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Abstract
In Europe, action plans have been established since the limit values for particulate matter are exceeded. Many policy measures used focus on reducing the emissions from traffic. However, to evaluate such policy measures information on the health impact and the health cost is needed. The impact pathway approach has been developed to be used for such purposes. However, when using this approach in a case study for Stockholm it was found that the assumptions in the exposure modeling had a major influence on the estimated cost. To explore this issue, in this paper, we develop a conceptual model of the impact pathway approach. With simulations we investigate the importance on cost of various assumptions used in the exposure modeling. Our finding is that accounting for population density close to the emissions source, at a distance of 500 meters from the road, play a major role for the estimated health impact and hence the cost. The policy conclusion is that regulatory measures that reduce emissions in areas with high emissions and high population density, such as congestion charging in inner cities, are likely to be more efficient in reducing health impact and cost.
Introduction

Air pollution has for a long time been an area targeted in environmental policy. In EU an Air Quality Framework Directive was adopted in 1996 (1996/62/EC). This was followed by a First Daughter Directive in 1999 (1999/30/EC). In 2001 the EU Commission adopted the 6th Environmental Action Program where Environment and Health is one of the four main target areas. Air pollution is one of the issues included under this target and the CAFE (Clean Air for Europe) program has been launched with the objective of developing a strategy on air pollution. One of the main remaining problems regarding health impacts is found to be emissions of particulate matters (PM) (CAFE WGPM, 2003). In the First Daughter Directive limit values where established for PM with an aerodynamic diameter smaller than 10 micrometer, PM10. Member states of the EU need to monitor air quality and introduce action plans if air quality fails to meet the specified criteria
. More recent findings however suggest that the more important health effects may be caused by PM with a smaller aerodynamic diameter, and an new air quality directive is therefore underway that regulates both PM10 and PM2.5. In the US, National Ambient Air Quality Standards (NAAQS) are established for both PM10 and PM2.5. (Nagl et al., 2006).
Traffic is seen as one of the main sources of PM emissions and therefore many action plans that have been established in Europe focus on policy measures that will reduce the emissions from transport (Nagl et al., 2006). One example is the action plan developed for Stockholm, the capital of Sweden, where both the limit values for PM10 and NO2 are exceeded. Traffic however influences the concentration of PM in two ways. First of all there is an effect on the local scale, up to 1-2 km from the road, because of the primary PM emissions (exhaust and non-exhaust PM). But there is also an effect on the regional scale, several km away from the road, which is due to the formation of secondary PM (sulphate and nitrate). In Stockholm and many other cities the major influence on the total concentration of PM10 and PM2.5 at roof level is due to secondary PM that is transported in from other areas
. Hence the scope for local and even regional solutions to air quality problems can be limited (Nagl et al., 2006). Still, local traffic can cause the limit values to be exceeded. This is for example the case in Stockholm in springtime when street dust (non-exhaust PM) fills the air. Hence, many action plans focus on policy measures that are expected to have an impact on the concentrations in the vicinity of the roads such as low emission zones, congestion charging, traffic restrictions during episodes, speed limit restrictions, public transport improvements, street cleaning etc.   
The aspect that we discuss in this paper is the importance of the detail in the exposure modeling
 for the cost estimation and evaluation of such locally implemented policy measures. To estimate the health impact and cost of air pollution the damage function approach, or the Impact Pathway Approach (IPA) as it is called in the EC-funded ExternE-projects, has been developed (Spadaro and Rabl, 2001; Friedrich and Bickel, 2001; Bickel and Friedrich, 2007). This is a bottom-up approach where the health cost estimate is the product of: a) the estimated population exposure of a certain pollutant, b) the health impact of the exposure and c) the value placed on the health impact. To arrive at the total benefit gain from a certain policy measure aggregation of the various health benefits (mortality and morbidity) for all emissions and all exposed is needed, where the spatial boundary of the analysis can extend up to thousands of km from the point of emissions. This approach has been used to calculate both the marginal and the total cost of air pollution in various settings (Ostro and Chestnut, 1998; Spadaro and Rabl, 2001; Monzon and Guerrero, 2004; Bickel and Friedrich, 2001; Bickel et al., 2002; Bickel et al. 2006; Rittmaster et al., 2006; Ostro et al., 2006). 
One problem with this approach however is the need for air pollution and exposure modeling on both the local and regional scale. Since this is costly various shortcuts are often used. Measured PM levels from monitoring stations are for example used as an estimate for the average exposure for the population in a certain area (Ostro and Chestnut, 1998; Ostro et al., 2006) or to construct a pollution measure for different areas within a community (Currie and Neidell, 2005) while sometimes the exposure estimation is based on models where the spatial resolution of emissions and population density in the modeling is rather crude (Peng et al., 2002). The latter was for example the case in a case study for Stockholm where the cost of traffic emissions was assessed using the IPA (Bickel et al., 2002). In that study both the emissions and the population were assumed to be uniformly distributed over the whole urban area. There is however evidence that local conditions play an important role for the estimated cost. Several case studies, where the IPA approach has been used, report that the population density and other local conditions have an important effect on the estimated cost (Friedrich and Bickel, 2001; Bickel et al., 2006). Spadaro and Rabl (2001) for example calculate the cost for an urban trip Paris and an intercity journey between Paris and Lyon. The estimated cost is higher for the journey within Paris which according to the authors is due the differences in “the local receptor density”.

