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Abstract
Using the methodology of the ExternE Project of the European Commission, we have evaluated the damage costs of
automotive air pollution by way of two case studies in France: a trip across Paris, and a trip from Paris to Lyon. This
methodology involves an analysis of the impact pathways, starting with the emissions (e.g., g/km of particles from
tailpipe), followed by local and regional dispersion (e.g., incremental mg/m3 of particles), calculation of the physical
impacts using exposure-response functions (e.g., cases of respiratory hospital admissions), and ﬁnally multiplication by
unit costs factors (e.g., per hospital admission). Damages are aggregated over all aﬀected receptors in Europe. In
addition to the local and regional dispersion calculations carried out so far by ExternE, we also consider the increased
microscale impacts due to the trapping of pollutants in street canyons, using numerical simulations with the FLUENT
software. We have evaluated impacts to human health, agricultural crops and building materials, due to particles, NOx,
CO, HC and CO2. Health impacts, especially reduced life expectancy, dominate in terms of cost. Damages for older cars
(before 1997) range from 2 to 41 Euro cents/km, whereas for newer cars (since 1997), the range 1–9 Euro cents/km, and
there is continuing progress in reducing the emissions further. In large cities, the particulate emissions of diesel cars lead
to the highest damages, exceeding those of gasoline cars by a factor of 7. For cars before 1997 the order of magnitude of
the damage costs is comparable to the price of gasoline, and the loss of life expectancy is comparable to that from traﬃc
accidents. r 2001 Elsevier Science Ltd. All rights reserved.
Keywords: Air pollution; Cars; Health impacts; Damage cost; External cost; Urban canyons

1. Introduction
Around the world the transport sector, which includes
automobiles, trucks, trains, ships and airplanes is
contributing ever-increasing shares of the total air
pollution burden. There are many policy options to
reduce the resulting damages, such as tightening
emission limits, shifting to cleaner fuels, developing
new propulsion systems, providing ﬁnancial incentives
for retiring older vehicles or restricting the use of cars,
*Corresponding author.
E-mail addresses: j.spadaro@iaea.org (J.V. Spadaro),
rabl@cenerg.ensmp.fr (A. Rabl).

although the later option tends to impose severe direct
or indirect costs (one should not forget that cars also
provide great beneﬁts). Before implementing any of
these measures, it is advisable to estimate their beneﬁts
and costs.
For environmental policies, one needs to know which
source of pollution causes how much damage. Therefore, one needs to begin at the pollution source rather
than at the measured ambient concentration of a
particular pollutant (bottom-up analysis). In recent
years, much progress has been made in such a
quantiﬁcation of environmental damages and costs
(Delucchi and McCubbin, 1996, ExternE, 1998). The
present paper, by participants in the ExternE Project
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(‘‘External Costs of Energy’’), presents an overview of
the methodology and an application to the case of
automotive emissions in France. It also examines a
potentially important issue that has not been adequately
covered in the dispersion calculations carried out so far,
namely the increase in concentrations due to trapping of
pollutants in urban street canyons.
The burdens to human health, agricultural crops and
building materials are assessed by an analysis of impact
pathways: starting with the emission of the pollutants
(e.g., kg/km of particles from tailpipe), followed by local
and regional dispersion (e.g., resulting increase in mg/m3
of particles in the air) and calculation of the physical
impacts using exposure response functions (e.g., cases of
respiratory hospital admissions). Damage costs are
calculated by multiplying the impacts by monetary unit
per impact case). Damages are
costs factors (
aggregated over all aﬀected receptors; the spatial
boundary of the analysis extends up to thousands of
km from the point of emission for the classical
pollutants, while it is global for greenhouse gases.
This involves a diﬃcult multidisciplinary system analysis. The ExternE Project has been going on since 1991,
with the participation of many tens of scientists in all
countries of the EU (dispersion modelers, epidemiologists, ecologists, economists, etc). The uncertainties are
large because the required data are often incomplete or
missing, and the present knowledge about the eﬀects of
air pollutants is not suﬃciently detailed. Rabl and
Spadaro (1999) have analyzed the uncertainties and
found that the true values could be a factor four smaller
or larger than the central estimates. Despite the
uncertainties, the damage estimates are valuable: they
are certainly far better than the inﬁnite uncertainty in
the absence of analysis. In addition, most policy
decisions do not require great accuracy of the damage
estimates, and in many cases, ﬁrm recommendations can
be made despite the large uncertainties (ETSU, 1996,
Krewitt et al., 1999, Rabl et al., 1998).
In this paper, we calculate the damage costs of
automotive emissions by considering two case studies in
France: a trip across a large metropolitan area (the city
of Paris) and an intercity journey between Paris and
Lyon (approximately 500 km southeast of Paris). Results are obtained for diesel and gasoline cars equipped
with diﬀerent pollution control technologies. We have
quantiﬁed the impacts to human health, agricultural
crops and building materials due to emissions of PM
(particulate matter), NOx, CO and HC (hydrocarbons).
For global warming, we cite the ExternE (1998) cost
estimates for CO2, CH4 and N2O (all expressed in terms
of CO2eq, using global warming potentials). Cost
estimates for greenhouse gases, including those species
that provide a cooling eﬀect (such as sulfate aerosols),
have large uncertainties, and a detailed discussion is
beyond the scope of this paper.

