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We estimate marginal external costs per kilometer for car and bus in the Metropolitan Area
of Santiago, Chile, in terms of congestion, road damage, accidents, air pollution and noise.
Estimates are provided for both peak and off-peak periods. To carry out our analysis, we
collected and integrated the output of several local studies. These estimates should con-
tribute to a better debate on how to manage efficiently motor vehicles externalities by
means of both (pigouvian) tax instruments, public transport subsidies and regulation.
We also offer a comparison of our results with those reported in the literature.
At peak times, marginal external costs per kilometer for petrol cars, diesel cars and buses

are estimated at USD 0.51, USD 0.53 and USD 1.80 respectively. When these values are con-
verted to passenger-kilometer, petrol cars, diesel cars and buses impose a marginal exter-
nal cost of USD 0.41, USD 0.42 and USD 0.04 respectively. At off-peak times, all these values
are reduced as congestion decreases significantly. The marginal external cost for petrol
cars, diesel cars and buses are USD 0.15, USD 0.16 and USD 0.78 respectively. Differences
in marginal external costs per passenger-kilometer between cars and buses shrink as these
costs fall to USD 0.12, USD 0.13 and USD 0.05 for petrol car, diesel car and bus respectively.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Metropolitan urban transport produces several negatives externalities, among others, congestion, road crashes, air pollu-
tion, noise and spatial segregation. Drivers usually pay (fuel) taxes, but these are not necessarily designed to provide ade-
quate incentives to internalize external effects. Hence, drivers generate negative externalities beyond their optimum
level, negatively contributing to social welfare. The aim of this research is to shed light on the likely magnitudes of the mar-
ginal external costs of road transport in the Metropolitan Area of Santiago, the capital city of Chile. Estimating these marginal
external costs should be a most relevant input for policy makers to device regulations and market instruments that con-
tribute to a more sustainable urban transport.

To optimally manage the external costs of transport, we need to understand (i) how users’ equilibrium take place in urban
transport markets, (ii) how this equilibrium affects transport externalities and (iii) how to monetize all these impacts. Hav-
ing determined the external costs, pigouvian taxes could be designed. With proper internalization, a new users’ equilibrium
would arise and externalities would be produced at their optimal level. Parry and Small (2005) show how to integrate
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different urban transport externalities in a microeconomic model that can determine the optimal fuel tax in a second best
setting, when other distortions in the economy are present.

There exists a profuse literature dealing with these topics with contributions from both a theoretical and an empirical
standpoint.1 Regarding transport externalities among road users, the three most relevant externalities are travel delays brought
about by congestion, road damage and accidents (Newbery, 1994). The economics of travel delays has been studied since the
nineteen-fifties: very good reviews of different models of urban road congestion (from simple to complex treatments) are
Small (1992) and Small and Verhoef (2007). Newbery (1988, 1989) developed models to address road damage externalities.
Vickrey (1968) was the first (up to our knowledge) to deal theoretically with road accident externalities. More recently,
Jansson (1994) and Lindberg (2001) provide a rigorous and more complete treatment of accidents externalities.

Other road externalities include air pollution, greenhouse effects, noise, barrier effects, among others. In particular, air
pollution has been extensively studied by epidemiologists, who have shown that as air quality deteriorates, health outcomes
worsen in terms of both mortality and morbidity (Pope and Dockery, 2006). As we know from national emission inventories
(DICTUC, 2007) road transport is among the main polluters contributing to deteriorated air quality. Transport models that
predict traffic flows and average speeds on network links could be used to estimate vehicles emissions of air pollutants
and noise. Instead, barrier effects are one of the less well-studied environmental impacts associated with transport infras-
tructure. The time lost by pedestrians or vehicles for crossing transport infrastructure (e.g. rail tracks) could be one very
crude measure. More important, these barrier effects refer to the separation of people from facilities, services and social net-
works within a community, and/or people changing travel patterns due to the physical or psychological barriers created by
transport corridors and their use (Grisolía et al., 2015). Its valuation has been systematically ignored or underplayed in trans-
port planning and environmental impact assessment (Handy, 2003).

Having established the link between car usage and externalities, the next step in terms of economic analysis is their mon-
etization. Basically we need estimates of the value of travel time savings, the value of life and limb, the value of quietness,
etc. As these hedonic goods are not sold in markets, there is a need to estimate them by means of statistical analyses.
Freeman (2003) is a classical textbook in the valuation of non-market goods. Regarding the valuation of transport external-
ities, people must not only be aware of the externality impacts, but they must also have a clear understanding of its negative
welfare effects and be able to express consistent preferences for trading them off against money or other goods. It appears
reasonable to postulate that some local externalities, such as traffic congestion, noise, the risk to life and limb fall into this
category since they affect people’s welfare on a daily basis (Nash, 1997). Hensher and Button (2003), Ortuzar and Rizzi
(2006) and De Palma et al. (2011) contain several studies designed for the valuation of many local transport externalities.
The valuation of global externalities from people’s preferences such as greenhouse effects, and thus carbon dioxide (CO2)
emissions, should be a much more difficult task. As these effects are less clear, sometimes not perceived at all, people are
not able to express consistent preferences for their trade-offs. Nonetheless, efforts have been made to estimate the social
costs of carbon from a bottom up perspective. For a review on the estimation of the social cost of carbon refer to Tol (2009).

As to reviews of external costs of transport, we mention just a few. Maddison et al. (1996) deal extensible with the exter-
nal costs of road transport in the UK and present case studies from Sweden, North America and the Netherlands. The exter-
nalities analyzed are greenhouse effects, local air pollution, noise pollution, congestion, road damage and accident costs.
They also provide a catalogue of estimates of external costs in the annex of the book. Delucchi (2003) reviews estimations
of external costs of air pollution, climate change, noise and water pollution for the United States at the national level. Small
and Verhoef (2007) compile empirical evidence on the external cost of road accidents and of two environmental external-
ities: local pollution and the greenhouse effect. Delucchi and McCubbin (2011) and Friedrich and Quinet (2011) report esti-
mates of external costs of transport for different modes for the United States and Europe respectively. The first article covers
congestion, accident, air pollution, climate change, noise and water pollution and energy-security costs at the national level;
the second article also considers landscape effects. INFRAS/IWW (2000) and CE Delft/INFRAS/ISI (2011) provide estimates for
several transport externalities for countries of Western Europe in a very comprehensive effort.

From our analysis, we conclude there is consensus on the plausibility of monetizing at least four urban road transport
externalities: travel delays road, accidents, air pollution and noise. Road damage is also feasible to monetize, albeit most
of the revised material ignores it.

In this research, we proceed to monetize the external impacts of travel delays, road damage, road accidents, air pollution
and noise of both car and bus for Metropolitan Santiago, Chile. Specifically, we will estimate the marginal external costs in
terms of vehicle-km and in terms of passenger-km for peak and off peak periods. In this respect, our study is of a very similar
nature to Sen et al. (2010) who estimate the marginal external costs of road transport for Delhi, India. Our advantage with
respect to Sen et al. (2010) is that we have a wealth of local data and local studies at our disposal, so our estimates depend
much less than theirs on transferred values. Our study also offers contrasting results to those produced by Parry and Strand
(2012) on what the optimal level of fuel taxes should be for Chile. Although our study is at a metropolitan level and theirs at a
national level, we clearly demonstrate how different assumptions lead to very different estimations of external costs, casting
doubts on the applicability of Parry and Strand (2012) results for policy making.
1 The economic literature abounds with theoretical treatments of externalities and case studies of valuation of externalities. The review to be presented in
this article is by no means an extensive one. In our limited review, we tended to select some ‘classical’ books and/or material from transport-related handbooks
when available.



L.I. Rizzi, C. De La Maza / Transportation Research Part A 98 (2017) 123–140 125
Our estimates should contribute valuable inputs in current debates on how to address efficiently motor vehicles exter-
nalities by means of (pigouvian) tax instruments, public transport subsidies, transport regulation and cost-benefit analysis
of transport projects in Metropolitan Santiago. They could also provide a set of values for transferring to other Latin American
cities where local data is very scarce.

This article is organized as follows. The second section provides the economic basics of urban road externalities. The third,
fourth, fifth, sixth and seventh sections deal with the externalities of congestion, road damage, road accidents, air pollution
and noise, respectively, and the eighth section summarizes total marginal external cost. Section nine presents a discussion of
our findings, including a comparison with results in our selected literature.

2. Basic analytical framework

With the aid of Fig. 1, we explain the basics of motor-vehicles urban externalities. Assuming there is a demand for road
use, drivers will perceive the costs they incur when driving given by the average cost curve. This curve is monotonically
increasing with demand and should be interpreted as generalized cost-averaged cost curve.2 This curve comprises compo-
nents related to perceived travel time, perceived risk of accidents and out-of-pocket costs (including fuel taxes). Because of
externalities, the social marginal costs of motoring are higher. These externalities costs include two types of externalities: exter-
nalities internal to road users (travel delays, road damage and risk of accidents); and externalities external to road users that
affect the whole population at large (air pollution, noise, barrier effect, etc.).

As each driver only takes into account the costs she incurs, road users’ equilibrium takes place at demand or flow f0,
where private marginal benefits equal private average costs, thus producing a welfare loss equal to area ABD. In this equi-
librium, the marginal external cost corresponds to segment AB. A road toll or pigouvian tax equal to segment FD would give
rise to the social optimum demand, f⁄. This result is true as long as there is no other distortion in the economy; otherwise, the
optimal charge may be higher or lower than the pigouvian tax (Parry and Small, 2005).