That correctly accounting for the spatial resolution of both emissions and people has important consequences for the estimated cost was also found in a case study for Stockholm, Sweden (Nerhagen et al., 2005). In this study the assumptions used for exposure modeling in a previous study (Bickel et al., 2002) was compared to estimates with higher spatial resolution. It was found that if it was assumed that the PM emissions from transport (exhaust) were uniformly distributed over the whole area, the (unweighted) average concentration was 0.13 (g/m3 while if the calculations were based on actual location of emissions sources and people than this gave an estimate of the population weighted average concentration equal to 0.33 (g/m3 (Nerhagen et al., 2005). This in turn would imply that the estimated population exposure, and hence cost, would be 60% lower if the former concentration estimate was used. That the use of air quality modeling is an important issue for policy evaluation is also highlighted by Nagl, 2006. In their assessment of the action plans that has been implemented in Europe they find that currently various ways are used to evaluate the effect of the policy measures (most often measured concentrations appears to be used) but their recommendation is mandatory air quality modeling
. 
To be able to illustrate how the assumptions used in the exposure estimation will influence the estimated cost, we develop a conceptual model of IPA of primary PM emissions from traffic and, based on this model, we simulate the influence of various assumptions. To our knowledge this has not been assessed previously in an economic modeling framework. The paper proceeds as follows. In the first part of the paper we give an overview of the current knowledge regarding the relationship between PM emissions and health as well as dispersion modeling. We then present an economic model of the IPA accounting both for dispersion pattern, population density, harmfulness and value of the health impact and we discuss the simplifications that are currently used in this estimation. In the third part of the paper, using simulations, we investigate the influence on cost of changes in basic assumptions in the exposure modeling. This part is based on data from Stockholm and the results from Nerhagen et al. (2005). Finally, in part four, we draw some conclusions on what implications this has for policy and discuss further areas of research.

Particulate Matter, Health Impacts and Exposure Modeling 

Much of the evidence of the health effects of PM comes from epidemiological studies. The majority of this literature is based on time-series studies where acute effects of air pollution are traced out. Establishing these relationships is difficult due to the presence of many confounding factors, for example the correlation between different pollutants. Some researchers even question whether or not these studies can trace out any relationships (Koop and Tole, 2004). These types of data are however corroborated with toxicological data where the effects on humans are studied in a laboratory environment (Sandström et al., 2005). Historically there has also been evidence of large effects on human health following on air pollution episodes. 