In the ExternE Project, topography is taken into
account indirectly by considering diﬀerent surface
roughness coeﬃcients and the eﬀect on meteorological
data due to the presence of natural or man-made
obstacles. However, there is another eﬀect not taken into
account: a pollutant emitted in a street canyon takes
some time to rise to the freely ﬂowing air above roof
level. Consequently, people in the street are exposed to
higher concentrations than if the terrain were ﬂat. The
degree to which canyons trap pollutants depends
strongly on the geometry of the canyon, the speed and
direction of the wind relative to the canyon axis and
local meteorological conditions, particularly diurnal
variations. In this paper, we provide a ﬁrst order
estimate of the inﬂuence of street canyons on the total
damage cost. Two approaches have been used: (1) a
simple box model and (2) a numerical treatment using
the computational ﬂuid dynamics software FLUENT
(CREARE, 1991). To our knowledge, this is the ﬁrst
attempt to integrate microscale eﬀects into local and
regional dispersion calculations to estimate the total
impact to the public exposed to automotive emissions in
large cities.

2. Assessing the impacts and damage costs
2.1. The steps of the impact pathways analysis
2.1.1. Source characterization
The impact pathways analysis begins by specifying the
source: location (rural or urban site), physical characteristics of the source (stack height, temperature,
velocity) and inventory of the emissions. Automotive
emissions occur at ground level and are expressed in
terms of emission factors (mass of pollutant per distance
traveled), which depend on driving conditions (cold
start, urban, highway, etc.) and vehicle characteristics
(make, age, engine parameters, pollution control technology, etc.).
2.1.2. Atmospheric dispersion and chemistry
Over the years, numerous dispersion models have
been developed. Usually separate models are used for
the local and the regional domains. In the local domain,
less than 50 km from the source, pollutant deposition
and aerosol formation by chemical transformation are
relatively insigniﬁcant and concentrations are inﬂuenced
primarily by meteorological parameters, such as wind
speed and wind direction. Beyond 50 km, chemical
reactions and deposition, both dry and wet, play an
important role in depleting (removing) the pollutant
from the air.
In this analysis, we use a Gaussian plume for local
scale concentrations as implemented in the ROADPOL
model (Vossiniotis et al., 1996), whereas regional values
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are calculated using the Lagrangian trajectory models in
EMEP (Sandness, 1993; Simpson, 1993) and the Windrose Trajectory Model developed for the ExternE (1995)
Project (Krewitt et al., 1995).
2.1.3. Impact
Impacts are quantiﬁed using Dose-Response functions, also known as Concentration-Response or Exposure-Response functions (ERF). The latter term is
used here. ERFs relate the pollutant concentration to
the resulting impact on a receptor (human health, crop,
etc.). Impacts on human health include asthma attacks,
hospital admissions, chronic bronchitis, restricted activity days, and premature deaths. ExternE calculates
mortality impacts as a reduction in life expectancy,
expressed as years of life lost (YOLL). That is necessary
to allow meaningful comparisons with other causes of
death, for instance accidents for which the YOLL per
death are much higher than for air pollution.
For health impacts, the ERFs are derived from a
survey of epidemiological studies (ExternE, 1998). In
view of the available epidemiological evidence, we
assume that the ERFs for health are straight lines, with
no safe threshold below which there is no eﬀect (at least
not on a population wide level and for current ambient
concentrations).
For crops and building materials, the ERFs have nonlinear shapes. In fact, there is even the possibility of a
small beneﬁt for some agricultural crops when the
background concentration of SO2 and/or NOx is
suﬃciently low (fertilizer eﬀect). For crops, one calculates the losses or gains in yield, and for building
materials, the surface area that is damaged by pollution.
2.1.4. Monetary valuation
To obtain the damage costs, one multiplies the
number of impacts (ex., cases of asthma attack) by the
unit cost per case (ex., per asthma attack). For health
impacts, the unit costs include the cost of illness, wage
and productivity losses, which are market based factors,
as well as non-market costs that take into account an
individual’s willingness-to-pay (WTP) to avoid the risk
of pain and suﬀering. Economists have developed
several techniques for valuing non-market goods. In
recent years, contingent valuation has become the
method of choice, which obtains WTP estimates by
asking individuals how much money they are willing to
pay to achieve a beneﬁt. For mortality impacts, one
needs to determine the value of a life year (VLY), which
is based on the so-called value of statistical life (VSL),
the amount of money that society is willing to pay to
avoid an anonymous premature death. In this work, we
have used the VSL and VLY values adopted by ExternE
(1998), with VSL equal to 3.1 million 1995 and VLY
equal to 84330 1995 for chronic mortality. The unit cost
values for crops and building materials are based on
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market and material replacement costs. As crop
damages are relatively small, they are estimated simply
on the basis of quantity times constant price, without
consideration of induced eﬀects (compensatory producer behavior).
Monetization is a convenient method for aggregating
health impacts and environmental burdens having
diﬀerent physical units into a single damage estimate
or indicator. Moreover, an economic assessment is
advisable when comparing the beneﬁts and costs of
abatement measures, technological choices or policy
regulations, for example, legislation in favor of mass
transit and/or electric cars instead of conventional
automobiles. Without economic evaluation, one risks
making decisions that may lead to substantial welfare
losses or improper allocation of resources.
Since health impacts dominate the damage costs
(accounting for 90% or more of the total) and the
ERFs for health eﬀects are simple to state, we
summarize them in Table 1, along with the corresponding monetary unit costs.
2.2. A simple formula for damage estimation: the uniform
world model
Since we are interested in the expectation value of the
damage, rather than the damage for a particular
pollution episode, we calculate the concentration for a
steady emission source and express the damage per unit
mass (kg of pollutant). The damage cost D is the
product of the receptor density rðrÞ; the exposure
response function f ðr; cðr; QÞÞ and the unit cost UV ðrÞ;
integrated over all points r ¼ ðx; yÞ where receptors are
aﬀected by the pollutant
Z
D¼
rðrÞ f ðr; cðr; QÞÞUV ðrÞ dx dy:
ð1Þ
Area of impact

