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Abstract. In some countries it is fairly common to see two roads with the same origin and destination competing in the 
same corridor. One of them is usually a toll highway that offers a better quality to the users compared to its alternative: 
a free parallel single road, which might be tolled as well. This kind of transport network has been largely studied in the 
academic literature and particularly the optimal combination of tolls that maximizes economic efficiency. If both roads are 
tolled the problem is known as the first best, otherwise it is called the “untolled alternative”. There is a gap regarding how 
income distribution affects the optimal toll. The main objective of this paper is to add knowledge in the area by analysing 
the influence of the distribution of the Values of Travel Time (VTT) of the users of this corridor on the optimal combina-
tion of tolls. To solve this problem, the authors define a mathematical model aimed at obtaining the optimal welfare price 
for this kind of corridor under the hypothesis that drivers decide over the expectation of free flow conditions. The results 
show that the higher the average VTT the higher the optimal price, and the higher the dispersion (variance) of this VTT 
the lower the optimal price. It was also found that low income users who are not able to internalize externalities should not 
travel. Finally, first best pricing and untolled alternative schemes match for high income users.

Keywords: transportation pricing, optimal price, competing roads, social welfare, value of travel time distribution.

Introduction

Transport infrastructure is a necessary requirement for the 
development of any region. However, to achieve positive 
economic impact two main additional conditions must 
be met along with investment in transport infrastruc-
ture. Political factors (e.g. funding support) appear as the 
first condition. For instance, concessions risk allocation 
in Portugal is shifting from demand risks to availability 
payment schemes, which is more favourable for the pri-
vate sector (Cruz, Marques 2013). Economic externalities 
(e.g. agglomeration) represent the second condition to be 
met, and transport infrastructure produces many exter-
nalities. Increased accessibility and the resultant economic 
development are among the most notable positive ones. 
Accidents, air and noise pollution, and other environmen-
tal issues, such as impacts on biodiversity, landscape and 
townscape, are the most important negative ones. In the 
case of road infrastructure, impacts from congestion have 
a key effect on net social benefit. Road pricing has been 
proven a successful means to alleviate congestion (Chung, 
Recker 2012). Externalities and travel times are reduced 

due to the toll and at the same time revenues can be gener-
ated. However, acceptability towards road pricing is usual-
ly low so it may be a serious obstacle to its implementation 
(Dieplinger, Fürst 2014). In fact, the toll could harm low 
income people and their opportunity to participate in so-
ciety might be diminished (Kenyon et al. 2003). Depend-
ing on the objective function to be optimized (e.g. maxi-
mize welfare, maximize social equity, maximize revenues, 
etc.), the optimal toll might vary substantially (Yin, Yang 
2004). It also seems sensible think the richness of a soci-
ety can influence the optimal price. However, as far as the 
researchers are concerned, there is a gap in the literature 
regarding the optimal price in a fully charged corridor for 
different distributions of the Values of Travel Time (VTT). 
Particularly they did not find any research estimating the 
optimal welfare price when varying the conditions of the 
average VTT and its dispersion. The main contribution 
of this paper is therefore to add knowledge in the area. 
In order to do so, a numerical approach will be used in 
this research since according to the literature review, this 
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problem is very complex and it would be harder to obtain 
a more realistic solution through an analytical model. To 
carry out such numerical approach some assumptions will 
be taken. 

The remainder of the paper is organized as follows. 
In Section 1 a literature review on the subject is conduct-
ed and the objectives of the paper are defined. Section 2 
shows the objective function to be optimized, describes 
the methodology and explains the adopted assumptions. 
In Section 3 the parameters and variables to apply to a 
specific case study are defined. Section 4 shows the re-
sults responding to the objectives previously established. 
Finally, a set of conclusions and suggestions is offered.

1. Literature review

The problem of how to achieve maximum welfare through 
pricing schemes has been widely studied. Many research 
pieces have compared first best pricing schemes to second 
best pricing schemes. For instance, Braid (1996) studied a 
network with two roads with the total trip demand being 
fixed, that is price inelastic. If the schedule delay cost is a 
V- shaped function and both roads have the same capaci-
ty, then two out of three users will choose the toll highway 
and the gains of welfare will be two thirds of the hypothet-
ical gains with the first best solution. Liu and McDonald 
(1998) included the peak and the off-peak hour to a case 
study consisting of adding two toll lanes to an existing 
bridge made up of four lanes. Welfare gains were found 
to be ninety percent greater when the whole bridge was 
tolled than when only two lanes were tolled. The model 
was improved (Liu, McDonald 1999) by including a rela-
tionship between the peak and off-peak hour periods. The 
behaviour of a transportation network in three scenarios 
was tested: without any toll, completely tolled (first best), 
and tolled only in some stretches (second best). Impor-
tant differences between the scenario without any toll and 
the second best were found, such as a decrease of total 
traffic or a switch from the toll roads to the free roads in 
the second best scheme. Verhoef (2002) introduced linear 
functions of cost and demand to the theoretical develop-
ment of the problem. As in previous studies, a greater 
welfare was achieved with the first best scheme. Yang and 
Zhang (2003) found for an urban network with 43 links 
that the maximum welfare can be achieved through mar-
ginal cost pricing, but with the toll in just 10 links welfare 
was found to be almost identical. Surprisingly, the results 
show no important difference between the first best and 
a scenario under the second best pricing scheme. Verhoef 
et al. (2010) also studied generalized costs in congested 
transport networks and compared first best pricing with 
second best pricing. They applied the model to Edinburg 
and found out a greater welfare in the first best scheme.