However, the exact relationship between PM emissions and their effects on health are not known. PM emissions are usually divided into three categories depending on their size; ultrafine (PM0.1), fine (PM0.1 - PM2.5) and coarse (PM2.5-PM10). These partly have different origin and they are also expected to have different effects since they have different composition and reach different parts of the lungs. Furthermore, these differences in sizes are also important to consider in the dispersion modeling since the dispersion process is different for PM of different sizes. Primary PM emissions from traffic mainly belongs to the ultrafine and coarse category. Exhaust PM is of the smaller size while non-exhaust emissions (wear and tear of road and breaks as well as road dust) mainly are coarse. Hence, in the traffic environment ultrafine and coarse PM are found in higher concentrations but it has been found that due to deposition and coagulation they are not transported far from the emission source (CAFE WGPM, 2003).
However, the current legal framework does not separate these PM components and this is also reflected in the cost estimations where the IPA is used. In most applications the cost is estimated based on the mortality and morbidity effects of PM2.5 and PM10. Included in these calculations are exhaust PM and secondary PM while non-exhaust emissions are usually not accounted for (Bickel et al. 2006; Bickel and Friedrich, 2007)
. To calculate the health impact concentration-response (C-R) functions from epidemiological studies are used that provide information on changes in health risks associated with changes in pollutant concentrations. For exhaust PM by far the most important impact for the estimated cost is due to the chronic mortality effect, i.e. that long term exposure to exhaust PM results in premature mortality. In the case study for Stockholm this effect accounted for 70% of the total cost for PM2.5 (Bickel et al., 2002). The C-R function currently used in IPA applications is the one by Pope et al. (2002) that is recommended in the WHO guidelines (Bickel and Friedrich, 2007). These guidelines have been reviewed in recent years and the current evidence suggests that they present reasonable relationships (CAFE WGPM, 2003; Forsberg et al., 2005). There is however recent health studies that indicated that different C-R functions should be used for different PM components and research on the health impact of non-exhaust emissions is underway (Sandström et al., 2005; Brunekreef and Forsberg, 2005; Bickel et al., 2006). So far however these findings have to our knowledge not changed the assumptions used in the IPA. Although non-exhaust PM is discussed in Bickel et al. (2006), we have found no recommendations in the ExternE Methodology Update 2005 (Bickel and Friedrich, 2007).
There are many different dispersion models used to quantify the impact of emissions on air quality. Nagl et al. (2006) for example report that different dispersion models were used in all the action plans that they assessed. Dispersion models differ both regarding the spatial resolution that they cover and the level of detail in the modeling. The models can account for a number of different conditions such as how gaseous materials move from areas of higher concentration to areas of lower concentration, the patterns of movements of the surrounding air, the physical characteristics of exhaust gases as well as aspects of the surroundings such as topography (Hadlock, 1998; SMHI and IVL, 2001). Moreover, when these models are used to calculate the concentration at a certain point in time it is often found that the pollutants mainly disperse in one direction and hence those people living in the “plume” direction will be the ones exposed (Hadlock, 1998)
. The dispersion pattern will also differ between different emissions sources. For point sources the stack height will for example influence the dispersion pattern and for traffic emissions specific dispersion models have been developed that account for the effect of street canyons (Spandaro and Rabl, 2001). 
In order to estimate the population exposure, the dispersion models have to be combined with population data. In some cases the data used is the average population in an area while in more detailed modeling geographical information on peoples’ places of residence is used. According to Spandaro and Rabl (2001) the presence of street canyons could increase the concentrations that people are exposed to since the emissions are “trapped” for a longer period of time within the street canyons. However, according to their assessment the presence of street canyons is of relatively minor importance for the estimated cost.
A Conceptual Model of the Impact Pathway Approach 

In this section, we develop a conceptual “linear-city” model for calculating the damage cost of pollution as well as the value of abating emissions along a straight line. The model is specifically tailored for road-related traffic with moving emission sources, though it may also be used in other contexts. For simplicity, we start with the Big-Bang-like dispersion model for a homogenous type of air pollutant (say PM) from a point source and then extend it to a more realistic case. Similarly to Spadaro and Rabl (2001), we consider a steady stream of particle emissions from a point source at a flow rate 
[image: image1.wmf]Q

, which may be affected by preventive actions and/or policy measures such as regulations and emission tax inducing change behavior. Let 
[image: image2.wmf](,)

crQ

 denote the concentration level of the pollutant at a distance 
[image: image3.wmf]r

, and 
[image: image4.wmf](,(,))

frcrQ

 the corresponding exposure function. Suppose that the population density along the r-circle is 
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To make the formula operational, we have to specify the elements in the integrand. As it is usually applied in the literature, we treat the unit damage cost 
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 as a constant irrespective of the location, the exposure as a linear function of concentration i.e. 
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 as a slope parameter. For convenience, we assume an exponential dispersion function 
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 is a “rate-of-decay” parameter. The larger the parameter value, the less emission spreads away from the source, or in other words, the shorter distance the source emissions will be transported.  With these additional assumptions, we can express the total damage cost as
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where 
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 represents the total population-density-weighted concentration in the whole circular city.  Note that the model does not intend to account for all the details at any particular point in time. As it is normally practiced in IPA, researchers are mostly interested in the annual average concentration at rooftop by suppressing the short-run fluctuations caused by local meteorology and other factors (Hadlock, 1998)
.  
Now, we construct a “linear-city” model with a continuous spectrum of emission sources. The model city in this case consists of a straight and infinitely long road with residents living symmetrically alongside of the road. To rule out the possibility for people to live on-road, the width of the road is assumed to be zero. On the road, vehicles are assumed to run uniformly, each generates a steady stream of particles at a rate of 
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 per unit of time. At each moment, the generated particles will spread around the vehicle as if it were a point source in the prototype big-bang model with a dispersion parameter 
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. The ambient concentration along the road is thus  
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i.e. the accumulated particles from all point sources along the road. The ambient concentration with (the shortest) distance 
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 from the road can be expressed as
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which does not have any closed-form solution. Anyhow, it can be readily shown that 
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[image: image26.wmf])

(

s

C

 in Figure 1.  The ambient concentration decreases in distance less rapidly than the exponential function for small value of 
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 but it converges to the exponential functional form as 
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 becomes larger and larger. 
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Figure 1.  Ambient concentration alongside of the linear road

For any rectangular area with a length 
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 along the road bounded by a distance 
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 on both sides of the road, the total damage cost can now be expressed as
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where 
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 is the population density along the line of length A with a distance r from the road.