Here cðr; QÞ is the incremental ground level concentration at location r due to a source at r=0 that emits at the
rate Q: For the most general case, the ERF may depend
on the concentration c: In the situation, where the ERF
is linear with slope fER and the unit cost is constant,
mass conservation allows Eq. (1) to be rewritten as
(Curtiss and Rabl, 1996; Spadaro, 1999)
r fER QUV
R
ð2Þ
D ¼ av
k
with
Z
rðrÞ MðrÞ
R¼
dx dy;
Q
Area of impact rav
where rav is the receptor density averaged (land and
water) over a radius of 1000 km from the source; M is
the pollutant depletion ﬂux due to deposition (dry and
wet) and chemical transformation; while k=M/c is the
depletion velocity relating the depletion ﬂux and the
ground-level concentration. The depletion velocity k can
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Table 1
ERFs and unit costs for health impacts in Europe (ExternE, 1998)
Health endpoint

ERFa

Pollutant

Unit cost (

Long-term or chronic mortality (YOLL)

4.1  104
6.8  104
5.3  106

(Nitrates)
(PM, Sulfates)
(SO2)

84,330

Chronic bronchitis (adults)

3.7  105
5.9  105

(Nitrates)
(PM, Sulfates)

105,000

Restricted activity days (adults)

1.9  102
3.2  102

(Nitrates)
(PM, Sulfates)

75

Asthmatics (adults)d

1.0  101
1.7  101

(Nitrates)
(PM, Sulfates)

7.5

Respiratory hospital admissions

2.1  106
3.5  106
2.0  106

(Nitrates)
(PM, Sulfates)
(SO2)

7870

Cerebrovascular hospital admissions

5.0  106
8.4  106

(Nitrates)
(PM, Sulfates)

7870

Congestive heart failure (elderly)

2.4  106
4.0  106
7.0  108

(Nitrates)
(PM, Sulfates)
(CO)

7870

Bronchitis (children)

3.9  104
6.5  104

(Nitrates)
(PM, Sulfates)

225

Chronic cough (children)

5.0  104
8.3  104

(Nitrates)
(PM, Sulfates)

225

Asthmaticsd (children)

1.9  101
3.2  101

(Nitrates)
(PM, Sulfates)

7.5

Short-term or acute mortality (YOLL)c

b
1995/case)

155,000

a

ERF has units of cases/yr per person per concentration (micrograms/m3).
In 1995, 1 was equal to US $1.25.
c
YOLL=Years Of Life Lost.
d
Asthmatic impacts include bronchodilator usage and incidences of coughing and wheezing.
b

vary somewhat with r, however here we have assumed a
uniform value across the entire impact domain. We have
calculated values of k for typical European conditions
and found that for PM2.5 k is approximately 0.7 cm/s
(range 0.5–2 cm/s) (Spadaro and Rabl, 1999).
For primary pollutants the quantity R in Eq. (2) can
vary strongly with receptor distribution and source
parameters, particularly the stack height. R is unity
when the depletion velocity and the receptor distribution
are uniform throughout the domain. For an elevated
source (stack heights greater than 25 m), the value of R
is typically less than 10, but when emissions occur close
to the ground in a large city R can have values as high as
100 for cars in Paris (Spadaro, 1999). For secondary
pollutants the value of R is close to unity; local
conditions have little inﬂuence on the damage costs

because secondary pollutants form at some distance
(typically tens of kilometers) from the point of emission
of the primary pollutants (Spadaro and Rabl, 1999;
Spadaro, 1999).

3. Damage costs of transport
3.1. Case study description and emissions
Two case studies have been considered: (1) an urban
trip across the city of Paris in France and (2) an intercity
journey between Paris and Lyon, the two largest cities in
the country. The results reported here are limited to
calculating the damages due to tailpipe emissions. The
damage costs from up- and down-stream processes, such
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meteorological conditions and driving conditions (urban
vs. highway, cold vs. warm driving cycle, etc.). Separate
dispersion calculations are carried out for diﬀerent
segments. The emission factors have been taken from
Jourmard et al. (1995). The emission factors recommended by these studies are considered representative
averages for the ﬂeet of automobiles in use in France in
1995 (Euro I). For newer cars in compliance with Euro
II standards, we use the emission factors estimated by
the MEET Project of the European Commission
(MEET, 1999). Table 2 summarizes the aggregate
emissions, expressed in grams, for the two case studies.
Note that particles from gasoline and diesel engines are
PM2.5 (smaller than 2.5 mm diameter).