With respect to the influence of heterogeneity on the 
optimal toll, Yang et  al. (2002) noted the advantages of 
using different VTT depending on the type of traveller. 
Indeed, VTT was found to be a key factor influencing 

the response to pricing schemes (Yang, Huang 2004) and 
user heterogeneity must be taken into account for the path 
choice model (Zhang et al. 2013). Welfare can be greatly 
influenced by heterogeneity (Van den Berg 2014). In ad-
dition, the way in which welfare is measured and whether 
toll revenue is included as a benefit, influence optimal tolls 
as well (Mayet, Hansen 2000). With discrete user classes 
and revenue refunding the pricing scheme can be Pareto-
improving only if disutility of travel is reduced (Guo, Yang 
2010), although equity concerns of redistribution could 
turn out to be in inefficient toll levels (Diaz, Proost 2014). 
Congestion pricing may be progressive in its welfare im-
pact (De Palma, Lindsey 2004), albeit it is noteworthy that 
the intrinsic difference between VTT distributions influ-
ences the fairness of the system (Xu et al. 2014). Accord-
ing to Du and Wang (2014) there is little research related 
to welfare and heterogeneous users. 

From the literature review the authors found a gap 
regarding the optimal welfare price in a fully charged 
corridor for different VTT distributions of the potential 
users. Ortega et  al. (2018) have recently shed light on 
the problem for the untolled alternative. However, there 
is undoubtedly room for more analysis on the impact of 
heterogeneous users, as well as the degree of their hetero-
geneity. Thus, the objective of the paper is to shed light on 
this topic by defining a model to obtain the optimal toll 
price in terms of the VTT distribution for a fully priced 
interurban corridor with two roads of different quality.

2. Assumptions and methodology

In order to pursue the objective of this paper, an optimiza-
tion problem has been formulated which is aimed at cal-
culating the optimal combination of tolls that maximizes 
the social welfare (i.e. minimize the social cost) in an in-
terurban corridor of the above-mentioned characteristics, 
for different distributions of their VTT. A more detail de-
scription of the methodology is available in Ortega et al. 
(2018). Nonetheless, for the sake of clarity a summarized 
version of the methodology is shown in this paper. The 
main assumption is that the potential users are supposed 
not to be familiar with the traffic conditions in the corri-
dor. Therefore, they will decide whether they will travel or 
not, and through which road they will do it, on the basis 
of the expected travel time, their VTT, the gasoline cost 
expected under free flow conditions and the toll in both 
roads. The extra-costs that the users may end up facing if 
travel conditions are not as they originally expected can-
not be known by them at the time of making the travel 
decision. This assumption makes sense in interurban cor-
ridors since users have habits such as check conditions 
before the trip (e.g. google maps or traffic GPS systems) 
and intercity trips can be unexpectedly delayed due to bad 
weather, road works ahead or an accident to name but 
three. Indeed, unfamiliar trips were found to be quite dif-
ferent to familiar trips, and there is a gap between expect-
ed and actual travel time (Schmitt et al. 2015). In other 
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words, an assumption of perfectly well-informed users 
would be less realistic than the assumption already taken 
in interurban corridors. Consequently the model is valid 
only for interurban networks where most users are not 
familiar with the congestion in the corridor. For the model 
to be applicable to commuters in an urban transport net-
work, it would be necessary to change this assumption. 
In the selected transport network the total cost for the 
society is defined as follows:

SC = UC + EC + HOB + GB,  (1)

where:
 – SC is the total social cost [€]; this is the objective 
function that has to be minimized so the welfare will 
be maximized;

 – UC is the total cost that the users bear per trip [€]; it 
is divided into four terms, which are travel time, toll, 
fuel cost and maintenance of the vehicle;

 – EC represents the externalities produced by the ve-
hicles [€]; they are the summation of environmental 
cost – i.e. gas emissions, noise and so on – plus the 
external costs caused by accidents; the environmental 
cost is proportional to the fuel consumption, so the 
more the fuel consumption the more the environ-
mental cost;

 – HOB is the net operating balance for the road opera-
tor either public or private [€]; it consists of the tolls 
paid in the highway minus the maintenance cost in 
the toll highway;

 – GB is the result for the government responsible for 
maintaining the conventional road [€]; it is calculated 
as the taxes recovered from fuel and tolls paid in the 
road minus the maintenance cost of the road.