We are interested in exploring how the assumptions on pollution concentration and population density affect the expected damage estimates when other conditions are kept constant. Regarding the population density 
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, we can calculate the cost according to an increasing, decreasing and uniform population density from the road. We also have the possibility to assess the impact of various reduction measures in the model by studying their effects on the source emission rate 
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Note that the final formula here bears some resemblance to the noise dispersion model in Andersson and Ögren (2006). In the following simulation section, we will calculate such values of emission reduction under alternative population distribution assumptions. 
Exposure modeling and Health Cost – A Simulation Exercise
Data on which the simulations are based
In these simulations we use information on concentration levels and population data in Stockholm to make the results more relevant for real life situations
. We focus on exhaust PM (or PM2.5 as the name is in IPA applications) since the IPA has established C-R functions and values for these emissions (Bickel and Friedrich, 2007). The simulations could however also be performed for other emissions that do not take part in chemical reactions, for example non-exhaust emissions. The data is mainly from a case study in Stockholm (Nerhagen et al., 2005) where the exposure modeling was performed by air quality experts at the Environment and Health Administration of the City of Stockholm (SLB Analys as the unit is called). 
Stockholm is the capital of Sweden and, although not as populated as many other cities in Europe, it has had a problem with the traffic and air quality situation for many years. This is due to its location on islands which implies that the traffic going from north to south has to pass through or close to the city center. To solve this problem it has now been decided, after a trial period in the spring of 2006, to implement congestion charging (see www.stockholmsforsoket.se). The charging system mainly concerns the inner city of Stockholm. Other policy measures that have been discussed and/or implemented to improve local air quality are low emission zones and street cleaning. The latter is found to be an important measure to reach the limit values for PM10 since the use of sanding and studded tires in winter time has an important effect on non-exhaust emissions. 
In Table 1 is presented the data used and the results of the air pollution modeling in Nerhagen et al. (2005). As can be seen both the population density and traffic intensity is higher in the inner city which also results in higher PM concentrations in this area. Hence, the external cost of primary PM emissions will be higher in this area. 
Table 1
Population, traffic and concentration data for Stockholm.

	
	Population
	Vehiclekm
 (million)
	Area
(km2)
	Pop/km2
	Exhaust PM

(tonne/year)
	Unweighted
average C
(µg/m3)

	Greater Stockholm
	1 444 158
	6610
	1225
	1179
	179
	0.13

	Inner city of Stockholm
	350 036
	~1600*
	49
	7144
	43**
	0.596


* Based on percent of vkm for Greater Stockholm found in Johansson et al., (2004).

** Assuming the same emission factor per vkm as for the whole of Stockholm
In Nerhagen et al. (2005), using these data, we estimated the population exposure in Stockholm making different assumptions regarding the spatial resolution of exhaust PM emissions and population. As seen in Table 2 we found that the spatial resolution used had an important effect on the estimated exposure. When higher spatial resolution is used in the calculations (smaller grid-cells) the unweighted estimates are much lower than the population weighted estimates. Hence, if the unweighted concentration estimates were used in the exposure calculation this would underestimate the actual population exposure and the health cost. Moreover, it is found that the grid cell size cannot be too large if we want to estimate the population weighted exposure correctly. The population weighted average concentration estimate is much lower when we only assumed one grid cell of the size 35km x 35 km (the area referred to as Greater Stockholm).
Table 2
Average concentrations of exhaust PM in Greater Stockholm in 2000. 

(Source: Nerhagen et al. 2005)

	Spatial resolution

(grid cell size)
	Unweighted average C
(µg/m3)
	Weighted average C
(µg/m3)
	Weighted/Unweighted 

	35 km x 35 km
	0.23
	0.23
	1

	5 km x 5 km
	0.20
	0.36
	1.8

	500 m x 500 m
	0.14
	0.34
	2.3

	100 m x 100 m
	0.13
	0.33
	2.6


These finding led to the question that we address in this paper: what impact on the estimated exposure, and hence cost, has the distribution of people in the vicinity of a road? To explore this issue we use the model described in the previous section to calculate the cost for a single road using various assumptions about the population density. We calculate the cost for a stretch of road that is 1 km long (as in the case studies in Bickel et al. 2006 for example) assuming that the decay of the modeled average yearly concentration at rooftop is normally distributed around the street, see Figure 2. 
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Figure 2.
 Ambient concentration from the linear road in 3D