The available information will only allow us to estimate the marginal external cost curve in the neighborhood of the cur-
rent level of car usage; that is, it will only be possible to estimate the value of the segment AB. If we wanted to estimate the
optimal pigouvian tax, we would need to know both the elasticity of the demand curve and of the average/marginal cost
curve throughout. If these elasticity values are not available, one can do a sensitivity analysis assuming a range of values
transferred from studies carried out for other metropolitan areas.

For our empirical calculation, all key selected parameters are based on the best available evidence, both local and inter-
national, as well as our own expert’s criterion. As these parameters are also subject to error, we carry out a Monte Carlo sim-
ulation assuming independent distributions for several key parameters. For the computation of total marginal external costs,
we take 1000 draws from each parameter distribution and report the median value and the 10th and 90th percentiles as
confidence intervals. We will also report the median value of each externality as our central point estimate.

We will express all our monetary values in USD from 2015. As all our values are originally estimated in Chilean currency
(CLP), we update them to 2015 to take account of Chilean inflation and convert them to USD using the exchange rate
reported by the Chilean Central Bank for December 31st 2015 (USD 1 = CLP 707.34).

3. Congestion

Congestion, measured as the increase in total travel times as a result of increasing traffic density, only affects road users.
Each driver only takes into account her costs of travelling and ignores the costs she imposes on other drivers when conges-
tion develops. As all drivers are being delayed, marginal social costs are above personal average costs. The typical graph
depicting the economic analysis of congestion is very much like Fig. 1. For static economic analysis, we need a representation
of congestion that relates time-averaged speed (or time-averaged travel time) to incoming flow, i.e. the number of vehicle-
trips starting within a period of time (Small and Chu, 2003). These periods of time define either a peak period or an off-peak
period.

There is a long tradition of analyzing urban transport projects in Chile. A four-step classical transport model has been cal-
ibrated for every major city and Santiago is no exception. These models are calibrated using data from travel surveys and
vehicle and passenger counts and are updated on average every ten years. The model for Santiago has two components.
The first component is a trip generation model to forecast trip generation and trip attraction. The second component is a
simultaneous transport equilibrium model, ESTRAUS.3 This model performs the steps of trip distribution, modal split and trip
assignment. ESTRAUS was calibrated for the City of Santiago for a morning peak hour and a non-peak representative hour cor-
responding to year 2001 (Fernandez and De Cea Ingenieros, 2005). The road network comprises 8600 links, classified in five
categories. Link costs (i.e. time-averaged travel times) are represented by a BPR-type function (Small and Verhoef, 2007, p.
76, Eq. (3.9)):
2 Sma
than tra

3 http
ll and Chu (2003) show how this curve is determined in terms of travel times and define it as a time-averaged travel time curve. Summing other costs
vel time, we end up with the generalized cost of travel, thus our interpretation of the curve.
://www.sectra.gob.cl/metodologias/estraus.htm.
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Fig. 1. External costs of road motoring. If there is no road charge, market equilibrium corresponds to flow f0, yielding a welfare loss equal to area ABD. If a
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where ta: travel time on link a, t0a free-flow travel time; fa: flow on link a, ka: link a capacity and a and b (b > 1) parameters to
be calibrated for different types of links. A car adds one equivalent vehicle to fa and a bus, 2.5 equivalent vehicles to fa. If we
compute time-averaged marginal travel time and subtract from this value time-averaged travel time (i.e., perceived travel
time), we obtain the marginal external time (MET) cost created by an additional vehicle on link a:
MET ¼ t0aba
f a
ka

� �b

:

Using the BPR functions calibrated for Santiago (Fernandez and De Cea Ingenieros, 2005) and the outcome of ESTRAUS
traffic assignments for year 2010, marginal travel times and average travel times are computed for each network link.
The external marginal travel times are obtained by subtracting average travel times frommarginal travel times; these values
are then multiplied by the number of vehicles and their occupancy rates and by the value of time and averaged across all
network links. Results are available for a peak hour and a off-peak hour. The peak hour corresponds to the morning peak
(7.30–8.30 AM), while the off-peak hour corresponds to a period between 10.00 AM and 12.00 AM.

Table 1 provides the most relevant information for our computations. The most disputable figure is the subjective value of
travel time savings. We considered as our central value, USD 2.46, a weighted average of the values of travel times per mode
(car and bus) used in the ESTRAUS modal split module for Santiago the Chile. We also consider a minimum and a maximum
value for the Monte Carlo analysis.

There is one important qualification regarding Table 1. There are two main type of buses operating in Santiago, rigid buses
and articulated buses. In terms of ESTRAUS, articulated buses are equivalent to two rigid buses, with full occupancy doubling.
We will only report values for rigid buses.

First, we report the marginal external time (MET) cost per kilometer, as this figure is more likely to be comparable across
time and metropolitan areas as it depends on road and traffic characteristics (Newbery, 1989). At peak hours, this MET cost
per kilometer is equal to 3.75 min for cars. This value assumes an occupancy rate per equivalent car equal to one. Taking into
account an average occupancy rate (over cars and buses) of 2.34 passengers per equivalent vehicle, marginal time costs in
terms of people delays per vehicle kilometer amounts to 8.8 min per car kilometer. At off peak hours, MET cost per kilometer
for cars is 0.76 min, without adjusting by occupancy rate.4

In monetary terms, marginal external costs point estimates per driven kilometer, at peak hours, are USD 45c and USD
124c for car and bus respectively.5 Marginal congestion costs in terms of driven kilometer, at off-peak hours, fall significantly
to USD 9c and USD 27c. One reason for these low values for the off-peak hour is that the period between 10.00 AM and 12.00 AM
has lower levels of traffic than other off-peak hours.6 As a comparison, for urban centers, Newbery (1994) reports a fall in mar-
ginal time costs from peak hours to off-peak hours from 3.25 min to 2.61, much less pronounced than the fall we observe in
Santiago.
output of ESTRAUS for off-peak hours for 2010 yields unlikely low levels of congestion. Thus to calculate the external cost of congestion for 2010, we
he same relationship between peak and off-peak hours external costs produced by ESTRAUS for year 2001.
oughout the text, a ‘c’ immediately after a number refers to cents.
ween 1.00 PM and 2.00 PM, there is increased traffic and one major component is traffic related to the pick-up of primary schools pupils.



Table 1
Congestion externalities: relevant parameters.

Parameter Value

Value of time (2015 USD/h) Triangular distribution 1.27; 2.46; 5.09
Occupancy rate: light vehicles 1.25 paxa

Occupancy rate – peak hours: buses 44 paxa

Occupancy rate – off-peak hours: buses 17 paxa

Equivalent vehicles: cars (light vehicles) 1
Equivalent vehicles: buses 2.5

a pax: passengers. Equivalent vehicles refers to the congestion impact of a car or a bus. A
car (or light vehicle) is assumed to be 1 (one) equivalent vehicle.
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Two facts are worth mentioning. First, following INFRAS/IWW (2000), we classify traffic in four categories, each category
representing a different a range for the volume-capacity ratio. Ranges [0,0.5), [0.5,0.8), [0.8,1) and [1,1) represent free flow,
relaxed, dense and congested traffic respectively. From the output of ESTRAUS, the proportion of vehicles-kilometers corre-
sponding to each category respectively, for peak hours, is 25.3%, 36.3%, 21.4% and 17% for the whole Metropolitan Area.

Second, in Metropolitan Santiago, congestion is still a localized externality in terms of time of day. According to the last
Origin - Destination trip survey for Metropolitan Santiago from 2012,7 the starting time of motorized trips (including private
car, buses and subway) have a pronounced morning peak between 7.00 AM and 8.30 AM. Then motorized trips fall for the rest of
the morning and the early afternoon and peak again in the late afternoon, early evening from 5.00 PM to 19.30 PM, but this time
the peak is less pronounced but more extended. This suggests that road pricing, if implemented, should be established at peak
hours. From our results, there does not seem to exist a road infrastructure deficit at the metropolitan level.8,9 Congestion man-
agement should provide opportunities to tackle congestion adequately for at least a few years to come.
4. Road damage

Vehicle usage deteriorates the surface of roads: the damage power of a vehicle axle is approximately proportionate to the
fourth power of its total weight. Road damage (wear and tear) is a function of cumulative equivalent standard axles. Due to
the fourth power relationship, heavy trucks do most of the road damage as light vehicles have insignificant damage factors. If
roads surface deteriorates – increasing surface roughness, an externality among vehicle could arise because vehicle operat-
ing costs increase. However, a common practice for many road authorities is to follow a maintenance policy whereby road
surfaces are repaired when they reach a predetermined critical condition, restoring them to an acceptable state. If (i) this
maintenance policy is in operation, (ii) the age distribution of roads is constant, (iii) traffic flow is constant and (iv) all road
damage is attributable to traffic, Newbery (1988) demonstrates that the average road damage cost of a vehicle is exactly
equal to average maintenance costs allocated in proportion to the damage power of its axles and the road damage externality
is zero. He also shows that if conditions (iii) and (iv) are not strictly satisfied, the validity of the theorem remains in practical
terms as both elements contribute much less significantly than axle weight. Despite road damage externalities being
(approximately) zero, an estimate of the average road damage cost per type of vehicle is relevant when assessing to what
extent motor vehicle charges cover the costs of road maintenance. In a following paper, Newbery (1989) derive formulae
to allocate maintenance costs. The fraction of road maintenance costs attributable to weather should be charged in terms
of equivalent vehicles (i.e. road occupancy) and the fraction of road maintenance costs attributable to passing-traffic should
be charged in terms of equivalent standard axles (i.e. road damage).