Equation (1) is written in terms of social cost and to 
avoid double counting tolls and taxes are considered as 
transfers among society. When the demand increases the 
key question will be whether the additional users are able 
to internalize the additional externalities that they do not 
perceive. Although congestion costs do not appear explic-
itly, they automatically appear when traffic increases and 
the speed decreases. The potential users of the corridor are 
divided into 100 groups according to their income; this is 
denoted by the index i = 1, ..., 100. The index j represents 
the different roads for the potential users either H (Toll 
Highway) or R (Conventional Road). The potential users 
have a daily expenditure limit for transport, which can 
make them decide not to travel:

 If   j j
iIf T   GC   I+ f⋅ >Q⋅ ,  j∀

users of group  do not traveli

exp  and 0i, i iN = NPU N  = ;

,expotherwise 0 and i i iN = N = NPU ,                     (2)

where: T j is the toll in € in the road j; GC j is the expected 
gasoline cost [€] under free flow conditions in the road j; 
Q is the limit of expenditure in transport (Litman 2007) 
in per unit values; Ii is the daily income expressed [€] for 
group i; NPUi is the number of potential users of group i; 

Ni is the number of users of group i who decide to travel; 
Ni,exp is the number of users of group i who do not travel 
because the cost they have to bear to travel is too high for 
them; f is a coefficient that expresses the user’s perception 
with respect to the cost of gasoline (Huang, Burris 2015). 

All groups of users decide first whether they travel or 
not, and if they do it, then they decide through which road 
they will do it according to the cost they expect to bear in 
each alternative:

j j j j
i iDC  = T  +   GC + VTT ETTf ⋅ ⋅ ,  (3)

where: j
iDC  is the cost estimated by the group i for the 

road j expressed [€]; VTTi is the values of travel time [€/h] 
for the group of users i that is strongly related to their 
income Ii. 

In practice, demand elasticity and VTT are only im-
perfectly correlated (Verhoef, Small 2004), albeit in or-
der to reduce user heterogeneity from two dimensions 
to one, VTT is assumed to be proportional to income: 

8i iVTT I⋅ =  . For intercity trips (and particularly recrea-
tional trips), the VTT may be lower than this because 
people are not pressed for time, but VTT is used to know 
differences in the transport policy on the optimal tolls be-
tween different societies, thus this proportion will be the 
same for all VTT curves and will not have any significant 
influence on the outcome (i.e. the policy lessons will be 
identical regardless this proportion). Finally, ETT j is the 
expected travel time under free-flow traffic conditions in 
the road j. ETT j has been set with free flow conditions, 
but according to the methodology this expectation can 
be easily changed. However, following findings from the 
untolled alternative (Ortega et al. 2018) these travel ex-
pectations would change the value of the optimal tolls but 
would hardly have any influence on the trends described 
later. The main difference would be that the longer the ex-
pected congestion (and hence the average travel time plus 
unreliability) the higher the optimal tolls will be since us-
ers anticipate the delay. j

iDC  is calculated for each group 
of potential users who have decided to travel; each of them 
will travel through the road with the lowest DC. The total 
cost for the users UC is calculated as the summation of the 
real cost for each group of users RCi (Equation (4)), which 
is in turn calculated from Equations (5)–(8).

i
i

UC RC=∑ ;                                                        (4)

,exp
H R

i i i iRC RC  RC  RC= + + , i∀ ;                           (5)

(H H H
i iRC = T VTT ETT+ ⋅ +

( ) ( )1 H H
iVTT RTT ETT+ s ⋅ ⋅ − +

) ( )1H
j i iRGC MCV N U+ ⋅ ⋅ − , i∀ ;                          (6)

(R R R
i iRC  = T + VTT ETT⋅ +

( ) ( )1 R R
iVTT RTT ETT+ s ⋅ ⋅ − +

)R
j i iRGC MCV N U+ ⋅ ⋅ , i∀ ;                                  (7)

,exp ,exp ,exp ,exp
1
2i i i iRC  N DC T = ⋅ + ⋅D 

 
, i∀ ,           (8)
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where: RCi is the real cost each group of users have to bear 
[€]; s is a coefficient, which penalizes the exceeding travel 
time above free flow (Wardman, Ibáñez 2012); RGCj is the 
real gasoline cost in the road j [€]; MCVj indicates the 
vehicle maintenance cost in the road j [€], which depends 
on the length of the road j as well as on the kilometre 
maintenance cost MCV. 

The Equation (8) has been added in order to take into 
account the social cost for the users who do not travel, 
that is, the loss of welfare of those users who cannot af-
ford the trip. In other words, this is the so called “rule of a 
half ” in the cost benefit analysis methodology but adapted 
to users who decide not to travel instead of their usual 
induced demand. RCi,exp is the cost to be assigned to the 
users who do not travel; DCi,exp is the decision cost that 
pushes out these users; DTi,exp is the difference between 
the toll that makes them not to travel in DCi,exp and the 
toll they would pay if they travelled. 