To arrive at somewhat realistic estimates of the cost of exhaust PM emissions from traffic, we base our simulations on information about the situation for a road that is located in the inner city of Stockholm. Hornsgatan is one of the busiest streets in Stockholm and therefore the air pollution limit values are exceeded. About 32000 vehicles pass this road daily and the modeled average yearly concentration of exhaust PM at rooftop, that is due to the traffic on this street, is 0.5 µg/m3 (according to modeling results by SLB Analys
). We do not have information about the exact distribution of people around this street but since it is surrounded by buildings and is located in the inner city of Stockholm about 8 000 people/km2 is a reasonable assumption.
Assumptions used in the modeling
In the model people are uniformly distributed over the whole area and we can calculate the cost up to various distances from the road. We can however change the population used in the calculation and hence the population density. We focus on a stretch of road being 1 km long. The C at rooftop of the road (the source) is assumed to be 0.5 µg/m3 and the dispersion parameter b is assumed to be 0.0069 such that the concentration level 100 meters away from the road is half of the source level
. In the base case we will assume that the population density is 8000 people on every km2.
What is also needed to estimate the cost is an effect estimate (the health impact from a certain exposure) and a value to place on the estimated effect. We will only include the effect that exposure to exhaust PM has on chronic mortality. The reason is that this accounts for the largest share of the cost in many case studies (Friedrich and Bickel, 2001) and because inclusion of morbidity effects would only increase the estimated cost but not change the analytical results. We will use the risk coefficient for PM2.5 suggested by WHO for CAFE, but applied to mortality rates for Stockholm. According to our calculations this is equal to 0.00061 YOLL/(person x year x µg/m3) where YOLL is Years of Life Lost (Nerhagen et al., 2005; Forsberg et al., 2005). This is the risk coefficient that is also used in ExternE calculations (Bickel and Friedrich, 2005)
. In our simulations we choose to use the value for the value of a life year (VOLY) that is suggested in the ExternE Methodology Update, 50 000 euro (Bickel and Friedrich, 2007). This is higher than the 34 000 euro used in Nerhagen et al (2005).
Total cost as a function of concentration decay 
As discussed above, the cost will depend upon how people are located in relation to the emission source but also on how rapidly C decreases with distance to the road. In Table 3 are presented the results for the calculation where we assume that there are 8000 people uniformaly distributed on every km2 away from the road. What we find is that the exposure that takes place within the first 250 meters from the road gives rise to the larges share of the cost. This is of course due to our assumption regarding the decay of C. What we also find that the spatial range of the C from the road is mainly within 500 meters. Hence, it appears that when policy measures that have a local impact are to be evaluated, greater detail needs to be given to the population density within 500 - 1000 meters from the road.
Table 3
Relationship between cost and distance to the road when the population density is constant (euro).

	Distance to road
	250 meters
	% of total
	500 meters
	% of total
	1000 meters
	% of total
	10000

	Total Cost
	41652
	74
	52809
	94
	55804
	99.77
	55932

	People 
	4000
	2.5
	8000
	5
	16000
	10
	160000


How then does the results from our model compare to estimates based on actual dispersion modeling? To explore this issue we have calculated the cost per vehicle kilometers (vkm) since this is what was estimated in Nerhagen et al. (2005) for Stockholm. The average vkm traveled per day on Hornsgatan is 32000. If we multiply this figure with number of days per year we arrive at an yearly estimate of 11.5 million vkm.  Using the estimated total cost of 55 932 euro we get an estimate of the total cost/vkm equal to 0.0049 euro/vkm. In Nerhagen et al. (2005), using the population weighted estimate for Stockholm of 0.34 µg/m3, they arrive at an estimate of 0.0015 euro/vkm as an average for Stockholm. This is equal to 0.0022 euro/vkm if we were to use the VOLY-estimate of 50 000 euro. Hence, the cost we have calculated is about 2 times higher. This is not an unreasonable estimate since we have calculated the cost for a more densely populated area. This also reveals that the average cost estimate for a larger area, even though based on the population weighted average exposure, will not be relevant for local conditions. 
Total cost as a function of population density assumptions