Local information about road maintenance costs is not easily accessible, it is dispersed across different government bodies
(Ministry of Public Works, Ministry of Housing and Urbanism, and Municipalities) and there is no systematization of this
data. A rough estimate of road maintenance in Chile, provided by the Chilean Treasury, is USD 0.85 billion for year 2006
(Parry and Strand, 2012). We assume that (i) the amount spent in Metropolitan Santiago is 20% of this figure; (ii) road dam-
age by light vehicles and buses are 1/1000 and ½ compared to trucks; and (iii) weather accounts for 20% of wear and tear
(Santiago is characterized by high diurnal temperature variation). Assumptions (i) and (ii) are adapted from Parry and Strand
(2012). Regarding assumption (iii), we arrive to this figure after a conversation with a local expert in the subject (Fresard,
2016). Regarding uncertainty, we assume that road maintenance annual costs distribute triangular, with extreme values
USD 0.8 billion and USD 1.2 billion and mode equal to 0.85 billion.

Our point estimates of road damage costs per driven kilometer attributable to traffic are USD 0.01c and USD 3.8c for car
and bus respectively. Our estimates of road damage costs per driven kilometer attributable to weather are negligible for both
bus and car.
7 Data from this survey is available at http://www.sectra.gob.cl/biblioteca/detalle1.asp?mfn=3253.
8 Of course, there are traffic spots where congestion is high at off-peak times and an infrastructure upgrade is required.
9 In the 2000 decade, several urban highways were built adding a significant capacity in terms of lane-kilometers to the road network.

http://www.sectra.gob.cl/biblioteca/detalle1.asp?mfn=3253
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5. Road crashes

As an externality, road crashes mainly affect road users, and to a lesser extent the rest of society through property dam-
ages, police and firemen expenses, health services, etc. There exists an externality among road users if, as traffic flows vary,
the risk of a crash also varies. Jansson (1994) develops a simple model to determine the costs of road accidents externalities.
Assume that accidents per unit of time (Acc) are given by a function such as Acc = a Vb, with V flow (vehicles/unit of time). In
this simply representation, b is the elasticity of accidents with respect to flow. If b is greater than one, accidents rise more
than flow as flow increases whereas if b is less than one, accidents increase at a lesser rate than flow. If b equals one, then
accidents are proportional to flow so that risk remains the same. Hence, depending on the value of b, there could be negative
externalities, positive externalities or no externalities at all respectively.

If there are heterogeneous traffic flows, say light vehicles (L) and heavy vehicles (H), the modelling of road crashes is
somewhat more complex. Following Jansson (1994), accidents can be represented by this equation: Acc (L, H) = jLc Hd. In
terms of risk (r), there are two functions, one for light vehicles and another for heavy vehicles respectively: r(L) = jLc�1

Hd and r(H) = jLc Hd�1. There are four relevant elasticities of accident risk: (i) elasticity of risk for light vehicles with respect
to light vehicles flow (c � 1), (ii) elasticity of risk for light vehicles with respect to heavy vehicles flow (d), (iii) elasticity of
risk for heavy vehicles with respect to light vehicles flow (c) and (iv) elasticity of risk for heavy vehicles with respect to
heavy vehicles flow (d � 1). For instance, if both d and c equaled 1, there would be negative cross-externalities between
flows, and no externalities within flows.

We estimate the marginal external costs of road crashes following the theoretical models of Jansson (1994) and Lindberg
(2001). Following Lindberg (2001), we assume that in accidents involving motor vehicles and pedestrians or cyclist, the full
costs of the accidents is borne by the vulnerable user. From Lindberg, we also adopt the elasticity of accident risk for vulner-
able users with respect to motor vehicle flow as 0.5 and the elasticity of accident risk for vulnerable users with respect to
vulnerable users flow as �0.5. The first value imply that risk of accidents between cars and vulnerable users increases with
the number of vehicles raised to the 0.5 power; the second value, that this risk decreases with the number of vulnerable
users raised to the �0.5 power. Regarding interaction among light motor vehicles, we assumed that risk of single-vehicles
crashes is proportional to flow and that the elasticity of risk of multiple-vehicles crashes with respect to own flow is 0.2. This
value encompasses two facts: that more congestion in peak hours brings about an increase in risk of accidents and, at the
same time, the severity of accidents is mitigated. Regarding accidents between light vehicles and buses, we assume that
(i) the full cost of the accident is borne by light vehicles and (ii) the elasticity of accidents risk between light vehicles and
buses for light vehicles with respect to bus flow is 0.2 and (iii) the elasticity of risk with respect to their own flow is �0.2.

The other key parameter in these calculations is the value of life and limb, the most critical value being the one regarding
mortality prevention also known as the value of a statistical life (VSL). Ample international evidence (Lindhjem et al., 2011)
suggests a multiplicity of values. In addition, there is a discussion on the relationship between the VSL regarding traffic-
related risk versus health-related risk (Dekker et al., 2011). Lindhjem et al. (2011) found no clear evidence in any direction.
Chilean evidence on the value of statistical life is scarce (Dictuc, 2014), but also suggests a multiplicity of values and would
assign a higher VSL to traffic-related risks. Deciding on any such value or a range of values to apply to our study will most
likely be controversial. After weighing different pieces of evidence, we would consider a unique range for the VSL for both
risks (traffic-related and health-related), from USD 227,036 to USD 2,096,070. The latter value is taken from (OECD, 2014)
and is the value suggested by the OECD to be applied in Chile as a VSL for health-related risks. The derivation of the lower
value is provided in Appendix A, which also describe some of the studies on the VSL conducted in Chile. Following usual
practice, we assume that the value of avoiding a serious injury casualty and a light injury casualty are valued at 20% and
1% respectively of the VSL (INFRAS/IWW, 2000; Veisten et al., 2013).

We use police-reported accident data from year 2003. Police-reported accident data report as road fatalities those who
die within the 24 h of the occurrence of the crash. The Ministry of Health elaborates their own fatality statistics following
the ICD-10 standard. This statistic is not restricted by the 24-h rule. Selecting the codes of the ICD-10 classification corre-
sponding to traffic fatalities,10 we can elaborate a factor to correct for police underreporting. For the case of Metropolitan San-
tiago, the underreporting is approximately 60%, a much higher figure than for the rest of the country. Hence, we multiply police-
reported fatalities by 1.6 and then subtract this increment in the number of fatalities from the police-reported figure of seriously
injured.11 We categorized road accidents in terms of type of vehicles involved. Pedestrians and cyclists represent more than 50%
of fatalities and approximately 35% of severely injured in Metropolitan Santiago. Driven kilometers per vehicle category are
taken from Alcoholado (2006).

Our point estimates of marginal external costs of road crashes per driven kilometer are USD 2.1c and USD 5.5c for car and
bus respectively. Regarding cars, this external cost is mainly explained by accidents against vulnerable users (USD 2.02c).
Cars also create a negative externality regarding motorcyclist and other car drivers in multiple-vehicle crashes and, at the
same time, they create a positive externality for other cars in interaction with vehicles of greater mass. This net effect adds
USD 0.03c. Regarding buses, the external cost per driven kilometer owing to accidents against vulnerable users is USD 4c; the
10 The information is available at http://www.deis.cl/defunciones-y-mortalidad-por-causas/.
11 In informal conversation with police officers, they say that in Metropolitan Santiago most officers cannot not check with hospitals the health evolution of
those injured in road crashes because of the many duties those officer have to fulfill during a working day. In the rest of the country, as cities are smaller, this
check is easier to do so the underreporting diminishes.

http://www.deis.cl/defunciones-y-mortalidad-por-causas/


L.I. Rizzi, C. De La Maza / Transportation Research Part A 98 (2017) 123–140 129
other USD 1.5c corresponds to accidents against other motor vehicles of lower mass. The cost of this externality does not
discriminate between peak and off-peak travel.

6. Air pollution costs

Motor vehicles emit pollutants that contribute to air pollution. Because of poor ventilation conditions fromMay to August
(winter in the South hemisphere), air quality could worsen severely and restrictions on motor vehicle use are established;
restrictions are also imposed on industrial processes and residential heating. Deteriorated air quality affects health, reduces
visibility and emissions of carbon dioxide (CO2) contribute to climate change.12 We estimate the impact of motorized vehicles
in terms of these negative effects separately.

For the sake of space, all the estimates we present in this section regarding light vehicles (passenger cars with weight less
than 2.5 tons) correspond to a weighted average of marginal external costs with weights given by the proportion of driven
kilometers across emission standards (conventional, Euro 1, Euro III, Euro IV, Euro V and Euro VI). We also provide the exter-
nality cost per kilometer for each type of vehicle emission standard,13 in Appendix B.