Equation (8) can therefore be replaced by benefits 
from induced demand and the minimum social cost will 
always be found at the same point. Ui is a binary variable, 
which takes the value 1 if the users travel through the con-
ventional road or 0 if the users choose the toll highway; in 
those cases where the users of group i decide not to travel, 

0H R
i iRC RC= = , since Ni = 0, regardless the value of Ui. 
RTT j is the real travel time in the road j, which ac-

cording to the Bureau of Public Roads is calculated as fol-
lows:

1
j

j
j j j

j
NRTT = ETT  

CAP

b   ⋅ + a ⋅     

,  (9)

where: CAP j is the capacity of the road j; a j and b j are 
necessary coefficients to calculate the real travel time. 

The problem of finding the optimal combination of 
tolls that minimizes SC is nonlinear and nonconvex (Yang, 
Huang 2005), thus the use of commercial solvers based on 
mixed integer nonlinear programming does not guarantee 
that a global optimum can be obtained. For this reason, 
and considering the moderate size of the problem under 
study, a simulation-based optimization method is used in 
this paper. Moreover, and taking into account the large 
number of variables involved in the problem, in order to 
analyse the influence of VTT distribution on the optimal 
combination of tolls we use a realistic case study, which is 
described in Section 3.

3. Case study

Three different types of data and variables are used in the 
case study: first, a set of input variables – VTT distribu-
tion, tolls, and Total Number of Potential Users (TNPU); 
second, some parameters that the authors assume constant 
to facilitate the analysis, e.g. the slope of the roads, fuel 
taxes, etc.; and third, a set of output variables – minimum 
SC, optimal tolls, number of users who do not travel and 
traffic distribution in the corridor, that result as an output 
of the model. The tolls are considered to be an input be-
cause the output variables are influenced by them, that is, 
SC or traffic distribution will depend on the tolls and not 
the other way around. The results are obtained for 25 log-
normal income distributions. Although the authors have 
focused the analysis on studying the effects of the VTT 
distribution and the TNPU on the optimal toll price, the 
methodology presented in the paper can be easily adapted 
to study other variables. Table 1 shows the ranges selected 
for the input variables.

The length of the highway is 90 km and the length of 
the road is 100 km. The total capacity of the corridor is 
6500 veh/h. The capacity share of the conventional road 
in the corridor is 26.15%. The user’s perception with re-
spect to the cost of gasoline j was set at 0.9 (Huang, Bur-
ris 2015), and the limit of expenditure in transport Q was 
set at 0.2 (Litman 2007). The ranges for the four variables, 
VTTi, T H, T R and TNPU have been selected following the 
recommendations by several researches. The range of tolls 
has been chosen according to the actual levels in differ-
ent corridors across Europe, particularly in Spain (Ortega 
Hortelano 2014). Each VTT distribution is characterized 
by its average μ, variance s2 and shape. The average values 
were chosen in the following way. The value of time for 
long distance travellers in the California State Route 91 
ranks between 7.09 and 29.42 $/h (Small et al. 2005) and 
the high variability in the results was explained by the kind 
of survey conducted, i.e. stated preferences or revealed 
preferences. For the Interstate 15 in California these values 
in the peak hour varied from 20 to 40 $/h (Brownstone, 
Small 2005) and a high variability was also found. For the 
Spanish case, De Rus et al. (2010) recommend values be-
tween 9.18 to 22.34 €/h. Secondly, the variance of the dis-
tribution was selected in agreement with Calvo Gonzalez 
et al. (2012), who found that the variance of the distribu-
tion for different Spanish regions can increase or decrease 

Table 1. Variables selected for the case study

Variable Definition Value Source

VTTi
distributions of the 
value of travel time

25 lognormal distributions  
with 5 different averages  
(μ = 13, 16, 19, 22 and 25 €/hour);
5 different variances (s2 = 84.44, 
171.28, 249.28, 324.8 and 391.95)

Small et al. (2005); Calvo Gonzalez et al. (2012); 
De Rus et al. (2010); Fosgerau (2006); 
Brownstone, Small (2005); Abrantes, Wardman (2011); 
Shires, De Jong (2009); Ortiz, Cummins (2011); 
Nie, Liu (2010)

T H, T R highway toll, road toll 0…8 € Ortega Hortelano (2014)