as fuel and material extraction and processing, vehicle
production and disposal, have been quantiﬁed in
Spadaro (1999).
To obtain representative damage estimates for Paris,
we consider a trip between the two main Parisian
airports of Charles-de-Gaulle, northeast of Paris, and
Orly, in the south. The journey traverses the center of
the city and covers a distance of 43 km. The population
density for Paris and its metropolitan area are,
respectively, 22,300 and 1000 persons/km2.
For our second case study, we have chosen a journey
from the center of Paris to the center of Lyon. Most of
the journey is highway driving across sparsely populated
country. The travel distance is 481 km. The local
population (persons living within 50 km of the road) is
around 15 million, two-thirds of whom live in the
Greater Paris area, 10% in the Lyon metropolitan area
and 20% in the region separating the two cities; the
average receptor density is 375 persons/km2.
The following cars have been considered: (1) a diesel
car before 1997 (Standard Euro I), (2) a diesel car since
1997 (Standard Euro II), (3) a gasoline car without a
catalytic converter (required in France only since 1993),
(4) a gasoline car with a three-way-catalytic converter
compliant with Standard Euro I, and (5) a gasoline car
compliant with Standard Euro II (required since 1997).
The emissions are evaluated by subdividing the
journey into several segments according to local

3.2. Discussion of case study results
The damage costs normalized per ton of pollutant ( /
ton) and per vkm (vehicle-kilometer) (Euro cents/vkm)
are presented, respectively, in Figs. 1 and 2. These costs
cover human health, agricultural crops and building
materials, with health impacts accounting for at least
90% of the total.
As shown in Fig. 1, particles have the highest damage
costs per unit mass, especially in Paris. Values for
primary pollutants in Paris exceed those for the intercity
journey by an order of magnitude; this is consistent with
diﬀerences in the local receptor density. For driving in

Table 2
Aggregate emissions in gramsa
Transport mode

CO

Diesel car
Trip across Paris (43 km)
Euro I (before 1997)
Euro II compliant (since 1997)

41
11

Paris–Lyon journey (481 km)
Euro I (before 1997)
Euro II compliant (since 1997)

268
157

HC

NOx

CO2eq

PM2.5

32
18

9280
6550

7.5
1.5

54
157

299
265

84,740
83,780

122
30
8.5

8850
11,230
7390

1.5
0.8
0.1

81,810
97,380
73,160

14
7.2
1.0

7.3
1.4

Gasoline car
Trip across Paris (43 km)
Euro I, no catalyst (before 1993)
Euro I, TWCb (since 1993)
Euro II compliant (since 1997)

1123
123
95

126
11
3.0

Paris-Lyon journey (481 km)
Euro I, no catalyst (before 1993)
Euro I, TWC (since 1993)
Euro II compliant (since 1997)

6341
622
879

780
59
23

1617
379
104

72
31

a
Sources of emission factors: (a) Euro I results based on measured emissions during standard driving cycles of the EU (Jourmard
et al., 1995); (b) Euro II data from MEET (1999), except for PM2.5 results for gasoline vehicles for which we use measured data by
CONCAWE (1998).
b
TWC=Three-Way-Catalytic converter.
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Fig. 1. Damage costs in 1995 per ton of pollutant. Estimates include damages to human health, crops and buildings. Cost of global
warming and ozone are those of ExternE (1998) and Rabl and Eyre (1998), respectively.

Fig. 2. Damage costs of transport, for emissions of Table 2. (1

was equal to US $1.25 in 1995, and about $0.9 in 2000).
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entirely rural areas, additional calculations with a local
receptor density of 60 persons/km2 indicate that the
damages for primary pollutants are lower than the
Paris–Lyon values by a factor of 10 (Spadaro, 1999).
Damages via secondary pollutants, by contrast, are
rather insensitive to the local population density, hence
urban and intercity costs are quite similar. The costs for
particles, nitrates and sulfates are large because they
include long-term (also called total or chronic) mortality, whereas for CO and for direct impacts of SO2 only
short-term (acute) impacts are included.
Results per vkm are presented in Fig. 2. For Paris, the
diesel car has the largest damage cost, 41 cents/vkm for
cars before 1997 and 8.7 Euro cents/vkm for cars since
1997 (Euro II). For diesel cars before 1997, more than
95% of the overall cost is due to PM and 3% due to
NOx. The gasoline car without catalytic converter has a
damage cost of 14 cents/vkm, more than double the
corresponding estimate for the Euro I gasoline car
(5.7 cents/vkm), and more than an order of magnitude
larger than for Euro II gasoline cars (1.2 cents/vkm). A
closer look at the damage distribution by pollutant (not
shown here) reveals that despite the very low emission
rate of particles from gasoline cars, the contribution to
the overall cost remains signiﬁcant, around half of the
total, because of the high unit damage cost for particles.
For the intercity trip, the gasoline car without
catalytic converter has the highest damage,
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8.1 cents/vkm, twice that of the diesel car before 1997,
nearly four times that of the Euro I gasoline car or Euro
II diesel car, and eight times that of the Euro II gasoline
car. For diesel cars, damages are once again dominated
by health impacts due to particles, whereas NOx impacts
dominate the costs for gasoline cars, 88% of the total for
the gasoline car without catalyst. 90% of the impacts
from particles occur locally (50 km of the road). Paris
alone accounts for a quarter of the impact, Lyon 5%,
Ile-de-France (Greater Paris) for half and the region
separating the two cities accounts for about 20%.
For comparison, we note that the price of fuel is about
3.9 cents/vkm for diesel and 7.6 cents/vkm for gasoline
(taxes being 80% of the fuel price (DHYCA, 1997)).
Another comparison is with the years of life lost
(YOLL) due to traﬃc accidents, in Fig. 3; this comparison is especially interesting because it avoids the
uncertainties and controversies surrounding the value
of a YOLL. The YOLL due to air pollution can be
extracted from the damage costs by noting that
approximately 85% of the total health damage are due
to mortality, which has been evaluated at 84,330 /
YOLL. For traﬃc accidents, about 9000 fatalities per
year in France in 1995, we take an average loss of life of
40 YOLLs. Allocating this to the average distance
driven, 5850 vkm/yr per person (OECD, 1997), one
ﬁnds approximately 1 YOLL/million km (for a population of 58.7 million). This estimate is of the same order

Fig. 3. Comparison of mortality impacts due to traﬃc accidents (dashed line) and automotive air pollution (bars) for French
population. YOLL=Years Of Life Lost.
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of magnitude as most of the numbers shown in
Fig. 3. Only for new gasoline cars (since 1997) are
pollution mortality risks very much lower than accident
risks.

