to compensate for the regressiveness of pricing. 

9.2.2 Welfare Effects of Network Tolls 

When the entire network is tolled, the time cost component comprises the larger part of 

travel cost for high income motorists while the converse is true for those of lower 

income; travel time costs relatively less to low income motorists.  However, low income 

drivers would still pay a substantial proportion of the tolls resulting in a large loss of 

surplus.  In addition, the middle class would bear most of the burden as they comprise a 

large percentage of morning peak commuters. 

An important point to note from the simulations is that all income groups experience 

loss in surplus when all roads are ‘optimally’ priced.  However the negative benefit is 

not shared equally among all income classes.  The results are consistent with the 

findings in Anderson and Mohring (1996) which showed those with lowest incomes 
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would experience the “worst of all worlds” (i.e., the poorer motorists not only have to 

spend longer travel times but also have to pay the tolls resulting in relatively large loss 

of surplus).  In contrast, the rich motorists would be a lot better off.  Thus, the results 

indicate the regressiveness of so-called first best pricing. 

In summary, network-wide tolls are highly discriminatory because low-value time users 

are left with no choice.  Ordinary motorists would be hurt by the imposition of charges. 

Furthermore imposing tolls on every route in an urban area is scarcely feasible.  

Consequently, politicians are reluctant to support or champion the cause of global 

pricing. 

9.2.3 Welfare Effects from Second Best Welfare Maximising Tolls 

In a corridor network, a welfare maximising one-route toll (i.e., second best regime) 

would require the least increase in private travel cost. This suggests that product 

differentiation offers the most viable pricing policy. 

9.2.4 Welfare Effects from Profit Maximising Tolls 

Results from the corridor simulations indicate that commuters from all income classes 

would suffer greater loss of surplus under a profit maximising regime.  The magnitude 

is at least four times higher when demand is perfectly inelastic to the charge.  The loss 

in surplus is significantly higher in all cases for the one-route profit maximising regime, 

reflecting the monopoly power of private toll operators.  The magnitudes are even 

larger when total demand is unresponsive to price increases, roughly four times higher 

than when demand is price responsive. 

Despite the highly negative welfare impacts of profit maximising tolls, there is 

relatively better political support for privately funded urban toll roads than pricing 

publicly built roads.  Thus, it is important to design tolling schemes that takes into 

consideration the welfare implications of tolls on poor motorists. 
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9.2.5 Welfare Effects of Limited Pricing in Urban Networks 

With only the southbound section of the Mitchell/Kwinana Freeway being priced, toll 

costs and surplus losses from a uniform price are much smaller compared to the case of 

pricing all roads.  Fewer low income motorists were estimated to use the tolled freeway 

section as reflected by the amount of toll paid by each income group.  Users of the 

tolled section were mainly the higher income motorists.   

Partial pricing on a per trip basis, in the form of a uniform toll on the southbound 

freeway section, reveals three important welfare effects: (1) a uniform toll of 14 cents 

per vehicle-km on this section would not necessarily be an anti-poor policy as the toll 

would hit those who are willing to pay for the time saving; (2) the middle (i.e., those at 

or near the critical value of time) to higher income motorists would bear the greatest 

burden from the toll; and (3) limited pricing may bring positive benefits to those that 

value time savings highly.   

Pricing on selected arterial routes other than the freeway was simply an exercise for the 

sake of study completeness. In this case, the uniform price of 16 cents/veh-km would 

result in higher network costs.  This occurs as traffic diverts back onto the unpriced 

freeway.  Since congestion in the freeway is already high even without pricing the 

arterial routes, the increased freeway traffic resulted in greater loss of consumer surplus 

compared to the case where the priced route is the freeway section.  In addition, the 

higher diversion rate to alternative routes reflects the undesirability of pricing arterial 

routes that do not offer a much better service quality than the many available free 

alternate routes.  In other words, there is inappropriate product differentiation in this 

case between the priced arterials and the toll free alternate routes. 

Tolling the selected arterial routes would cause low-income drivers to avoid using these 

tolled sections resulting in increased journey times.  Although low-income drivers were 

able to save the money cost of the toll, the circuitous journey resulted in a net loss in 

surplus, though relatively small.  The loss in surplus per trip reveals the undesirability 

of tolling the arterial routes rather than the freeway section.  One important feature of 

the simulations, however, is the consistent results indicating that low income drivers 

would not suffer badly from partial or limited pricing schemes.   
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In summary, the equilibrium solutions for limited pricing applications in urban settings 

suggest that road congestion pricing may not necessarily be economically bad for low 

income drivers.  In a pricing scheme where drivers are offered the freedom to choose 

between a premium-priced route and a relatively inferior but free alternative route, 

second best pricing offers more or less the best option to low income drivers. 