6.1. Health effects from local air pollution

Health effects of pollutants are estimated using exponential functions that link health risks to ambient concentrations of
particulate matter with aerodynamic diameter less or equal to 2.5 lm (PM2.5) and ozone (O3) (Cifuentes et al., 2001). As
shown in EPA (2015), typically an exponential relationship between concentrations and incidence rate of this type is
assumed
12 The
effects
13 We
14 One
estimat
Yjp ¼ Bj expðbjpCpÞ;

where Yjp is incidence rate in events per 100,000 inhabitants for health effect j owing to ambient concentrations of pollutant
p; bjp is the concentration-response risk coefficient for health effect j per unit of pollutant p; Cp is the ambient concentration
level of pollutant p; and Bj, the baseline incidence rate for health effect j. Defining Pjp as the population exposed to health
effect j for pollutant p divided by 100,000, health effect Hjp associated with exposure to ambient concentrations Cp can be
estimated as follows
Hjp ¼ Yjp Pjp:
Changes in concentration levels prompt changes in health effects. Thus, for a DC change in concentration levels from level
0 to level 1, there will be DH changes in health effects as:
DHjp ¼ BjðexpðbjpC
0
pÞ � expðbjpC

1
pÞÞPjp ¼ Bj expðbjpC

0
pÞð1� expð�bjpDCpÞÞPjp:
If we linearize the above function from DCp ¼ 0, we get
DHjp ¼ Y0
jpð1� expð�bjpDCpÞÞPjp � Y0

jpbjpDCpPjp:
Hence, the change in health effects for a given change in concentration levels is given by the next equation, where Y0
jp is

incidence rate for health effect j before the change in concentrations of pollutant p (EPA, 2015):
DHjp

DCp
� y0jpbjpPjp: ð1Þ
To estimate the impact of transport emissions, we also need to establish a relationship between changes in emissions of
precursor pollutants and changes in concentration levels of PM2.5 and O3. We will refer to this relationship as emission-
concentration factors. We assume the following linear relationship using a simple roll back model (Chang and Winstock,
1975).
FECp
i ¼

@Cp

@Ei
� DCp

DEi
; ð2Þ
where FECi
p is the relationship between emissions of pollutant i and ambient concentrations of pollutant p and Ei represents

emissions of precursor pollutant i. Both linear assumptions – the ones corresponding to the estimations of health impacts
and changes in pollutants concentrations – were made before by Small and Kazimi (1995) and they are implicit in many
studies. Small and Kazini provide a plausible explanation to justify the linearity assumptions based on some empirical
evidence.14
re is no good quality local data to estimate agricultural losses and damages to building facades. According to the international evidence, though, these
are a tiny part of total external costs.
also estimated values for vehicles of greater tonnage. These values can be requested from the authors.
counterexample is McCubbin and Delucchi (1999), who assume a non-linear relationship between emissions and concentrations in their modelling for
ing the health costs of motor-vehicle related air pollution.
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If we multiply Eqs. (1) and (2), we can estimate the number of changes in health effects following changes in emissions of
precursor pollutants (DE) as in Eq. (3):
15 Em
16 Cifu
New ep
17 http
18 Thi
indexjs
DHji

DEi
¼ DHjp

DCp
FECp

i : ð3Þ
Multiplying Eq. (3) by the money value assigned to preventing/increasing a health effect in one unit provides the total
money value of reducing/increasing emissions of precursor pollutant i, a figure expressed as USD/Ton of pollutant i. We
can still go one step further to obtain a money value in terms of vehicle-kilometers. Emissions of precursor pollutants depend
on the type of vehicle, emission standard and speed of circulation. The COPERT IV model provides these emission factors.15

We use weighted average emission factors dependent on the proportion of driven kilometers across emission standards per
vehicle type. Hence, by multiplying both sides of Eq. (3) by vehicle emission factors (10�6 Ton/km), we arrive at a figure
expressed in USD/km. Based on ESTRAUS outputs, we assume that mean speed at peak and off-peak hours of 44 km/h and
53 km/h for car respectively and 24 km/h and 28 km/h for bus respectively.

We next describe the data used to perform all the steps described above to arrive to marginal external costs per vehicle
kilometer. Table 2 shows the health endpoints to be appraised, the age of the people affected by each endpoint and the beta
coefficients (b) associated with unit increases in the concentrations of pollutants PM2.5 and O3. As there is scarce local evi-
dence about the values of the beta coefficients,16 these were taken from reviews by EPA (2015) and MMA (2013). The original
source of each beta coefficient is reported in Table 2. For the Monte Carlo risk analysis, it is assumed that all these values are
Normally distributed with mean and standard deviation as reported in Table 2. Note that beta coefficients relate to relative risk
(RR) as follows:
bjp ¼
lnðY0

jp=Y
1
jpÞ

DCp
¼ lnðRRjpÞ

DCp
:

Table 3 shows the incidence rate for each health endpoints and affected population. Incidence rates were computed from
hospital records from the Ministry of Health17 and are assumed to be exact.

The monetary benefits per health event reduced are given in Table 4. All monetary values are assumed to be Triangular
distributed, except for the value of a statistical life as discussed in Section 5. All relevant parameters are available in Table 4.

Table 5 shows total emissions of primary pollutants, the amount attributable to mobile sources, the proportion (and
levels) of PM2.5 and O3 concentrations attributable to each precursor pollutant emitted by mobile sources and the
emissions-concentration factors calculated as explained in the table. There are several air-quality monitoring stations that
provide the information to build the required air quality indexes.18 Under simplifying assumptions, filter analysis provides
information that permits to trace up to 99% of concentrations of PM2.5 to primary and secondary pollutants emissions
(Centro Mario Molina, 2014). Regarding O3 formation, the effect of its precursors emissions on ambient concentration is highly
non-linear and it will be greatly correlated with emissions of the limiting reagent. There is mixed evidence regarding whether
O3 concentration levels are volatile organic compounds (VOC) or nitrogen oxides (NOX) limited (Rubio et al., 2011 and Seguel
et al., 2012). To illustrate the likely magnitude of O3 marginal external costs, we assume Santiago is ‘NOX limited’ with O3 con-
centration levels explained proportionally by NOx and VOC emissions by a ratio of 2.5–1 respectively.

Marginal external costs point estimates of emissions of precursors of PM2.5 per driven kilometer are USD 2.6c, USD 3.5c
and USD 23.2c for petrol car, diesel car and bus respectively at peak times. (The bus fleet in Santiago is diesel-powered.) The
respective values for marginal external costs in terms of emissions of precursors of O3 are estimated at USD 0.4c, USD 0.9c
and USD 15.3c. Marginal external costs at off-peak times are marginally lower as road speeds increase. As we said at the
beginning of this section, air quality can deteriorate on some winter days because of atmospheric conditions. Our calcula-
tions of external marginal costs in terms of pollution-related health effects are based on daily annual averages that smooth
out these few days of high levels of concentration of pollutants.

In Appendix B, Table A1, we appreciate that marginal external costs for conventional vehicles are much greater than those
for vehicles under the Euro standard for both petrol and diesel cars. Within the Euro standard, differences are observed
between petrol and diesel cars and even within different standards.

The use of conventional vehicles (non-catalytic) is restricted during the winter, according to the last number of the license
plate on a daily basis. When air quality indices are above a threshold that threatens health, additional measures are auto-
matically implemented; among them there is a restriction to the use of catalytic vehicles that otherwise have no restriction.
As these events are prompted by very adverse atmospheric condition, we believe that their current management is adequate.
As shown by Baumol and Oates (1988), pricing is not a good tool to deal with extreme events; regulation is better as it is
currently done in Santiago.
ission factors were compiled by Geasur (2015) adjusted to account for deterioration based on Geasur (2014).
entes et al. (2001) estimate the relative risk coefficient for the impact of PM2.5 on all mortality using longitudinal data from Metropolitan Santiago.
idemiological studies show, however, that longitudinal studies underestimate the true mortality effects.
://deis.minsal.cl/index.asp.
s link (in Spanish) provides on-time hourly information on concentration levels for several pollutants http://www.seremisaludrm.cl/sitio/pag/aire/
3aireindices-prueba.asp.

http://deis.minsal.cl/index.asp
http://www.seremisaludrm.cl/sitio/pag/aire/indexjs3aireindices-prueba.asp
http://www.seremisaludrm.cl/sitio/pag/aire/indexjs3aireindices-prueba.asp


Table 2
Concentration - response risk coefficient for health effect j per unit of pollutant p (b factors).

bjp (Mean) bjp (Standard deviation) Source

Health effect j < 18 18–29 30–64 65 + < 18 18–29 30–64 65 +

PM2.5 - Premature
Mortality

0.014842 0.014842 0.004170 0.004170 Laden et al. (2006)

0.005827 0.005827 0.000963 0.000963 Pope et al. (2002)
0.005827 0.005827 0.002157 0.002157 Krewski et al. (2009)
0.013103 0.013103 0.000107 0.000107 Lepeule et al. (2012)
0.009530 0.009530 0.002690 0.002690 Pooled with random effects

weights as EPA (2015)
PM2.5 - HA –

Cardiovascular
Disease

0.001400 0.001400 0.001580 0.000341 0.000341 0.000344 18–64: Moolgavkar (2000),
65+: Moolgavkar (2003)

PM2.5 - HA – COPD 0.002200 0.002200 0.001169 0.000730 0.000730 0.002060 18–64: Moolgavkar (2000),
65+: Ito (2003)

PM2.5 - HA –
Pneumonia

0.003979 0.001650 Ito (2003)

PM2.5 - HA – Asthma 0.003324 0.003324 0.003324 0.001040 0.001040 0.001040 Sheppard et al. (2003)
PM2.5 - ERV – Acute

bronchitis
0.004400 0.002150 Dockery et al. (1989)

PM2.5 - ERV –
Asthma

0.016527 0.004139 Norris et al. (1999)

PM2.5 - Work Loss
Days

0.004600 0.004600 0.000360 0.000360 Ostro (1987)

PM2.5 - Restricted
Activity Days

0.004800 0.004800 0.000290 0.000290 Ostro (1987)

O3 - Premature
Mortality

0.001500 0.001500 0.001500 0.001500 0.000401 0.000401 0.000401 0.000401 Bell et al. (2005)

O3 - HA – COPD 0.002800 0.001769 Moolgavkar et al. (1997)
O3 - HA –

Pneumonia
0.003800 0.001088 Moolgavkar et al. (1997)

O3 - HA – Asthma 0.002500 0.002500 0.002500 0.002500 0.000720 0.000720 0.000720 0.000720 Burnett et al. (1999)
O3 - ERV – Asthma 0.000870 0.000870 0.000870 0.000870 0.000529 0.000529 0.000529 0.000529 Peel et al. (2005)

HA: Hospital admissions, ERV: Emergency room visits. COPD: Chronic obstructive pulmonary disease.
Note: We assume that b factors distribute Normally with mean and standard deviation as indicated in the table.