TNPU potential users  
in the corridor 3000…7000 veh Kraemer et al. (2004)
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up to 30% from the average, and with Ortiz and Cummins 
(2011) who noted that Gini indexes can vary from about 
0.20 to almost 0.7 worldwide. Thirdly, with respect to the 
distribution’s shape, it must be a lognormal (Fosgerau 
2006), and the variances of this lognormal might range 
from 10 to 1000 (Nie, Liu 2010). In an update of the valu-
ations conducted by Abrantes and Wardman (2011) and by 
Shires and De Jong (2009) similar ranges, values and shape 
are recommended. Both studies conduct a meta-analysis 
of VTT and the impacts on VTT of GDP, income, travel 
distance, travel purpose, transport mode and finally sur-
vey method are well acknowledged. In other words, VTT 
is an important parameter in economic appraisal thus it 
is advisable to place awareness of the case study to avoid 
errors and misunderstanding in the interpretation of the 
results. Thus, for this research, the 25 lognormal VTT dis-
tributions chosen can be considered a realistic case study 
since it covers the whole variability of interurban roads 
in developed regions such as Europe or the United States.

4. Results

This section is divided into five subsections. The first one 
finds out how the model calculates the optimal tolls, and 
shows the evolution of social cost for different tolls and 

traffic levels. The second one studies the effect of the aver-
age VTT on the combination of optimal tolls. The third 
one analyses the effect of the variance of VTT on the op-
timal tolls. The fourth subsection tests the model with a 
VTT distribution resembling the income characteristics of 
Spain. Finally, a comparison between the first best solu-
tion (tolling the two roads in the same corridor) and the 
untolled alternative is offered.

4.1. Social cost, traffic and optimal tolls

In order to simulate a realistic scenario the research will 
just be focused on lognormal distributions of VTT. Fig-
ure 1 depicts the evolution of SC as a function of T H and 
T R for a particular VTT distribution with four different 
levels of demand (potential users TNPU): from free flow 
to congestion, where the capacity of the corridor is slightly 
exceeded. The lognormal VTT distribution chosen for this 
section does have an average μ = 19 €/h and a variance 
s2 = 249.28 in the middle of the range previously selected. 
Obviously if the figure is cut with the plane of T R = 0 we 
would get the evolution of SC under the untolled alterna-
tive. The red lines or points show the minimum SC and 
therefore the combination of optimal tolls.

Figure 1 shows that the larger the potential traffic the 
greater the social cost. This figure also demonstrates that if 

Figure 1. Evolution of social cost SC for different toll combinations (T H and T R) and levels of potential users TNPU
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the combination of tolls is far from the optimal, the social 
cost will increase hugely. This is particularly true for high 
tolls in the highway, low tolls in the road and high traffic. 
Under such scenario the majority of the users would travel 
through the road and there would be large welfare losses 
due to the congestion in the road. Two outputs mainly 
explain the shape of the figure: percentage of users who do 
not travel and traffic share in the road. For each TNPU the 
combination of tolls is associated to certain relationships 
of these two outputs. For instance, the valley that can be 
seen in the lower graphs indicates similar traffic shares 
in the road because the difference of the toll between the 
highway and the conventional road is constant, but the 
percentage of users who cannot afford the trip is different 
(i.e. due to the demand elasticity the higher the price the 
fewer the travellers). There are some small steps that can 
be seen on the left corner of each graph, and represent 
changes in these two variables. In fact the continuous dis-
tribution of VTT has been implemented as 100 discrete 
values. The effect stemming from congestion is fully un-
derstood in the figure. The tolls for the optimal combina-
tion are different depending on the traffic level, as well as 
the traffic share in the road and the percentage of users 
who cannot bear the expense of the trip are different too.

For free flow conditions (3000 TNPU) the minimum 
SC is achieved for a highway toll of 6.2 € and a road toll 
that can vary from 6.5 to 8  €. The tolls for the optimal 
combination lead to a null traffic share in the road. This 
way one out of four potential users cannot afford the trip. 
For the next level of TNPU – 4500 – the toll in the high-
way should be higher than before (7.7 €) whereas the toll 
in the road can vary from 7.9 to 8 €. The traffic share in 
the road would be again null and the percentage of users 
who do not travel reaches its peak (31%), so the real traffic 
would be 3105 vehicles.

The trend described above, changes when TNPU is 
almost at the same level than the capacity of the road 
(6000). The toll in the highway should be set almost at 
its maximum (7.9 €) and the toll in the road should de-
crease down to 5.1 €. The tolls for the optimal combina-
tion are unique (that is, they are a point rather than a line 
in the 3D figure), increase the share of the road (from 0 to 
27.71%) and decrease the percentage of users who do not 
travel (17%). This tendency is similar for a TNPU above 
the capacity of the corridor. This combination leads to a 
share of the road slightly above their relative capacity in 
the corridor (30.12%) and again there are 17% of poten-
tial users who do not travel, which is fairly away from the 
maximum possible.