4. Street canyons
4.1. General remarks
Since automotive emissions take place at ground level,
street canyons can have a signiﬁcant inﬂuence on the
dispersion of pollutants near the source. Canyons aﬀect
the dispersion in two ways. Firstly, they enhance vertical
mixing above the canyons. Secondly, they tend to trap
pollutants within their geographical or physical boundaries, thereby delaying pollutant transport to the freely
moving air above the canyons. Whereas the ﬁrst eﬀect
has implicitly been accounted for by choosing urban
dispersion conditions as input to the Gaussian plume
model, here we address the second eﬀect.
Qualitatively, this eﬀect of canyons on the impact
estimates is obvious: higher local concentrations result
in higher impacts and damage costs. The eﬀect could be
particularly important for large European cities, where
local receptor densities are high and street canyons fairly
narrow and deep. The canyon eﬀect is relevant only for
primary pollutants. For secondary species, it is much
less important because the canyon residence time is
small compared to the time needed for chemical
reactions.
One of the diﬃculties of this work lies in the great
variability of possible local conditions and in the
explosion of detail, were one to try to take every street
of a large city into account. Modeling the dispersion to
such level of detail would not be feasible with current
computational means, to say nothing of the labor
needed to input all the detail into the program. On the
other hand, for most policy decisions such detail is not
even relevant because they should be based on typical
driving patterns rather than a particular car in a
particular street. Since our work is directed towards
policy applications, a coarser modeling approach is
appropriate.
Fig. 4 shows ﬂow streamlines and concentration
contours for a steady source of a chemically inert
pollutant located in the middle of a street canyon. These
results were obtained using the commercial software
FLUENT, version 4.0 (October 1991); it is a computational ﬂuid dynamics solver that calculates pressures and
ﬂow velocities using the SIMPLE algorithm of Patankar
(1980). Proﬁles are shown for two diﬀerent aspect ratios:
1 : 1 and 6 : 1 (height : width). For square canyons, a
single vortex is formed, with its center in the middle of
the canyon volume; whereas, two stacked vertices exist
inside the 6 : 1 canyon. The size and strength of the

vortices vary strongly with canyon volume and wind
speed.
In Fig. 5, we consider a single, steady source located
in a two-dimensional (2D) street canyon, which is part
of a series of 33 equally, spaced canyons, each having an
aspect ratio of 1 : 1. The source is in Canyon #16. The
wind blows from left to right at a speed of 3 m/s.
Concentration values at selected points are also indicated, normalized by the concentration at the bottom
left-hand corner of Canyon #16. Concentration variations for Canyon #16 are consistent with measured data
by Gally et al. (1991) for street canyons in Paris.
The average concentration along the right wall of
Canyon #16 is approximately ﬁve times higher than that
along the left wall of Canyon #17. This explains why, for
instance, the surface of a building exposed to traﬃc
emissions on one side is much dirtier than another
surface facing a yard. Indeed this was the case (before
the recent cleaning) for the Ecole des Mines building in
Paris, where the authors work(ed): one side of the
building faces the heavily traveled Boulevard St-Michel
and the other side the Luxembourg gardens. Furthermore, the average concentration in Canyon #16 is an
order of magnitude higher than in Canyon #17, about 18
times higher than in Canyon #18, and nearly 25 times
higher than in canyon #19. Reducing the wind speed to
1.5 m/s increases the absolute values of the concentrations by about 30%.
4.2. The canyon eﬀect: a simple box model
The canyon eﬀect occurs only in the canyon where the
source is located; once the polluted air has emerged from
the canyon, it will not be reconcentrated if it descends
into neighboring canyons. Thus, its dispersion beyond
the ﬁrst canyon can be modeled by a conventional
Gaussian plume, provided the presence of buildings is
accounted for by means of appropriate surface roughness parameters. This suggests that the total damage can
be calculated as a sum of two terms: (1) the damage
within the emission canyon itself, and (2) the damage
beyond.
As ﬁrst, very rough estimation of the canyon eﬀect, let
us consider a steady source with emission rate Q inside a
2D rectangular street canyon of height hC and area AC ;
modeling the canyon as a well-mixed box with volume
’ The time constant t
V ¼ hC AC and air exchange rate V:
for air exchange is
V
t¼ :
ð3Þ
V’
Let cC be the concentration in the canyon. Since under
steady state the emission rate Q equals the rate V’ cC at
which the pollutant leaves the canyon, we have
Qt
cC ¼
:
ð4Þ
AC hC
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Fig. 4. FLUENT proﬁles of streamlines (a) and concentrations (b) for an emission source located inside 2D city canyons, of aspect
ratios 1 : 1 and 6 : 1. The emission rate is steady at 0.23 g/s and the ﬂow is turbulent. Wind speed is 5 m/s, from left to right. (Colorized
version: http://www-cenerg.ensmp.fr/english/themes/index.html).