Table 3
Incidence rate in Metropolitan Santiago (Cases per 10�5 inhabitants).

Endpoint <18 18–29 30–64 65+

Premature Mortality (Pope et al. (2002)) 3 5 74 2.015
Premature Mortality (Bell et al. (2005)) 47 27 247 4.366
HA - Cardiovascular Disease 24 40 398 2.605
HA - Respiratory Disease 1.629 214 283 1.920
HA – COPD 649 32 94 1.022
HA – Pneumonia 189 5 35 427
HA – Asthma 39 5 12 39
ERV – Asthma 0 0 0 0
Work Loss Days (WLDs) 0 165.320 153.164 0
Restricted Activity Days (RADs) 0 646.050 646.050 0

Total population (100,000) 19 13 29 6

HA: Hospital admissions, ERV: Emergency room visits. COPD: Chronic obstructive pulmonary disease.
Source: Based on MMA (2013).
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6.2. Visibility

Visibility is interpreted as visual range measured in kilometers. Sánchez et al. (1999) estimated hourly visibility levels as a
function of PM10 concentration levels, relative humidity and temperature. In DICTUC (2007) and Rizzi et al. (2014), if daily
visibility was above 12 km for at least four hours, the day is considered to be of high visibility, otherwise it is a day of low
visibility. The presence of humidity is crucial in defining the level of visibility. As winter is both the rainy season and the
polluted season in terms of PM10, there are almost no days with as many hours of high visibility as hours of daylight. With
this definition of high visibility, there are approximately 80 days a year of high visibility in Metropolitan Santiago. The model
in Sánchez et al. (1999) estimates the marginal impact of an increase of one lg/m3 of annual daily average PM10 on visibility.
An extra unit of PM10 leads to approximately two fewer days a year of high visibility.



Table 4
Health endpoints - Monetary values (USD/case).

Mid (age group)

Endpoint <18 18–29 30–64 65+ All

Premature Mortality (VSL) U(227,036; 2,096,070)
HA – Cardiovascular Disease 1630 1630 1594
HA – Respiratory Disease 652 870 870 1.051
HA – COPD 978
HA – Pneumonia 1.051
HA – Asthma 761 761 761 833
ERV – Asthma 36
Work Loss Days (WLDs) 0 25 25 0
Restricted Activity Days (RADs) 7 7

USD values are from 2015.
VSL: Value of a Statistical Life. U: Uniform Distribution; HA: Hospital Admissions; ERV: Emergency room visits. COPD: Chronic obstructive pulmonary
disease.
Source: Based on MMA (2013).

Table 5
From emissions of precursor pollutants to contaminants concentrations in Metropolitan Santiago.

Emissions [Ton/
year]

Concentration Emission-concentration factors
[lg/m3 annual average] FEC [lg/m3/ton]

Primary
pollutants

Point sources Mobile
sources

%
PM2.5

Total
PM2.5

%
PM10

Total
PM10

% Total
O3

PM2.5 PM10 O3

A(1) B(2) C1(3) D1(4) C2(3) D2(4) C3(3) D3(4) E1 = D1
/A

E2 = D2
/A

E3 = D3
/A

PM2.5 2427 888 67% 20 6.05E�03
PM2.5sd 140 1386 5% 2 9.83E�04
PM10 2937 897 29% 17 4.54E�03
PM10sd 1818 9657 13% 8 6.80E�04
SO2 13,147 76 3% 1 4% 2 6.80E�05 1.81E�04
COV 82,940 8916 50% 10 1.09E�04
NOX 13,816 21,794 14% 4 8% 5 50% 10 1.18E�04 1.30E�04 2.81E�04
NH3 31,825 534 10% 3 7% 4 9.27E�05 1.35E�04

TOTAL 99% 30 61% 60 100% 20

sd: Suspended Dust.
Source: (1)Data from emissions inventories (Geasur, 2015); (2)Data modeled from emission factors (Geasur, 2015); (3)Element concentration data from filter
analysis: Sulfate (SO2), Nitrate (NOX), Ammonium (NH3), Elemental and Organic Carbon (PM), Natural Dust (PMsd) (Centro Mario Molina, 2014); (4)Annual
average concentration levels for 2010 (MMA, 2012).
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Rizzi et al. (2014) estimate households’ willingness to pay (WTP) for improved visibility. In their most conservative
model, households’ willingness to pay for an extra day of high visibility is valued at USD 280,299, with lower and upper
bounds at USD 3986 and USD 437,913 respectively.

Following an analogous process to that described in Section 6.1, we calculate emission-concentration factors for precursor
pollutants of PM10 to estimate marginal external costs per vehicle kilometer in terms of visibility impacts. This result is neg-
ligible when converted to USD cents per kilometer. Our point estimates of marginal external costs per driven kilometer are
USD 0.01c and USD 0.07c for car and bus at peak times respectively.
6.3. CO2. costs

To estimate the external cost attributable to CO2 emissions frommobile sources, we make simple calculations. Analogous
to health effects, we assumed that fuel efficiency depends on the type of vehicle and speed of circulation. We based our cal-
culations on COPERT IV model fuel efficiency factors. To asses external costs CO2 emissions, we use the standards and price
approach (Baumol and Oates, 1971). The standards and price approach assumes that policy makers reveal through their
actions the implicit social benefits of improving environmental quality (Bickel and Friedrich, 2004).

In 2014, Law 20,780 reformed the Chilean tax system.19 This legislation includes a carbon tax of USD 5 per ton of CO2 for
point sources. Following standards and price approach, we assume that this carbon tax reveals the marginal social cost of carbon
in Chile. Moreover, the aforementioned value is similar to the social cost used in cost benefit analysis of public infrastructure
projects (MDS, 2013). To account for uncertainty and based on our expert judgment, CO2 external costs are assumed to be
19 Available in Spanish at: https://www.leychile.cl/Navegar?idNorma=1067194&buscar=20780.

https://www.leychile.cl/Navegar?idNorma=1067194%26buscar=20780
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Triangular distributed with mode at the current carbon tax and minimum and maximum values of USD 0 and USD 20 per Ton of
CO2. Marginal external costs point estimates of CO2 emissions per kilometer are estimated at USD 0.12c, USD 0.1c, and USD 0.7c
for petrol car, diesel car and bus respectively.

7. Noise

In Metropolitan Santiago, noise pollution is mostly created by motor vehicles. According to MMA (2012), most households
are exposed to levels of noise considered excessive according to a residential aptitude criterion. According to this criterion,
the LeqDN index should be below 65 db(A). LeqDN is a noise index for the whole day. Exposure to excessive noise produces
psychological effects (mental stress, irritableness), hearing effects (deafness, temporal and permanent displacement of hear-
ing thresholds) and non-hearing health effects as heightened risk of cardiovascular and circulatory disorders. Noise is also a
source of productivity losses.

To quantify all these effects is a major task, as most individuals do not understand all the consequences of noise pollution
on their welfare. Because of these difficulties, noise will be monetized based on a residential aptitude criterion as the welfare
loss that households suffer from noise exposure at home. This value is given by the household WTP to reduce noise exposure
and thus it neglects WTP to reduce noise exposure at other places. It also neglects external costs in terms of health effects20

and others such as potential damages to buildings through ambient vibrations attributable to noise.
Noise levels are estimated using the modeling approach proposed by Toha et al. (2009). Toha et al. (2009) estimate side-

walk total static sound pressure (Lwa) for each link of the network with length la based on ESTRAUS outputs of traffic flows
on peak and off-peak periods, and noise emission factors dependent on speed of circulation (FEij) for vehicle type i. Daily
emissions are computed extrapolating peak and off-peak flow estimations to the remaining hours of the day.

Assuming that the welfare loss is associated with household exposure, static sound pressure estimations must be atten-
uated as follows:
20 If p
effects.
Leqa ¼ Lwa þ Dc � ADiv � ABar;
where, Leqa is the continuous noise pressures level for link a, Lwa is the static sound pressure for link a, Dc is a directivity
correction factor, ADiv is a distance attenuation factor and ABar is barrier attenuation factor as reported in Toha et al. (2009).