Thus, for low/intermediate TNPU all users should 
travel through the highway. In order to avoid an excess of 
demand and therefore congestion, the higher the traffic, 
the higher the price of travelling. For intermediate/high 
TNPU some congestion is unavoidable so it is better to 
make more users travel and share the traffic between both 
roads. In other words, with low traffic, low income users 
trigger more costs than benefits, so it would be better if 

they do not travel whilst for high traffic the congestion is 
unavoidable, the benefits of these users would be higher 
than their costs (i.e. they do not impose any time loss to 
high income users) and it is better if they travel and the 
traffic is shared between both roads. There is a percent-
age of users (17%) who regardless of congestion cannot 
perceive the externalities through the toll and ultimately 
would never travel by car. It is remarkable that these re-
sults are valid from the point of view of maximization of 
efficiency, but may arise serious equity concerns.

4.2. Effect of average VTT on the optimal tolls

Figure 2 shows the optimal combination of tolls corre-
sponding to five different VTT distributions – all with the 
same variance (s2 = 249.28) but with different averages 
μ – as a function of the potential users (Figures 2a and 
2b), TNPU and the traffic share in the road and the per-
centage of users pushed out of the corridor for the optimal 
combination of tolls (Figures 2c and 2d). Figures 2a and 2c 
have the same legend and correspond to low and medium 
averages whereas Figures 2b and 2d have also an identical 
legend and correspond to high average.

Several conclusions can be drawn from Figure 2. First 
and broadly speaking, the larger the potential traffic the 
higher the tolls for the optimal combination. This con-
clusion is in line with previous findings identified in the 
literature review. Second, there are two remarkable dif-
ferences between graphs on the left (low/medium average 
VTT) and on the right (high average VTT). For high µ 
distributions when the potential traffic (TNPU) increases 
there is also a rise in the traffic share of the road. Despite 
some groups of users could be pushed out, it would be 
better not to do it because they can afford the trip and 
internalize the externalities they produce through tolls 
(Figure 2d). In addition, there are several combinations 
of optimal prices, but the difference between tolls for each 
traffic level has to be constant (Figure 2b). For low µ, the 
share of the road is always null and the greater the traffic 
the greater the users pushed out (Figure 2c). Basically it 
proves the fact that users must internalize the externali-
ties they produce but not perceive through a toll. If they 
cannot afford this toll, then they had better not to travel 
because they would impose a greater travel time to the 
“richer” travellers. As we explained in the former subsec-
tion, the combination of both price elastic demand and 
low income users could potentially bring equity issues 
that would need to be addressed. In this case the optimal 
combination of tolls consists of a single highway toll and 
a range of road tolls, among which the government would 
likely select the minimum one (Figure 2a).

The case for medium average VTT is a transition 
between both high and low µ (Figures 2a and 2c). Op-
timal combination of tolls tend to increase with TNPU 
until reaching the maximum percentage of users who do 
not travel and the share of the road is null; from then on 
the tolls are reduced, are unique and the traffic share of 
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the road increases. The break-even point is related to the 
TNPU in the corridor, when the congestion is unavoidable. 
When the users of the corridor are below a certain thresh-
old, there is no congestion (i.e. level of service A or B) 
and the externalities of using the highway are lower than 
using the road, it is better that all users drive through the 
highway. This threshold depends on both the number of 
potential users and the percentage of users who decide not 
to travel, so once the level of service is approaching level 
C, it is better to reduce tolls and make more people travel.

Third, when the traffic is near to the capacity of the 
corridor, the share of the road is also close to its relative 
capacity in the corridor although slightly above it. This lies 
in the fact that, according to Table 1, a higher b has been 
imposed on the highway. Last, but not the least, ceteris 
paribus the higher the µ the higher the tolls imposed on 
both roads. This rule applies for low and medium µ dis-
tributions and for high µ distributions, but it is not valid 
for a comparison between them.

4.3. Effect of VTT variance on the optimal tolls

Figure 3 shows the optimal combination of tolls corre-
sponding to five different VTT distributions all with the 
same average (μ = 19 €/hour), but with a different vari-
ance (Figures 3a and 3b) as well as the traffic share in the 
road and the percentage of users pushed out of the cor-
ridor for the optimal combination of tolls (Figures 3c and 
3d). Graphs 3a and 3c correspond to high and medium 
variances whereas Figures 3b and 3d correspond to low 
variances. As in the previous figure, Figures 3a and 3c on 
the one hand, and Figures 3b and 3c on the other have 
respectively the same legend.

Before getting into Figure 3, it is worth noting that 
these VTT distributions have a medium income µ, thus 
they are a transition between low income and high income 
VTT and their behaviour has been already explained. Fig-
ure  3 proves that the higher the VTT variance (or dis-
persion), the lower the optimal toll combination. So, the 

Figure 2. Optimal toll combination (a, b), and Bureau of Public Roads ut in the optimal combination (c, d)  
for different levels of potential users (TNPU) and different average VTT (μ)
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larger the Gini index the lower the tolls. This means that 
ceteris paribus tolls in regions with a widespread income 
distribution should be lower than in regions with a con-
centrated income distribution. With a higher variance 
there are more “rich” users in the distribution, but there 
are also more “poor” users, and as a result the peak point 
of users who cannot afford the trip is achieved for lower 
combination of tolls. From that point on, the tolls for the 
optimal combination must be reduced in order to achieve 
a better trade-off between users who decide not to travel 
and traffic share between both roads. So, the tolls act as a 
thermostat that regulates both outputs of the model.