The damage in the canyon DC is the product
DC ¼ fER AC rC cC UV ;

ð5Þ

where rC is the receptor density in the canyon, fER the
slope of the ERF and UV the unit cost. Inserting Eq. (4)
this can be written as
Qt
DC ¼ fER rC UV :
ð6Þ
hC

To get an idea of typical values of the time constant t;
we have carried out a large number of simulations with
FLUENT. Most of them were 2D, with wind transverse
to the canyon. A few were three-dimensional (3D),
varying the angle between wind and canyon (Spadaro,
1999). For the present purpose it suﬃces to summarize
the results in terms of the time constant: we found it to
be in the range 100–1000 s for situations that should be
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Fig. 5. FLUENT concentrations for a single source located at the bottom center of canyon 16 in a two-dimensional conﬁguration of
33 canyons. The emission rate is steady at 0.35 g/s and the ﬂow is turbulent. Wind blows from left to right at 3 m/s. The numbers
indicate some concentration values relative to bottom left of source canyon. (Colorized version: http://www-cenerg.ensmp.fr/english/
themes/index.html).

representative of real cities. This is in good agreement
with simulations reported by Lee and Park (1994), as
well as with the data measured by DePaul and Sheih
(1984) as cited by Lee and Park. The larger values
correspond to infrequent conditions such as low wind
speeds or wind transverse to deep canyons.
If Eq. (2) is to yield the damage costs of Fig. 1, the
value of rav R must be
reff; Paris ¼ rav R ¼ 6240 persons=km2 :

ð7Þ

Substituting Eq. (7) into Eq. (2) and comparing with DC
of Eq. (5), we obtain the canyon eﬀect as
 

DC
k
rC
;
ð8Þ
¼
DPARIS
reff; Paris
vC
where vC ¼ hC =t is the velocity at which the pollutant is
removed from the canyon. Taking hC ¼ 20 m, typical of
street canyons in Paris, and t ¼ 10021000 s, one
ﬁnds vC ¼ 2220 cm/s. For the depletion velocity of
particles, we assume k ¼ 0:7 cm/s. The receptor density
in the center of Paris is approximately rC ¼
22000 person/km2. Thus, the ratio DC =DParis could lie
in the range 0.1–1.
4.3. A series of canyons modeled by FLUENT
Treating buildings as simple rectangular boxes, we
have used the FLUENT software to investigate a large
number of 2D and 3D conﬁgurations, varying, for
example, the aspect ratio of the canyons and the wind
speed and wind direction relative to the axis of the
canyon. However, the most instructive simulations, and

the ones used for this analysis, involve the 2D
conﬁgurations shown in Fig. 6, where a city is represented by a series of regularly spaced canyons with
aspect ratio 1 : 1. The wind blows from left to right at a
constant speed of 3 m/s. At the bottom of each canyon
(in Figs. 6b and d) or at top of each building (in Fig. 6c),
covering 35% of the ground (or roof) are pollutant
sources, all of equal strength. Thus, we now have
distributed sources, by contrast to the source in a single
canyon of the previous section.
The population distribution is assumed uniform over
all the horizontal surfaces. This may appear a gross
simpliﬁcation since few people live on the roof.
However, a large fraction of windows face courtyards.
And while diﬀerent ﬂoors are exposed to diﬀerent
concentrations, as ﬁrst approximation we assume that
the average exposure is the same as if one half of the
population were exposed to the concentration at street
level and the other half to that at roof top. A more
detailed distribution does not seem appropriate for a
ﬁrst analysis, as the eﬀect is relatively minor. We recall
that only average exposure matters because the ERFs
for health are linear.
Our ﬁrst thought had been to compare the total
exposure of the population for the conﬁguration of
Fig. 6b, with the one in Fig. 6a corresponding to ﬂat
terrain. However, a direct comparison between these
two conﬁgurations is not appropriate because the
turbulence and the resulting plume spread are much
greater in the presence of building than over ﬂat terrain
(even though we specify turbulent ﬂow for all of the
FLUENT simulations).
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Fig. 6. FLUENT concentration contours for various canyon and source conﬁgurations (turbulent ﬂow). Wind blows from left at
3 m/s. Canyons are two dimensional, with the emission sources located at the bottom center of each one (emission rate 0.47 g/s per
canyon). The canyon eﬀect is the ratio of concentrations for cases (b) and (c). (Colorized version: http://www-cenerg.ensmp.fr/english/
themes/index.html).

Instead, we compare Fig. 6b with Fig. 6c, of the same
geometry, but where all the sources are on top of the
buildings. This corresponds roughly to the ﬂat terrain
Gaussian plume calculations in urban settings. Since
damage is proportional to concentration, it suﬃces to
compare concentrations between the two conﬁgurations.
The concentrations for a series of 33 equally spaced
canyons are plotted in Fig. 7. Each value represents the
average over the horizontal surfaces of one canyon unit
(building top plus adjacent canyon).
Ideally, we would have preferred a much larger
number of canyons with aspect ratios decreasing
towards the edge of the city (as in Fig. 6d). Unfortunately, our version of FLUENT is not very convenient
for inputting such complex geometries, and our results
are limited to only 33 canyons, which cover a distance of
roughly 1 km (about 10% the size of Paris). Except for
the ﬁrst canyon, the ratio of the concentrations varies
slowly with increasing canyon number, suggesting that
this ratio might indeed give a fair indication of the
importance of the canyon eﬀect. For the individual
canyons, the ratio varies from 1.11 to 1.34 between
canyons 2 and 33. Averaged over the entire city, the
ratio is 1.26 excluding and 1.27 including the ﬁrst
canyon. If we extrapolate the results up to 100 canyons