Our selected measure of noise exposure corresponds LeqDN, a noise average index for day (from 7.00 AM to 10.00 PM)
and night (10.00 PM to 7.00 AM) hours that provides a reasonable indicator of household exposure to noise. Households
are affected by noise at the street where they are located, which in terms of our modeling is given by the noise at link level:
LeqDNa ¼ 10� Log
1
15

X10PM
7AM

10
Leqa
10 þ

"
1
9

X7AM
10PM

10
Leqaþ10

10

#
;

where Leqj is the noise pressure at hour h on link a. The unit of measure of this indicator is the decibel, dB (A).
Households’ WTP per unit of dB(A) reduction per month was estimated by Galilea and Ortúzar (2005). As their survey

consisted of middle income and high income households fromMetropolitan Santiago, we select the lower value of their con-
fidence interval from their model ML-1 as the relevant WTP figure, amounting to USD 3.1 per dB(A) per month as a point
estimate. We assume a triangular distribution for this value, with mode at USD 3.1, lower bound at USD 2.6 and upper bound
at USD 4.9. We also make an additional and debatable assumption: at the margin all dB(A) reductions are worth the same
amount of money. Noise exposure is a highly local phenomenon. Our assumption implies that marginal WTP for noise reduc-
tion for two households located in different places, at current exposure levels, is the same even if noise exposure differs.
Unfortunately, there is no information to monetize this value according to exposure at the margin. Marginal external costs
point estimates of noise per driven kilometer are USD 0.4c and USD 4.2c for car and bus respectively.

8. Total marginal external costs

The last three columns of Table 6 (upper panel) show marginal external costs (median) point estimates per driven kilo-
meter and the 10th and 90th percentiles, for both car and bus, at peak and off-peak hours. The 10th and 90th percentiles
could be interpreted as an 80% confidence interval. At peak times, the point estimate value for petrol cars is USD 0.51 with
a confidence interval ranging from USD 0.33 to USD 0.73; almost the same values as for diesel cars (USD 0.53, 10th and 90th
percentiles USD 0.34 and USD 0.74 respectively). The point estimate value for the bus is USD 1.80, with an interval confi-
dence ranging from USD 1.23 to USD 2.45. Congestion is the externality with the largest effect followed by air pollution-
related health effects. Further behind, we find the effects of accidents, noise and road wear and tear. CO2 and visibility
are the least severe effects, the latter being negligible.

At off-peak times, the median externality cost per driven kilometer for petrol cars is USD 0.15 with a confidence interval
ranging from USD 0.10 to USD 0.21; almost the same values as for diesel cars (median USD 0.16, 10th and 90th percentiles
USD 0.11 and USD 0.23 respectively). The median value for the bus is USD 0.78, with an interval confidence from USD 0.49 to
eople were able to identify clearly the consequences of noise pollution on their health, their WTP for noise exposure reduction would include these
However, this is quite unlikely to be the case.



Table 6
Marginal external costs per kilometer in Metropolitan Santiago (USD cents).

Study Period Vehicle type Congestion Road
damage

Accidents PM2.5 O3 CO2 Noise Total marginal external costs

Median 10th
percentile

90th
percentile

Our study Peak Passenger Car (PC)
- Petrol (<2.5 t)

44.9 0.0 2.0 2.6 0.4 0.1 0.4 50.9 33.0 72.8

Passenger Car (PC)
- Diesel (<2.5 t)

44.9 0.0 2.0 3.5 0.9 0.1 0.4 52.6 34.3 74.4

Urban Bus – Rigid 123.8 3.8 5.5 23.3 15.3 0.7 4.2 179.6 123.2 244.6

Off-
peak

Passenger Car (PC)
- Petrol (<2.5 t)

9.4 0.0 2.0 2.6 0.4 0.1 0.4 15.3 10.3 20.8

Passenger Car (PC)
- Diesel (<2.5 t)

9.4 0.0 2.0 3.3 0.8 0.1 0.4 16.4 10.9 22.5

Urban Bus – Rigid 26.9 3.8 5.5 21.1 13.8 0.7 4.2 78.3 48.8 109.2

Parry and
Strand
(2012)

Peak Passenger Car (PC)
- Petrol (<2.5 t)

7.8 0.0 7.3 3.9 0.7 0.5 – 20.5 14.6 26.8

Passenger Car (PC)
- Diesel (<2.5 t)

7.8 0.0 7.3 5.3 1.4 0.4 – 22.5 15.7 30.0

Urban Bus – Rigid 21.5 3.8 15.1 35.4 23.1 2.6 – 104.0 68.3 145.4

Off-
peak

Passenger Car (PC)
- Petrol (<2.5 t)

3.7 0.0 7.3 3.9 0.6 0.4 – 16.3 10.6 22.2

Passenger Car (PC)
- Diesel (<2.5 t)

3.7 0.0 7.3 5.0 1.2 0.4 – 18.0 11.6 24.9

Urban Bus – Rigid 10.6 3.8 15.1 32.2 20.8 2.5 – 87.1 54.7 124.7

‘<2.5 t’ stands for vehicles of weight less than 2.5 tons; ‘PM2.5’ stands for particulate matter of diameter less than 2.5 lm; ‘O3’ stands for ozone.
All USD cent values are from 2015.
The upper panel of this table presents the values reported in this study. The lower panel reports the Parry and Strand (2012) results under the assumption
explained in Section 9.
Note: The values in the column with the heading ‘Median’ is the median of 1000 simulations as explained in Section 2. This value is not equal to the
horizontal sum of the median values reported for every externality. Visibility costs are not shown as they are negligible.

134 L.I. Rizzi, C. De La Maza / Transportation Research Part A 98 (2017) 123–140
USD 1.09. Congestion is much less severe at off-peak hours but still dominates followed by health-related effects. The reader
should remember that the marginal external cost of congestion and air pollution discriminate between peak and off-peak
hours and for the other externalities, marginal external costs are the same for both peak and off-peak hours.

A most relevant comparison is the conversion of these figures to a marginal external median cost per passenger-
kilometer. When so doing, petrol cars, diesel cars and buses impose an external cost of USD 0.41, USD 0.42 and USD 0.04
respectively at peak hour times. Travel by bus generates the lowest external costs in terms of passenger-kilometer, ten
(10) times less than auto-travel. At off-peak hours, differences shrink to less than three times: marginal external median
costs are USD 0.12, USD 0.13 and USD 0.05 for petrol cars, diesel cars and buses respectively. Externalities per passenger kilo-
meters are higher for buses at off-peak hours than at peak-hours since at off-peak times of day average bus occupancy rates
fall sharply from 44 to 17 passengers per vehicle.
9. Discussion

To put the above results in real-life perspective, consider the fuel tax, the only tax related to driven kilometers (the inten-
sity of usage margin). The value of this tax when translated to a charge per driven km amounts to around USD 0.03, USD
0.008 and USD 0.03 per kilometer for petrol car, diesel car and a bus respectively. In addition to the specific fuel tax, fuel
is subject to the value added tax as paid by most goods in the economy. In the case of freight transport, this tax is reimbursed.
Drivers do pay many other taxes related to car possession but not related to car usage. These other taxes include the ad val-
orem tax and the added value tax on vehicles, the driving permit and compulsory bodily damage insurance. Nonetheless, the
total revenue they generate is much lower – around 50% – than revenues collected by fuel taxes. Incentives are not conducive
to efficient marginal decisions by car drivers; and only a second-best argument would justify an otherwise low diesel tax for
buses.21

As another reference point, cars and buses payed, in 2015, around USD 0.24 and USD 0.47 per kilometer on tolled high-
ways in Metropolitan Santiago at peak times. These values are lower than total marginal external costs at peak times but
higher than fuel taxes. The first value is almost half the value of our point estimate for marginal external costs of congestion
per kilometer from cars; the second value is almost three times lower than our point estimate for marginal external cost of
21 This argument is about making less expensive the operation of public buses so that fares could be lower to support the travel of low-income people.
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congestion from buses. At off-peak times, the respective tolls per kilometer are around USD 0.08 and USD 0.17 for cars and
buses. The first value is almost equal to our congestion marginal external costs point estimate; the second one is lower than
the (point estimate) marginal external costs of congestion from buses. Highway tolls are higher than fuel taxes per kilometer.
However, highway tolls are set to allow a financial viable private operation of highways (including the recovery of capital
costs); they are not set to internalize motor vehicles externalities.22

The comparison of our results with those reported in the literature is not automatic. The literature tends to report values
that are national averages at both the urban and rural level or sets of values fromwhich it is not clear what values to select.23

These procedures are followed by both Friedrich and Quinet (2011) and Delucchi and McCubbin (2011) for Europe and the USA
respectively in two very comprehensive articles on external costs of transport. Delucchi and McCubbin (2011) conclude that
road accident and congestion are the largest marginal external costs followed by air pollution. In our estimates, we observe
a different pattern of result: congestion is the most costly externality followed by local air pollution.

INFRAS/IWW (2000) and CE Delft/INFRAS/ISI (2011) report marginal external costs of different transport modes for dif-
ferent transport context (e.g. urban versus rural). These values represent European averages aimed at providing a set of
default values for conceiving and implementing transport pricing policy and schemes. Regarding urban congestion, we com-
pare our values with those provided by INFRAS/IWW (2000). They report marginal external costs of congestion per vehicle
kilometer for free flow, relaxed, dense and congested traffic for light cars, on urban roads, at USD 0.00, USD 0.04, USD 4.01
and USD 4.5824 respectively. If we considered the amounts of vehicle-kilometers driven in Santiago according to these four cat-
egories given by ESTRAUS outputs and if we estimated a weighted average marginal external cost of congestion per vehicle kilo-
meter using the above values, this figure would amount to USD 1.65. This value is 3.7 times higher than our median value of
USD 0.45 at peak times. This difference is mainly attributed to differences in the value of time: INFRAS/IWW (2000) report a
value of time for non-business urban travel equal to USD 7.93 per hour while our values range from USD 1.27 to USD 5.09
per hour, with mode at USD 2.46 per hour.