In this section we explore how important the population density close to a road is for the estimated cost. To do this we estimate the total cost making different assumption about the distribution of 16 000 people within a distance of 1000 meters on each side of the road. Since we use the distance 1000 meters from the road, the area for which the cost is calculated is 1 km x 2 km and hence the population density in the whole area is 8000 people/km2. We will assume that the population varies in each of four sections from the road: 0-250 meters, 250 – 500 meters, 500 – 750 meters and 750 -1000 meters. Within each section we assume that the population is uniformly distributed. Three examples of the assumed distributions are shown in Figure 3. In the first case we have assumed that only 2000 people are located within the first km2 from the road, and the other 14 000 are located outside this distance. Hence, in this case a share of 0.125 people is located within the first km2. The second example is when the 16 000 people are uniformly distributed over the whole area, which gives a share of 0.5 within the first km2. This is the assumption that was used in the cost estimation in Table 1. The third example is when we assume that 14 000 people are located within the first km2, hence the share is 0.875. 
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Figure 3
Examples of assumed distributions (share of people within the first km2 varies)

However, another possibility could be either that the population is highest close to and then at some distance from the road, or the opposite. In both cases the share of population within the first km2 is 0.5. These examples together with the uniform case from Figure 3 are illustrated in Figure 4.
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Figure 4
Examples of assumed distributions (share of people within the first km2 is 0.5). 
The results from the calculations that are based on these varying assumptions are shown in Figure 5. Along the yellow line are shown the estimated total cost that results from the assumptions in Figure 3 where the population share within the first km2 is varied. The total cost estimate for the share 0.5 on this line is the same as the one in the column 1000 meters in Table 1, 55 804 euro. The two outlying estimates, “Cost high middle” and “Cost low middle”, are based on the population distribution in Figure 4. “Cost high middle” is when we assume that 14 000 people are located at 250 to 750 meters from the road.
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Figure 5
Total cost related to the distribution of people 
As seen in Figure 5, there is a strong relationship between the population within the first km2 and the total cost. The total cost increases from 18 445 euro when the share is 0.125 to 93 166 euro when the share is 0.875. Hence a population increase of 7 in the first km2, from 2000 people to 14 000 people, results in a 5 times increase in the estimated cost. Thus, the influence of the population density in the first km2 on the estimated cost is strong. However, also how people are distributed within the first km2 is of importance. This is seen when we compare the estimates of total cost that are based on the population distribution shown in Figure 4.  When we assume that 7000 people are located within the first 250 meters and 1000 within the following 250 meters, “Cost low middle”, the total cost is more than 2 times as high as in the opposite case, “Cost high middle” (77200 euro compared to 34410 euro).
Total cost based on a point estimate of the concentration at rooftop
The final thing we will explore is the difference between the cost estimate that results if we assume that a modeled or measured value is valid for a larger area and the estimate based on detailed dispersion modeling. In this estimation we will use the result from Nerhagen et al., (2005) that the modeled concentration at rooftop resulting from traffic in the inner city of Stockholm is 0.596 µg/m3. We assume that the population is uniformly distributed and that the population density is 8000/ km2. We calculate the cost for a km2, hence the cost resulting from people exposed within 500 meters on each side of the road. In addition to calculating the total cost, we have also calculated the total cost/vkm. To do this we assume that an equal share of traffic is driven on every km2 within the inner city. The results for this calculation and for our modeled results for Hornsgatan, from Table 3, are shown in Table 4.

Table 4
Cost from a point estimate of C compared to detailed exposure modeling.
	
	Pop/km2
	Vkm
 (million)
	Area
(km2)
	Vkm/km2
(million)
	C
(µg/m3)
	Total cost
(euro)
	TC/vkm

(euro/vkm)

	Inner city of Stockholm
	8000
	~1600*
	49
	32.7
	0.596
	121 646
	0.0037

	Hornsgatan
	8000
	
	
	11.5
	0.5
	55 932
	0.0049


* Based on percent of vkm for Greater Stockholm found in Johansson et al., (2004).

The total cost/vkm is lower in the estimation where we have used the average C for the whole area, 0.0037 euro/vkm compared to 0.0049 euro/vkm. Hence, again we find that accounting for the distribution of people and where the emissions occur will have an impact on the estimate of total cost. This result however is influenced by the assumption we have made about the vkm driven in the inner city of Stockholm. If this estimate is on the high side, this implies that the difference between the two estimates is exaggerated. 