(B3 km), the ratio would increase to 1.5. This assumes,
of course, that the observed rate of growth does not
change, but in reality, we would anticipate that the ratio
would approach an asymptotic limit. Furthermore, as
we move further away from the center of the city, the
canyon aspect ratio decreases, and the additional mixing
with less polluted background air would limit the
concentrations inside the canyons as already indicated
in Fig. 6d. If these results were indeed typical of real
cities, they would imply that the canyon might
contribute about 25%, and most likely no more than
50%, of the total damage. Repeating the calculations at
diﬀerent wind speeds, we ﬁnd that the ratio 1.26 would
go up to 1.5 when the wind speed is reduced by a factor
of two, namely 1.5 m/s. These numbers are in agreement
with the estimate using the simple box model. Therefore,
we conclude that the canyon eﬀect is of relatively minor
importance, potentially increasing the damages by 25%
or so.
We have not included the canyon eﬀect in our damage
estimates for Paris because much of the journey involved
open suburban roads for which pollutant conﬁnement is
negligible. However, for policy applications that concern
driving within large cities that canyon factor of about
1.25 should be included.
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Fig. 7. The eﬀect of street canyons on local concentrations. Wind speed=3 m/s, emission rate=0.35 g/s m, aspect ratio=1 : 1, and
canyon width=14 m. Left scale shows concentrations (thin solid lines), right scale the ratio of sources in canyons to sources on
buildings (dashed line).

5. Summary and conclusions
Following the impact pathways methodology, we
have estimated the damage costs associated with
automotive emissions. The impact pathways analysis
traces the fate of a speciﬁed pollutant from emission to
its ﬁnal impact on human health, agricultural crops and
man-made environments. The dispersion calculations
cover all of Europe. Once the physical impacts are
estimated, the costs are obtained by multiplication with
a monetary unit cost factor. For mortality and
morbidity impacts, these factors take into account both
market and non-market costs (e.g., willingness to pay to
avoid the pain and suﬀering of illness).
We considered two case studies in France: one a trip
across the city of Paris and the other an intercity journey
from Paris to Lyon. Damage estimates were presented
for pre-1997 diesel and gasoline cars without and with
catalyst (required in France only since 1993), as well as
for Euro II compliant cars (since 1997). For urban
transport, the diesel cars have the highest damage costs,
8.7 and 41 Euro cents/vkm for Euro II and Euro I,
respectively. Older gasoline cars without a catalyst, on
the other hand, have the highest damage for the intercity
trip (8.1 Euro cents/vkm). There has been impressive
progress in reducing car emissions. In fact, Euro II
gasoline vehicles have much lower damages, 0.8 and
1.2 Euro cents/vkm for the intercity and urban journeys,
respectively. Similar performance can be achieved by
ﬁtting diesel cars with a particle ﬁlter.

Our analyses indicate that the damages for diesel
cars are dominated by health impacts due to particle
emissions, whereas health impacts due to NOx emissions contribute the lion’s share in the case of gasolinepowered vehicles. Per ton of pollutant, the damage
of primary pollutants is approximately ten times higher
for Paris than for the trip from Paris to Lyon, by
contrast to secondary pollutants for which there is little
diﬀerence.
To put the damages in perspective, we have compared
damage costs with fuel price and mortality risks from air
pollution with traﬃc accidents. For older automobiles
and Euro II type diesel vehicles, the damage costs are
comparable to the price of fuel in France. Furthermore,
the loss of life expectancy from exposure to traﬃc
emissions is similar in magnitude to the loss of life due
to transport accidents, except for the Euro II gasoline
cars.
For urban traﬃc emissions, we have combined local
and regional dispersion analyses with curbside dispersion (microscale eﬀects) to account for the trapping of
pollutants in street canyons. FLUENT simulations
indicate that concentrations inside the source canyon
can be several times higher than those observed in
neighboring canyons. This explains why the facade’s of
- much
buildings exposed to transport emissions can be
darker (dirtier) than surfaces not exposed to the traﬃc.
However, our preliminary assessment of the canyon
eﬀect suggests that it is unlikely to increase the total
damage by more than about 50%.

J.V. Spadaro, A. Rabl / Atmospheric Environment 35 (2001) 4763–4775

Acknowledgements
This work was supported in part by the ExternE
Project of the European Commission, DG Research. We
are very grateful to our ExternE colleagues for their
suggestions and comments.