Regarding congestion, another comparison we can make is in terms of marginal external time (MET) costs. Newbery
(1994) reports a MET cost per equivalent vehicle kilometer as an average of UK urban centers, at peak hours, equal to
3.25 min. This value tends to agree with our value of 3.67 min reported in Section 3 (without adjusting by occupancy rate).
We note that, if Newbery had reported the value for Metropolitan London it would most likely have been higher than ours.
For off-peak hours, Newbery (1994) reports a marginal congestion time cost of 2.61 min, a value much higher than ours
(0.76 min). This reinforces our idea that congestion in Metropolitan Santiago is still predominately a peak-hour issue, unlike
a city like London where congestion is a full-day issue.

Regarding the externalities of road accidents, local air pollution and noise, we take as reference values those reported for
light vehicles, for urban areas, in CE/INFRAS/ISI (2011). When converted to US currency, the marginal external costs of road
accidents per kilometer amounts to USD 6c.25 This value is an average of values calculated for different countries with an aver-
age estimate of the VSL of USD 1.98 million, a figure almost equal to our upper bound for the VSL. Our point estimate of the
marginal external costs of accidents per kilometer is USD 2c, a lower value than the one calculated for Europe. Our upper bound
estimate is USD 2.5c, implying that the difference is not explained by the VSL. We believe this fact it is most likely explained by
the assumptions made in terms of risk elasticities. In the case of the European study, risk elasticities are not reported.

With respect to local air pollution, CE/INFRAS/ISI (2011) report marginal external costs per vehicle kilometer for gasoline
and diesel cars of USD 2c and USD 5c respectively.26 These values are very similar to ours, with European values differing more
between gasoline and diesel cars than our estimates. That our values are close to European values may seem odd: a potential
explanation could be a worse air quality situation in Metropolitan Santiago in comparison to European cities. With respect to
noise, CE/INFRAS/ISI (2011) report a value of USD 2c.27 Our point estimate value is five times lower, partly due to the higher
valuation of quietness in European countries (Maibach et al., 2008, Annex E and CE/INFRAS/ISI, 2011).

We also compare our results with those of two other studies relating to individual cities. First, we compare our values
with those estimated by Parry and Strand (2012) for Chile. They estimate what the optimal petrol tax should be for Chile
by making assumptions about the average marginal external costs of transport for different regions of the country. For most
of their estimates, they transferred values from USA, leaving aside the relative rich amount of local data. Hence we also esti-
mate the external marginal costs of transport for car and bus for Metropolitan Santiago assuming their (i) travel delay for
Metropolitan Santiago for both peak and off-peak hours (minutes per kilometer), (ii) value of travel time savings (USD
22 In ideal conditions, congestion tolls would just recover all capital and operating highway costs. This is a famous theorem derived by Mohring and Harwitz
(1962). This theorem is explained, in detail, in Small and Verhoef (2007). Newbery (1989) integrates the analysis of congestion and road damages and comes up
with a more elaborated version of the theorem. Rizzi (2014) offers a variant of this theorem assuming fuel taxes instead of road tolls.
23 Parry and Timilsina (2010) say ‘‘In fact, there are not that many estimates (of marginal costs of congestion) even for major urban areas in the United States.” The
words in brackets are ours.
24 We take these values from INFRAS/IWW (2000), Table 70. We updated them for inflation in EUR and converted to USD at the rate of €1 = USD 1.09 for 31st
December 2015 following quotes for both currencies given by the Chilean Central Bank. All other values from this study were updated similarly.
25 We take this value from CE/INFRAS/ISI (2011), Section 5, Table 33.
26 We take these values from CE/INFRAS/ISI (2011), Annex 5, Table 35.
27 We take this value from CE/INFRAS/ISI (2011), Section 5, Table 37. We considered the value reported for the time of day corresponding to ours.
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per hour), (iii) value of statistical life (USD per premature mortality), (iv) implicit elasticities of risk of accident and (iv) mar-
ginal cost of CO2 tons. This way we can make a crude comparison of our values against theirs.28 Table 6 (lower panel) also
reports marginal external costs per driven kilometer for both car and bus using Parry and Strand (2012) assumptions.

Two striking differences between Parry and Strand (2012) and our estimates stand out in absolute values: the marginal
external costs of congestion and accidents. According to their values, congestion seems to be a mild external cost of road
transport in Santiago, especially at peak hours. Parry and Strand (2012) estimate that an extra car-kilometer at peak times
generates a delay externality of 1.8 min, whereas our value is 8.8 min. This difference is due to two inadequate assumptions
made by Parry and Strand. First, they assume an occupancy rate equal to one person per vehicle when the weighted average
occupancy rate of cars and buses is 2.3 person per vehicle, in Metropolitan Santiago. Second, they retrieve from the ESTRAUS
model an average speed and feed this value into a BPR function with parameters a = 0.15 and b = 4. They also assume the free
flow average speed provided by the ESTRAUS model and with these two values they estimate the marginal delay that cor-
respond to the BPR function. When dealing with an average speed at the city level, it is not possible to infer an average mar-
ginal delay from a microscopic flow-delay function that works at the link level as the BPR function. They should have used a
macroscopic flow-delay function instead and proceed as Newbery (1989). Or as we did, one can compute delays for every
link of the network and then average to obtain the average delay per kilometer. Implicitly, Parry and Strand are assuming
an average flow and as a BPR function is a highly convex function, estimating delays at an average flow will underestimate
delays compared to estimating delays for every link and then computing average delay. The use of this two assumptions led
Parry and Strand (2012) to severely underestimate average delays.29

Regarding accidents, Parry and Strand values are much higher than ours. Again, two facts explain this difference. First,
Parry and Strand assume a higher figure for the value of statistical life: they simply transfer a value from USA and adjust
it by income and by the elasticity of willingness to pay for safety with respect to income. This also affects the marginal exter-
nal cost of air pollution in terms of health effects but to a lesser extent. Regarding the value of statistical life, there is very
little room to criticize their approach as the evidence both international and Chilean is mixed about this value. Second and
most relevant, Parry and Strand implicitly assume different elasticities of risks compared to ours with regard to vulnerable
users. By assuming that all pedestrian and cyclist mortality events are externalities of motorized transport, they consider
(without saying so explicitly) an elasticity of accident risk for vulnerable users with respect to motor vehicle flow equal
to 1 (one), whereas our value is 0.5. That is, they consider that risk for vulnerable users is proportional to the presence of
motor vehicles. Eventually, these different assumptions lead to our marginal external costs per driven kilometer in terms
of vulnerable users being half the value in Parry and Stand (ignoring the difference introduced by differences in the VSLs).
Parry and Strand do not refer to any empirical study nor do they provide any explanation regarding their assumption on vul-
nerable users.

When comparing our total external costs per kilometer with those from Parry and Strand (2012) for petrol (diesel) cars at
peak hours, our point estimate is 2.5 (2.3) times theirs and our confidence intervals do not overlap with theirs. For buses, our
point estimate is 1.7 times higher and confidence intervals overlap to a very little extent, with most of the values of our con-
fidence interval higher than their values. At off-peak times of day, the relationship between point estimates is reversed. Our
point estimates for petrol cars, diesel cars and buses are 0.94, 0.91 and 0.90 times theirs respectively. But when we look at
confidence intervals, they become quite similar. At off-peak times, total marginal external costs coincide, but not at the level
of each externality.

From a policy point of view, both studies conclude very differently. First, regarding peak hour periods of the day, our esti-
mates place congestion as the most costly transport externality. Parry and Strand (2012) also place congestion in first place
but in a less stark contrast to accidents and health-related effects from air quality as we do. Second, we conclude that mar-
ginal external costs falls notably in the off-peak compared to the peak period owing to a notable decrease in congestion costs,
whereas their values fall mildly between these periods as congestion is less relevant as an externality cost.

As a second comparison, we compare our point estimate values with those estimated for the city of Delhi by Sen et al.
(2010). These authors consider four marginal external costs: congestion, air pollution (only health related effects), road acci-
dents and noise. For their calculations, these authors transfer most of the relevant parameters whereas in our case we have at
our disposal more local information. For petrol cars, they estimate marginal external costs per kilometer at USD 0.14 and
USD 0.02 for peak and off-peak hours respectively; for diesel cars, at USD 0.21 and USD 0.06; and for buses at USD 0.71
and USD 0.78.30 They do not provide confidence intervals. All these values are 2.3–3.5 times lower than our median values,
except for petrol cars in the off-peak (seven times lower). Comparing these values, however, is not immediate as per capita
income in Chile at purchasing power parity is about four times higher in 2015 and at current 2015 USD is about eight times
higher than that of India.31
28 Our comparison ignores external costs in terms of noise and visibility. Regarding noise, Parry and Strand (2012) just transfer a value for trucks from the
USA, and they not consider visibility, an almost negligible externality. As both noise and visibility values are very low, ignoring them does not affect the
comparison between their results and ours in any significant way.
29 Incidentally, Parry and Timilsina (2010), in their estimation of optimal pricing of transport in Mexico City, assume the congestion marginal externality at
1.4 min per driven kilometer for light vehicles. In that paper, the authors do not specify if that value is a daily average of if it corresponds to a peak or an off-
peak hour. This value seems low, specially taking into account that Mexico City is considered a heavily congested city. See the TOM TOM Traffic Index (https://
www.tomtom.com/en_gb/trafficindex/#/, accessed 29th January 2016).
30 Values in Sen et al. (2010) are reported in USD from 2005. We updated those values by USD inflation up to 2015.
31 See http://data.worldbank.org/.

https://www.tomtom.com/en_gb/trafficindex/#/
https://www.tomtom.com/en_gb/trafficindex/#/
http://data.worldbank.org/
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The value that can be compared between Sen et al. (2010) study and ours is MET cost. Sen et al. (2010) do not provide this
value but it can be recovered by dividing the marginal external cost of congestion by the value of time. Doing so, we arrive to
a MET cost of 5.3 min per driven kilometer for cars at peak hours. From the text of the paper, we cannot tell whether this
value is adjusted by average vehicle occupancy. If this value was adjusted by average vehicle occupancy, it would be lower
than our value of 8.8 min; if this value was not adjusted, it would be higher than our value of 3.7 min.