9.3 POLICY IMPLICATIONS  

9.3.1 Efficiency Gains from Partial Pricing 

Along a Transport Corridor 

The efficiency gains from partial pricing, where only one route is priced optimally, 

yields benefits comparable to what can be achieved under a first best policy, without 

taking account of distribution effects.  When demand is perfectly inelastic to a toll 

price, benefits from second best pricing are about the same as the first best regardless of 

the willingness to pay distribution. With price responsive demand, based on the fact that 

users have different time valuations, the efficiency gains from partial pricing range from 

95% to 98% of the first best.  This is an interesting outcome as previous studies found 

much lower efficiency gains (below 50%) from second best pricing schemes.  It is noted 

that previous studies generally dealt with high levels of congestion in the corridors 

examined.  Both the degree to which corridor capacity is utilised and the proportion of 

priced capacity affect the efficiency gain to be made under a second best policy. 

The corridor simulations of this study reveal two important points: (1) the large effect 

of priced capacity on the efficiency gains from second best pricing, and (2) the 

compounding effect of congestion.  If demand were twice the corridor capacity then the 

efficiency gains would drop below 40%.  This explains why the present study found 

relatively high efficiency gains from second best pricing compared to the results of 

previous studies. Regarded from a different point of view, the simulations have 

produced an important outcome for policy consideration.  They disclosed that partial 

pricing in a less congested corridor provides an efficient outcome comparable to a first 

best policy.  There are precedents for such pricing in less congested corridors.  An 

example is the introduction of HOT (High Occupancy/Toll) lanes where solo car drivers 

are allowed to buy into underutilised HOV (High Occupancy Vehicle) lane/s. 
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Another point to note from the second-best welfare maximizing simulations in Section 

6.2 is that it is more efficient to price the larger portion of capacity.  This result is 

consistent with the findings of Verhoef and Small (1999).   

On the other hand, under a profit maximising policy it is more efficient to price only a 

small portion of capacity.  Such a policy would dissuade the private toll operator from 

exercising monopoly power. 

The Urban-wide Network 

In the worst case of efficiency gain from limited pricing in an urban-wide setting, the 

uniform toll of 14 cents/veh-km with completely inelastic demand (ε = 0) would 

achieve about 13% of the gains that could be achieved by optimally pricing all links.  

When demand is price sensitive, net benefit would be more than double that with fixed 

demand.  In other words, the re-routing effect in this limited pricing scheme could 

achieve about 47% of total potential benefits.   

Irrationally pricing the three arterial routes and not the freeway would result in a loss of 

consumer surplus far greater than the revenues to be collected.  There would be no 

policy merit in pricing these routes.   

The simulation results further suggest that the efficiency gain from partial or limited 

pricing is increased if road users are sensitive to price increases.  The policy implication 

therefore is that limited pricing can be made more politically acceptable if alternatives 

to driving go along with its implementation.  This result is consistent with findings from 

opinion surveys and from the Norwegian experience where a packaged approach was 

considered for the Trondheim Toll Ring System.  Public acceptability of the toll ring 

system was enhanced by dedicating some of the toll proceeds to transit and non-

motorised modes. 

9.3.2 Welfare Effects After Tax Recycling 

To redress the regressiveness of pricing, revenue redistribution has been touted as the 

solution.  A number of revenue redistribution schemes have been suggested.  The 

present study examined the welfare effects after tax recycling. 
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When tolls are treated as a social transfer—also known as tax recycling, and if 

implementation of toll schemes is costless, the toll revenues can be given back to all 

peak hour commuters (including those who no longer drive during the morning peak).  

Toll revenues are not a net loss to society but are a transfer.  A convenient way to take 

them into account when considering general welfare is to notionally redistribute or 

recycle the revenues to all road users. 

When toll revenues are returned to commuters as a lump sum, everyone gains from 

pricing.  If demand is unresponsive to toll charges, the average change in consumers’ 

surplus after recycling is equal for first best and second best regimes as indicated in 

Figure 6.5 (Chapter 6).  The surplus gains would vary for different distributions of 

willingness to pay.  Under non-identical time-value analysis, the average gain is not 

uniform for the 12 income classes.  Commuters who are indifferent between the two 

routes are the ones who gain least from pricing while high-income drivers tend to gain 

the most.  It is significant that low-income drivers gain substantially after recycling tolls 

are introduced in a corridor dominated by high-income commuters.  This occurs 

because the higher tolls being imposed on high-income commuters are extracting higher 

surpluses.  Since the revenues are equally distributed, low-income commuters would 

enjoy a higher benefit. 

With price responsive demand, the change in average surplus after tax recycling shows 

a similar pattern to the fixed demand case.  The average gain for first best and second 

best regimes are not equal, however the difference is marginal.  In this case, product 

differentiation under a second best policy provides just as much gain as can be achieved 

with a first best policy.  
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9.4 CONCLUSIONS AND RECOMMENDATIONS 

Based on the research findings, the following recommendations are made: 

• Traveller responses to road congestion pricing schemes should be treated as 

heterogeneous. 

• Traffic assignment models should take account of such heterogeneity in valuing the 

travel time savings resulting from the imposition of toll charges. 