References
CONCAWE, 1998. A study of the number, size and mass of
exhaust particles emitted from European diesel and gasoline
vehicles under steady state and European driving cycle
conditions. Report #98/51, Madouplein 1, B-1210 Brussels,
Belgium.
CREARE, 1991. FLUENT Computer programs for simulating
ﬂuid ﬂow. CREARE.X. Inc., Hanover, NH, USA.
Curtiss, P., Rabl, A., 1996. Impacts of air pollution: general
relationships and site dependence. Atmospheric Environment 30, 3331–3347.
Delucchi, M., McCubbin, D.R., 1996. The contribution of
motor vehicles and other sources to ambient air pollution.
Report #16 in the SeriesFThe Annualized Social Cost of
Motor Vehicle use in the United States, based on 1990–91
data, report UCD-ITS-RR-96-3. Institute of Transportation Studies, University of California at Davis, Davis, CA
95616, USA.
DePaul, F.T., Sheih, C.M., 1984. A study of pollutant
dispersion in an urban street canyon. Technical report
ANL/ER-84-1, 84pp. Argonne National Laboratory,
Argonne, IL 60439, USA.
DHYCA (Direction des Hydrocarbures), 1997. Minist"ere de
l’Industrie, Paris, France.
ETSU, 1996. Economic evaluation of the draft incineration
directive. Report produced by ETSU, Harwell Laboratory,
Didcot, Oxfordshire OX11 0RA, EUROPEAN Commission DGXI, contract number B4 3040/95/001047/MAR/B1.
Published by the European Commission, DirectorateGeneral XII. Science Research and Development. L-2920
Luxembourg.
ExternE, 1995. Externalities of energy, ISBN 92-827-5210-0.
Vol. 1: Summary (EUR 16520); Vol. 2: Methodology (EUR
16521); Vol. 3: Coal and Lignite (EUR 16522); Vol. 4: Oil
and Gas (EUR 16523); Vol.5: Nuclear (EUR 16524); Vol. 6:
Wind and Hydro Fuel Cycles (EUR 16525). Published by
European Commission, Directorate-General XII, Science
Research and Development. Oﬃce for Oﬃcial Publications
of the European Communities, L-2920 Luxembourg.
ExternE, 1998. Externalities of Energy, Vol. 7: Methodology
1998 Update (EUR 19083); Vol. 8: Global Warming (EUR
18836); Vol. 9: Fuel Cycles for Emerging and End-Use
Technologies, Transport and Waste (EUR 18887); Vol. 10:
National Implementation (EUR 18528). Published by
European Commission, Directorate-General XII, Science
Research and Development. Oﬃce for Oﬃcial Publications
of the European Communities, L-2920 Luxembourg.
Results are also available at http://ExternE.jrc.es/publica.html.

4775

Gally, N., Ritter, P., Sepetjan, M., 1991. Pollution ambiante
ext!erieure urbaine. Pollution Atmosph!erique Janvier–Mars,
pp. 11–19.
Jourmard, R., Vidon, R., Paturel, L., Pruvost, C., Tassel, P.,
DeSoete, G., Saber, A., 1995. Evolution des Emission de
Polluants des Voitures Particuli"eres lors du Depart Moteur
Froid, Rapport INRETS, No. 197.
Krewitt, W., Holland, M., Trukenm.uller, A., Heck, T.,
Friedrich, R., 1999. Comparing costs and environmental
beneﬁts of strategies to combat acidiﬁcation in Europe.
Environmental Economics and Policy Studies 2, 249–266.
Krewitt, W., Trukenmueller, A., Mayerhofer, P., Friedrich, R.,
1995. ECOSENSEFan integrated tool for environmental
impact analysis. In: Kremers, H., Pillmann, W. (Eds.),
Space and Time in Environmental Information Systems,
Umwelt-Informatik actuell, Vol. 77. Metropolis-Verlag,
Marburg.
Lee, I.Y., Park, H.M., 1994. Parameterization of the pollutant
transport and dispersion in urban street canyons. Atmospheric Environment 28 (14), 2343–2349.
MEET, 1999. MEET Methodology for Calculating Transport
Emissions and Energy Consumption. Oﬃce for Oﬃcial
Publications of the European Communities, Luxembourg.
OECD, 1997. Environmental Performance Reviews-France.
OCDE, 2 rue Andr!e-Pascal, 75775 Paris, Cedex 16, France.
Patankar, S.V., 1980. Numerical Heat Transfer and Fluid Flow,
SERIES in Computational Methods in Mechanics and
Thermal Sciences. Hemisphere Publishing Corp., Washington, DC.
Rabl, A., Eyre, N., 1998. An estimate of regional and global O3
damage from precursor NOx and VOC emissions. Environment International 24, 835–850.
Rabl, A., Spadaro, J.V., 1999. Environmental damages and
costs: an analysis of uncertainties. Environment International 25, 29–46.
Rabl, A., Spadaro, J.V., Desaigues, B., 1998. Nouvelles
r!eglementations pour les incin!erateurs de d!echets: Une
Analyse Cout-B!en!eﬁce. Environnement et Technique/InfoD!echets 175, 17–21.
Sandness, H., 1993. Calculated budgets for airborne Acidifying
components in Europe. EMEP/MSC-W Report 1/93.
Norwegian Meteorological Institute, P.O. Box 43, Blindern,
N-0313, Oslo 3, Norway.
Simpson, D., 1993. Photochemical model calculations over
Europe for two extended summer periods 1985 and 1989.
Model results and comparison with observations. Atmospheric Environment 27, 921–943.
Spadaro, J.V., Rabl, A., 1999. Estimates of real damage from
air pollution: site dependence and simple impact indices
for LCA. International Journal of Life Cycle Assessment
4(4), 229–243.
Spadaro, J.V., 1999. Quantifying the damages of airborne
pollution: impact models, sensitivity analyses and applications. Ph.D. Dissertation, Centre d’Energ!etique, Ecole des
Mines, 60 boul. St.Michel, F-75272, Paris, Cedex 06,
France.
Vossiniotis, G., Arabatzis, G., Assimacopoulos, D., 1996.
Description of ROADPOL: a Gaussian dispersion model
for line sources. Program Manual. National Technical
University of Athens, Greece.