In terms of the relative order of each marginal external cost in Sen et al. (2010), congestion marginal external costs per
kilometer of cars dominate in peak hours, followed by air pollution costs as in our study. Congestion marginal external costs
in Delhi also fall markedly in the off-peak to less than one-tenth; for diesel cars, pollution marginal external costs are greater
than congestion costs in the off-peak. For buses, pollution marginal external costs are the highest both in the peak and in off-
peak; they are 1.5 times higher than congestion costs in peak hours and more than 10 times higher in off-peak hours. These
results for buses differ from ours.

To close this section, we offered some comments in three direction. First, our findings should contribute a most valuable
input for social cost-benefit analysis of transport projects and air quality regulations, especially at the design and planning
stages. Having an estimate of the impacts of transport projects in terms of vehicle-kilometers, our values are of immediate
application.

Second, our estimates are constrained by several sources of uncertainties that, to be reduced, calls for more research.
Some of the most pressing needs are the following:

1. The value of travel time savings is critical in our calculation. Despite a great deal of research on this topic in Chile, there is
always a need for improving (i) the theoretical models that underpin this value, (ii) the statistical estimation techniques
and (iii) data collection methods. And there is also a need for updating and improving the transport models to produce
improved estimates of traffic delays. In this regard, estimating macroscopic fundamental diagrams (MFD) for Santiago
may be the way forward (Daganzo and Geroliminis, 2008). The MFD could also be very useful in estimating emissions
of precursor pollutants.

2. The elasticity risk values adopted in this study were all transferred. There is need for local studies to achieve a better
understanding of the relationship among road crashes, motor vehicle flows, fleet composition and flows of vulnerable
users.

3. The value of risk reductions is also a critical value. Although there are a few studies in Chile on the topic, more research
should be most welcome.

4. All the b factors for the estimation of pollution-related health impacts were transferred. There is a need for local epidemi-
ological studies as well as for a better understanding of ozone formation in Metropolitan Santiago.

Third, our estimations offer several insights for policy-making:

1. The main component of external costs is congestion. Congestion is severe at peak time and mild at off-peak times. Our
results suggest that road pricing, if to be implemented, should be established at peak hours. Road tolls could provide a
new source of revenue to fund transport projects. If road tolls are not feasible, a second best option would be to imple-
ment more bus lanes, once again at peak times. Alternatively, administrative regulations to switch trips from peak hours
to off-peak hours could also provide valuable congestion relief.

2. Local air pollution turns out to be the second most relevant externality. Table A1 in Appendix B suggests that phasing out
conventional (without catalytic convertor) and Euro I vehicles would be a most sensible policy or, at least, restricting their
use on winter days. The purchase of diesel cars should also be discouraged.

3. Road accidents externalities fall disproportionally on vulnerable users, who suffer the most. We strongly suggest increas-
ing the cost of compulsory bodily damage insurance. Currently, the cost of this insurance is around USD 20 per year or
even less, for light vehicles. This amount of money seems insignificant when compared to the external costs of crashes
reported in this study.
To protect vulnerable users, we suggest reducing maximum urban speeds from 60 km/h to 50 km/h. More importantly,
speed controls through cameras or other technologies would be necessary. We also suggest investments in road safety
schemes designed to protect vulnerable users. These schemes tend to be inexpensive in comparison to other transport
investment destined to increase road capacity and could save many lives and reduce injuries.

4. Road damage, noise and further behind CO2 are among the least costly externalities. With respect to road damage, this is
mainly a cost created by buses as the damage attributable to light vehicles is negligible. Visibility as an externality is neg-
ligible when translated in terms of cost per kilometer.

5. Our results also strongly suggest that fuel taxes are low in Chile. Despite our study being focused in Metropolitan Santi-
ago, we hypothesize that if we extend our results to the rest of the country, we would find that fuel taxes do not com-
pensate marginal external cost of road motoring. In this regard, we offer evidence contradicting results and conclusions in
Parry and Strand (2012) on what the likely value of fuel taxes should be for Chile.
In addition, our results call into question the current tax differential between petrol and diesel fuels. A sound step forward
would be to increase the tax charged on diesel fuels to reduce the difference. This would help discourage the purchase
and use of diesel cars and would encourage a more rational freight transport. This conclusion is also supported by results
in Parry and Strand (2012).
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Appendix A

The first Chilean estimates for the VSL were carried out by Jara Díaz et al. (2000), Ortúzar et al. (2000) and Rizzi and
Ortúzar (2003), using stated preference survey responded by convenience samples. Some other studies were done using con-
venience samples, all of them described in DICTUC (2014). In 2014, DICTUC (2014) conducted a survey to estimate the value
of statistical life for two contexts: traffic-related risk and health-related risk associated to local air pollution. In this study, a
stated-choice survey was designed and the survey was answered by a stratified random sample of Metropolitan Santiago
households (one person older than 17 years per household was randomly chosen to complete the survey). DICTUC presented
preliminary point estimate values of statistical life, using logit and mixed logit models, for traffic-related risk and health-
related risk of approximately USD 4 million and USD 0.61 million, revealing a much higher willingness to pay to reduce a
traffic-related fatality than a health-related fatality. As these results are still being analyzed we refrain from using them.

OECD (2014) suggests a VSL for health-related risk of USD 2,096,070, and we take this value as the upper limit of our
range of values. To obtain the lower value of our range we follow this strategy. The marginal rate of substitution between
risk and income, the value of statistical life, is given by this equation, adapted from Anderson and Treich (2011), Eq. (17.5)):
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where I, r and u stand for income, risk and utility respectively. Defining eIu as the elasticity of utility with respect to income, a
bit of algebra lead us to this equivalent equation:
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If we interpret income as lifetime income and approximate this value by the Human Capital value, the value of statistical
life turns out to be the human capital value divided by the elasticity of lifetime utility with respect to lifetime income. In
Chile, MDS (2011) estimated the value of human capital at USD 113,518. As to the elasticity value, we take it to be 0.5 to
determine the lower value of our range of VSLs. As Chile is a middle-income country in terms of purchasing power parity,
a value of 0.5 seems appropriate to us. One could think that for people leaving on subsistence income, this elasticity would
tend to one. As personal income increase, additional consumption will be less valuable and the elasticity value will decrease
(Arthur, 1981). For very affluent people, this elasticity could go down to 0.05, and their personal VSL will amount to 20 times
lifetime income. Indeed, the value suggested by the OECD would implicitly assume an elasticity of 0.054.

Appendix B

Table A1 shows external marginal costs for light vehicles depending on the vehicle technology standard. Conventional
powered vehicles emit more and thus generate greater external costs. In addition, in the comparison between petrol and
diesel vehicles, the latter generate greater external marginal costs as they emit more local pollutants that dominate emis-
sions of CO2 (in terms of marginal external costs) where diesel vehicles are competitive.
1
ution marginal external costs per kilometer according to vehicle technology standard in Metropolitan Santiago (USD cents/km).

cle Conventional Euro I Euro III Euro IV Euro V Euro VI

- Passenger Car – Petrol (vehicles less than 2.5 tons)
percentile 7.2 3.3 0.6 0.4 0.3 0.3
percentile (median) 19.6 9.0 1.6 1.0 0.9 0.9
percentile 36.1 16.7 3.0 1.8 1.6 1.7
ity (Million km/year) 50 1200 1850 1700 490 0

- Passenger Car – Diesel (vehicles less than 2.5 tons)
percentile 6.6 2.8 2.1 1.8 1.0 0.5
percentile (median) 17.8 7.7 5.6 4.9 2.8 1.5
percentile 33.0 14.2 10.4 9.1 5.1 2.7
ity (Million km/year) 1 30 10 120 100 0

(continued on next page)



Table A1 (continued)

Vehicle Conventional Euro I Euro III Euro IV Euro V Euro VI

Off-Peak - Passenger Car – Petrol (vehicles less than 2.5 tons)
10th percentile 7.3 3.3 0.6 0.3 0.3 0.3
50th percentile (median) 19.9 9.0 1.6 0.9 0.8 0.9
90th percentile 36.6 16.5 2.9 1.7 1.6 1.6
Activity (Million km/year) 140 3410 5280 4830 1390 0

Off-Peak - Passenger Car – Diesel (vehicles less than 2.5 tons)
10th percentile 5.7 2.8 2.0 1.7 1.0 0.5
50th percentile (median) 15.4 7.5 5.5 4.6 2.6 1.4
90th percentile 28.5 13.8 10.1 8.5 4.8 2.6
Activity (Million km/year) 2 90 30 340 280 0

Source: activity values taken form Geasur (2015). Note: Activity refers to total kilometers driven by the corresponding type of vehicle in Metropolitan
Santiago.
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