Moreover, the higher the traffic the higher the tolls for 
the optimal combination. It is also noteworthy that the 
tolls for the optimal combination are quite similar under 
congestion. Along with the increase in TNPU there is also 
an increase in the share of the conventional road. As con-
gestion rises the optimal highway toll goes up whilst the 
optimal toll in the road goes down, and this encourages 
travellers to use the road rather than the highway. In fact, 
under congestion the road is used slightly above than its 
relative capacity in the corridor. Finally, the break-even 
point when the tolls must be reduced is reached when the 
real traffic is around half of the capacity of the corridor, 

i.e. level of service C. In other words, if the travellers ex-
ceed this figure, it would be better to impose lower tolls 
and share the traffic between both roads rather than both 
pushing out low income users and having all the traffic in 
the highway.

4.4. The Spanish case

The optimal combination of tolls for different levels of po-
tential users with a VTT distribution resembling the so-
cioeconomic characteristics of Spain has been calculated. 
With these results the authors intend to provide insight 
on the differences between the tolls for the optimal com-
bination according to our methodology and the current 
toll levels in a particular place. The income distribution 
has been obtained from the National Bureau of Statistics 
of Spain and the shape of the distribution is very simi-
lar to a lognormal with a low average and high variance. 
Particularly its average is µ  =  13.09  €/h, its variance is 
s2 = 469.92, the Gini index of its VTT distribution would 
be 0.51 and 31% of potential users would never travel by 
car. The main results of this analysis are summarized in 
Table 2.

With the highest tolls in both roads the percentage of 
users who do not travel is 61%, albeit with the tolls for 

Figure 3. Optimal toll combination (a, b), and traffic share in the road vs users pushed out in the optimal combination (c, d)  
for different levels of potential users (TNPU) and different variances of VTT (s2)
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the optimal combination and 7000 TNPU the number is 
slightly lower, 59% (i.e. 2870 users in the corridor). The 
tolls for the optimal combination will always lead on the 
one hand to a null share of the road and on the other 
hand to a monotonous increase of the number of users 
who cannot afford the trip as TNPU increases. In other 
words, it is more beneficial for society to have potential 
users out than travelling because they cannot internal-
ize the externalities they produce. Moreover, in order to 
achieve the optimal welfare solution, the prices should be 
clearly reduced but a toll in the conventional roads should 
be imposed (Ortega Hortelano 2014). The main criticism 
to this transport policy is that a lot of people could not 
afford the trip and would provoke important inequalities 
between high and low income people. Whatever the tolls 
imposed, there are at least 31% of users can not afford the 
trip. In other words, as seen in the literature review this is 
an intrinsic difference that can influence the fairness of the 
system. Moreover, the goal of the developed model is to 
achieve the maximum welfare without considering equity.

4.5. First best vs untolled alternative

Finally a comparison between the untolled alternative (i.e. 
the road will remain toll-free) and the fully charged cor-
ridor is conducted. This comparison is done for the four 
extreme cases among the range studied: the highest and 
lowest average and the highest and lowest variance. Figure 
4 shows the optimal combination of tolls for the case of 
the untolled alternative in red colour and the first best in 
blue colour. The upper graphs correspond to low average 
VTT whereas the lower graphs correspond to high average 
VTT. Furthermore, the left graphs have a high variance 
whilst the right graphs have a low variance.

A handful of previously explained conclusions arise 
from Figure 4. Firstly, the larger the traffic the higher the 
tolls for the optimal combination. Secondly, the higher the 
variance the lower the tolls for the optimal combination. 
Thirdly, the higher the average the greater the tolls for the 
optimal combination. Fourthly, and finally, it is worth ex-
plaining the differences between the untolled alternative 

and the first best. Whereas in the untolled alternative the 
percentage of users who do not travel for a given VTT dis-
tribution remains constant regardless of the TNPU level, 
this is not the case when the corridor is fully charged. This 
difference in the percentage of potential users who cannot 
afford the trip is particularly important for low µ where 
due to the price elasticity of demand large tolls could 
push out a high percentage of potential users. It could be 
thought the optimal solution is reached when there are 
fewer users in the corridor, but as it has been proved in 
this paper that is not always true because the optimum 
will depend on the trade-off between traffic share and the 
percentage of users who decide not to travel. The capa-
bility of the users to internalize the externalities has an 
important influence on this outcome. Furthermore, only 
for high µ both approaches match each other and have 
the same optimal tolls (assuming the combination with 
the lowest tolls in the optimal range of combinations of 
the first best solution). Finally, only for low µ the welfare 
is higher in the first best pricing scenario than in the un-
tolled alternative scenario.