Discussion of the results
The calculations in the IPA are based on a number of assumptions where we have explored the influence of the assumption used in the exposure calculation. Our finding is that it is important to assess the distribution of people in the vicinity of the emission source, especially within the first 500 meters on each side of the road (the first km2). This result is of course dependent upon our assumptions about the decay of the C with distance to the road. We have assumed that C is halved at 100 meters from the road which according to the information on which we base our calculations is a reasonable assumption. This assumption is also supported by results in other studies (Forsberg et al., 2005). However, local conditions such as wind speed will of course influence the exact dispersion pattern. Hence, to explore the influence of such factors the results from various case studies need to be compared in order to arrive at a richer specification of the decay function. Another assumption that we have used, which influences the result, is that it is the concentration at rooftop that is relevant for the exposure modeling. There is an ongoing discussion in the epidemiological literature regarding the best way to assess human exposure to various pollutants. In real life there are many factors that will influence individuals’ exposure to pollutants, for example how much time people spend indoors or in busy streets.  The dispersion and concentration levels will also be influenced by the height of houses etc surrounding the streets and we think further research is needed on how this should be accounted for in exposure modeling.
In our calculations we have calculated the cost for exhaust PM. It is likely that the same model can be applied to non-exhaust emissions since their distribution pattern according to the findings in CAFE WGPM (2003) is similar. However, in this case there are other assumptions in the estimation that needs further exploration. First of all, further research is needed on what effect non-exhaust PM is likely to have on human health. Moreover, the issue of what concentration estimates to use in the exposure calculation may be even more relevant to explore for this pollutant.  The difference between exhaust and non-exhaust PM is that there is reason to believe that the latter mainly has a short term effect on human health. For exhaust PM there are two arguments that can be raised for the use of the concentration at rooftop. The first is that this corresponds well to the concentration level found indoors where people spend most of their time. In addition, exposure to this pollutant is expected to have long term effects and hence it is the average exposure over longer periods of time that is relevant. Although the former argument is probably valid for non-exhaust PM, the latter is not.  
What these results do show however is how important it is to account for the population density close to a local emission source such as road traffic in the estimation of total cost. This will also be of importance in the evaluation of policy measures that aim at reducing the contribution from local sources. To have the greatest impact on human health, policy makers should focus on policy measures that reduce emission in areas where there are busy streets, or high emissions for other reasons, close to peoples’ residence. Hence, general policy measures that reduce emissions over larger areas such as PM filters might not be as efficient in reducing the health impact as congestion charging in densely populated areas. 
Conclusions and Policy Implications

The Impact Pathway Approach (IPA) has been developed in the EC-funded ExternE-projects. In the IPA the health cost for pollution is estimated based on the individuals’ exposure to the pollutant, the effect of this exposure and the value of the estimated effect.  In this paper we have developed a conceptual model that describes the various components used in cost estimation based on the IPA. We have used this model to explore the implication on health cost of various assumptions in the exposure modeling. The finding is that the assumptions used will have a large influence on the estimated cost. Based on data from Stockholm we have estimated the total cost for exhaust PM from traffic. The results show that how people are distributed within a distance of 500 meters from the road will have an important influence on the estimated cost. The cost increases about five times when the population density in the first km2 increases from 2000 to 14 000. This conclusion is also likely to hold for non-exhaust emissions such as road dust since they have a similar dispersion pattern but it need not be valid for other pollutants. As expected, we also find that using the estimate at a point source as an average exposure estimate for a greater area will lead to over- or underestimation of the total cost. In the case of Stockholm, the modeled concentration for the inner city in a study by Nerhagen et al. (2005) was 0.596 µg/m3 while the population weighted average for Greater Stockholm (an area of 35 km x 35 km) was 0.34 µg/m3. Hence, if we were to use the former as an estimate of the exposure in Greater Stockholm, the estimated cost would be too high.
We have also briefly discussed the relevance of the dispersion model that we have used and the importance of other assumptions used in the IPA. Regarding our assumptions about the concentration decay with distance to the road, the calculations show that it gives reasonable results. Our calculations for Hornsgatan, which is a busy street in the inner city of Stockholm, give higher estimates for the total cost/vkm than the result in Nerhagen et al. (2005) for the average of Greater Stockholm. Support for the assumption that the influence from a local source is mainly within the first hundred meters is also found in studies where dispersion models are used (Forsberg et al, 2005). However, to arrive at a fuller specification of the dispersion model, which accounts for other factors such as wind speed, further research is needed. Furthermore, there is a need to model the dispersion process from the street level to roof top. In this paper we have based our modeling on a given value for the concentration at rooftop.