• In the absence of empirically determined distributions of willingness to pay based 

on travel surveys, income distribution from Census data can be used as a reasonable 

and cost effective estimate of the willingness to pay distribution. 

• Vehicle operating cost should be considered when analysing the impacts from road 

pricing.  The generalised travel cost should include the vehicle operating cost. 

• The congestion function or supply performance function should adopt different 

values of the parameters α and β that reflect the degree of congestibility of different 

functionally classified roads.  Choice of these parameters affects the estimates of 

optimal tolls and the consequent welfare impacts.  Likewise, the parameter Q needs 

to be properly defined, i.e., whether Q refers to the “practical” or design capacity of 

a link as opposed to the “ultimate” or absolute capacity.  The definition of Q 

influences the values chosen for α. 

• The level of price responsiveness of travel demand to toll charges should be 

determined.  Price elasticity of demand is likely to differ in corridors and regions 

with differing economic profiles. 

• When a second best toll is applied to a route that has a toll free alternative, it is 

more efficient to price the route with the larger capacity.  Satisfying this efficiency 

objective, however, may be counter to the equity objective.  Leaving the larger 

capacity toll free would be potentially more equitable.  

• On the other hand, it is more socially efficient to price the smaller portion of 

capacity when pursuing a profit maximising pricing policy. 

• Partial pricing would not necessarily be an anti-poor policy.  Those who can less 

afford the cost of toll charges could potentially benefit from partial pricing if 

transport alternatives or alternative free routes are available to them. 
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• Political and public acceptability of any form of direct road use pricing would be 

greatly enhanced through design of a packaged approach.  

9.5 RESEARCH CONTRIBUTIONS   

This research is a numerical analysis of the effects of imposing both the optimal and the 

sub-optimal prices on links on the roadway system when travelers are assumed to value 

differently the benefits of shorter journey time resulting from increased journey cost.   

The following are the contributions to existing knowledge of the present research: 

• The non-identical treatment of drivers’ responses to toll charges provides better 

understanding of the differential impacts of various pricing policies.  Allowing for 

heterogeneity in time valuation provides a better assessment of the efficiency of 

various pricing policies and of the welfare impacts of toll charges, as it is able to 

capture the differential effects of prices.  More importantly, it shows that low-

income commuters may not be significantly worse off with pricing especially when 

a free alternative route is an option. 

• This research demonstrates the consequences of adopting inappropriate analytical 

technique and assumptions when analysing the traffic equilibrium in networks with 

tolls.  These include relaxing the homogeneity assumption, sensitivity to supply 

function parameter values, sensitivity for the effect of vehicle operating cost, and 

link-based measure of consumer surplus. 

• The corridor simulations showed that both the degree of capacity utilisation and 

proportion of priced capacity affect the efficiency gain to be made under a second 

best policy.  The simulations provide insights into the relatively lower efficiency 

gains from second best pricing found in previous studies.  The present research 

found those studies to assume highly congested corridors (i.e., travel demand far 

exceeding the available corridor capacity) in their analyses.  Moreover, the 

simulations uncover an important outcome for policy consideration.  That is, that 

partial pricing in a less congested corridor provides an efficient outcome 

comparable to a first best policy. 

• The present research has adopted an approach which can be readily applied in 

practice using existing transport planning tools.  The emphasis is on readily 
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available methods for practical application or use in a network wide context.  The 

research has demonstrated the reasonableness of using the Census data to stratify 

morning peak commuting trips by income groups.  The use of Census income 

information is a compromise between an abstract application and highly 

disaggregated modelling that applies segmentation of trips by various socio-

economic and preference characteristics using data from extensive surveys, such as 

home interview surveys.  The present research’s practical approach is cost effective 

while providing robust enough approximation.   

• The research methodology could be readily applied to analyse the implementation 

of urban toll roads. 

9.6 FUTURE RESEARCH TOPICS 

While the present research has improved the understanding of the equilibrium outcomes 

and the consequent impacts from toll charges, there are still many areas that require 

further improvements.  These include the following: 

• Research into the effects of pricing on trip generation, including how pricing should 
be represented in trip rate modelling and how trip chaining is affected. 

• Research to determine the level of responsiveness of travel demand by 
heterogeneous driving population to toll charges.  Determining such responsiveness 
would be important in devising any “package” of pricing and alternative measures 
to enhance the public and political acceptability of road congestion pricing. 

• Consideration of differing responses to toll charges by vehicle type (e.g., value of 
time for just-in-time commercial delivery vehicles). 

• Inclusion of the value of travel time reliability in the values of time derived from 
travel time savings.  In other words, the values of time by income groups should 
include two components, (1) value of travel time savings, and (2) value of travel 
time reliability. 

• Determination of the value of travel time savings (VTTS) with income, as well as 
heterogeneous VTTS separate from income. 

• The use of alternative mathematical forms of the link congestion functions to 
determine the toll charges. 

• Energy and emissions impacts of toll charges. 
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