These lessons are more clearly explained in Table 3, 
which shows the difference of welfare between the un-
tolled alternative and the fully charged corridor as well as 
the percentage of users who do not travel and the traffic 
share of the road for two VTT distributions with the mid-
dle average and the highest and lowest variance. The tolls 
for the optimal combination for these two VTT distribu-
tions were depicted in Figure 3.

Conclusions

This paper presents a model to obtain the tolls that max-
imize social welfare in a corridor where a toll highway 
competes with a parallel conventional road, which could 
be tolled as well. The model is devised for an interurban 
corridor with non-recurrent users who take their deci-
sions assuming free-flow traffic conditions. The results of 
the paper shed additional light on the topic. The tolls for 
the optimal distribution depend on the trade-off between 
traffic share and the percentage of user who do not travel. 

Table 2. Optimal combination of tolls and road share for different levels of potential users (TNPU)  
considering the income distribution of Spain

Potential traffic 
(number of users)

Range of optimal price  
in the toll highway [€], 

in brackets [€/km]

Range of optimal price  
in the toll road [€], 
in brackets [€/km]

Share of traffic in the 
conventional road [%]

Users pushed  
out [%]

3000 1.6 (0.018) 1.9…8 (0.019…0.08) 0 40
3500 2.5 (0.028) 2.8…8 (0.028…0.08) 0 44
4000 2.5 (0.028) 2.8…8 (0.028…0.08) 0 44
4500 2.8 (0.031) 3.1…8 (0.031…0.08) 0 45
5000 3.6 (0.04) 3.9…8 (0.039…0.08) 0 48
5500 4.4 (0.049) 4.7…8 (0.047…0.08) 0 51
6000 5.5 (0.061) 5.8…8 (0.058…0.08) 0 55
6500 5.5 (0.061) 5.8…8 (0.058…0.08) 0 55
7000 6.9 (0.077) 7.2…8 (0.072…0.08) 0 59
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Changes in VTT distributions affect tolls in a non-linear 
manner. Under the assumptions made in the paper the 
following conclusions were obtained: (1) the higher the 
VTT average (and income) the higher the tolls; (2) the 
higher the VTT dispersion the lower the tolls; and (3) the 
larger the number of potential users the higher the tolls. In 
other words, the tolls that maximize social welfare are an 
increasing function of the VTT average and a decreasing 
function of the VTT dispersion. Consequently, optimal 
tolls should be higher in regions with lower Gini indexes 
than in regions with higher Gini indexes.

There are some differences in the tolls for the opti-
mal combination depending on the average VTT of the 

distribution. For low average VTT, tolls in the road have 
to be higher than in the highway, all the users will travel 
through the highway and it is not necessary to reach the 
maximum percentage of potential users who do not travel. 
For medium average VTT, under free flow conditions the 
optimal toll in the road has also to be higher than in the 
highway; once the congestion is unavoidable, even with 
the tolls at its peak, the tolls must be reduced and the traf-
fic will be shared between both roads. For these two firsts 
regions, not every potential users are able to internalize 
the externalities and from the economic efficiency point 
of view it would be better if they do not travel. Finally, in 
regions with a high average VTT the optimal welfare ob-

Table 3. Comparison between the untolled alternative and the fully charged corridor

Distribution VTT Potential users 3000 5000 7000

μ = 19 €/h; 
s2 = 391.95

% gains of welfare 4.21 13.42 27.91
% users pushed out (untolled/FCC) 0/28 0/39 0/26
% road share of traffic (untolled/FCC) 17/0 28/0 34/28.38

μ = 19 €/h; 
s2 = 84.44

% gains of welfare 0.75 1.89 2.84
% users pushed out (untolled/FCC) 0/12 0/3 0/2
% road share of traffic (untolled/FCC) 15/0 26/23.71 32/30.61
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the fully charged corridor in the extremes
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tained with the fully charged corridor is the same as with 
the untolled alternative.

The model shows that when the demand is higher than 
half of the capacity of the corridor, the optimal combi-
nation of tolls brings about an optimal traffic share ac-
cording to the capacities of each road. Under free flow 
conditions the optimal tolls are the ones that make users 
travel mostly through the highway. As a general rule the 
greater the potential traffic the higher the traffic share in 
the conventional road. When the capacity of the corridor 
is reached, this share is slightly above its relative capacity.

Further research on the topic might include criteria to 
take into account equity issues, since efficiency maximiza-
tion does not consider key aspects such as the social exclu-
sion of people who are pushed out. The model could also 
be improved by substituting the “all or nothing assign-
ment” by a more sophisticated approach based on logistic 
regressions. Finally, it would be interesting to replicate 
the model for recurrent users (commuters) who perfectly 
know the traffic in the corridor, and consequently decide 
on the basis of both real travel time and monetary cost. 
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