We have also found that there is research underway in other areas that may change the assumptions currently used in the IPA. Examples of such research issue are if the concentration at rooftop is relevant to use in the exposure modeling and how harmful to human health that non-exhaust PM are in comparison to exhaust PM.
In conclusion, our finding is that accounting for the population density close to traffic is of importance and will have a strong impact on the estimated cost. Weighted exposure estimates are preferably used when the IPA is applied in urban areas. If such estimates are not available, some indicator should at least be used reflecting how close to streets that people in an urban area on average live. Furthermore, cost will vary between different areas in a city depending on population density and the emissions and hence only using average estimates for a whole city or larger areas in a city may give the cost estimate an important downward bias. Hence, it appears to be of importance to develop simplified models that can be used to undertake exposure estimations. While there are standardized dispersion models for noise (Andersson and Ögren, 2006), this is not the case for air pollution. As discussed in Nagl et al (2006), being able to assess the change in exposure is very important in the evaluation of policy measures. Currently there are actions plan implemented in many cities in Europe that are supposed to reduce the exposure and health impact from local sources, mainly traffic. However, few cities seem to use air pollution modeling in their assessments’ of the action plans. 
An issue that we have not considered in this paper, but that needs to be added for a complete policy evaluation of a local policy measures, is the impact that a certain measure has on the regional scale and on other emissions. Congestion charging that will be implemented in Stockholm for example is an efficient measure to reduce the exposure in the inner city of Stockholm since it is a “by-product” of the decrease in congestion. It is also beneficial since it is likely to reduce the exposure to noise. However, if this policy measure increases total distance traveled in the Stockholm area this will increase the concentration of secondary PM which is also expected to have a negative impact on human health. Hence, for a complete evaluation of the efficiency of this policy measure, both the influence on the local and the regional scale need to be considered.
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� It is stipulated in the Air Quality Framework Directive and its Daughter Directives that Plans and Programmes have to be established on ambient air quality assessment and management if the limit values are exceeded. Information about these Plans and Programmes has to be forwarded to the European Commission. An assessment has recently been completed regarding the Plans and Programmes that has been reported to the Commission in order to gain information on “how to improve the effectiveness of the current provisions in the Directives”.  The assessment was undertaken by the Austrian Federal Environment Agency (Umweltbundesamt). It is stated in the report that there is a focus on traffic-related measures since highest pollution levels are often recorded at traffic hot spot sites (Nagl et al., 2006). In Sweden these limit values have been the basis for new environmental quality standards where those for PM had to be reached before 2005. As in many other countries these limit values are exceeded in larger cities in Sweden and therefore action plans have been developed. The one for Stockholm is included in the mentioned assessment by Nagl et al., (2006).


� Measured average concentration levels of PM2.5 at Hornsgatan, Stockholm kerbside, in 2002 was 15.58 µg/m3, while it was 8.92 µg/m3 at roof level. 7.42 µg/m3of the PM2.5 was transported in from other areas (SLB Analys, 2003).


� Exposure modeling is used both to quantify the health impact of the exposure to different pollutants and to calculate the health impact and cost from the exposure to different pollutants. Therefore there have been many papers published on this topic as seen for example in Han and Naeher (2006), Bell (2006), Wilson and Zawar-Reza (2006) and Currie and Neidell (2005).


� In the report they also discuss the need for mandatory emission inventories with a spatial resolution that is “suitable for the spatial extent of the exceedance situations as well as the AQ modeling” (Nagl et al., 2006, page 114). 


� There is some confusion in the literature since what is modeled is exhaust PM but although they are smaller they are often referred to as PM2.5 in the text (see Bickel et al,. 2002 for example). Actual PM2.5 measurements contain not only exhaust particles but also secondary PM and non-exhaust PM from road wear.


� A basic dispersion model which is often used is the so called Gaussian plume model (Hadlock, 1998).


� This is a reasonable assumption for open roads according to Christer Johansson at SLB Analys but need not be totally correct for densely built up areas where the dispersion processes are different due to the topography (the tall buildings) and in Sweden also due to ground-level inversion which under certain conditions make the air more stable than normal. SLB Analys is the operator of the local air quality management system in the City of Stockholm on behalf of the Environment and Health Protection Administration.


� The estimated cost however will only provide only partial information on the health cost of traffic emissions in Stockholm.


� SLB Analys uses the AIRVIRO model developed by SMHI (Swedish Meteorological and Hydrological Institute) to calculate the concentration of various air pollutants. The inputs to the model are detailed data for the traffic in Stockholm, emissions factors from the EDB-database (maintained by the Swedish National Road Administration) as well as meteorological data. Their models were used to evaluate the health impact of congestions charging in Stockholm (SLB Analys, 2006).


� Support for this assumption is for example found in Forsberg et al. (2005) that writes: “Local sources can cause very high air pollution concentrations under unfavorable meteorological conditions, such as ground inversion. However, only the closest 100 meters from the source are strongly affected under such conditions”.


� Using this estimate they arrive at an effect estimate of 4.0E-4 YOLL/(pers * yr * µg/m3) for PM10 (Bickel and Friedrich, 2007, page 89) and the relationship between the harmfulness of PM2.5 and PM10 is assumed to be PM10/PM2.5=0.6 (Bickel and Friedrich, 2007, page 84).
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