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Abstract. We have developed an integrated assessment tool
that can be used for evaluating the public health costs caused
by the concentrations of fine particulate matter (PM2.5) in
ambient air. The model can be used to assess the impacts
of various alternative air quality abatement measures, poli-
cies and strategies. The model has been applied to evalu-
ate the costs of the domestic emissions that influence the
concentrations of PM2.5 in Finland in 2015. The model in-
cludes the impacts on human health; however, it does not
address the impacts on climate change or the state of the en-
vironment. First, the national Finnish emissions were evalu-
ated using the Finnish Regional Emission Scenarios (FRESs)
model on a resolution of 250× 250m2 for the whole of Fin-
land. Second, the atmospheric dispersion was analysed by us-
ing the chemical transport model, namely the System for In-
tegrated modeLling of Atmospheric coMposition (SILAM)
model, and the source receptor matrices contained in the
FRES model. Third, the health impacts were assessed by
combining the spatially resolved concentration and popula-
tion data sets and by analysing the impacts for various health
outcomes. Fourth, the economic impacts of the health out-
comes were evaluated. The model can be used to evaluate
the costs of the health damages for various emission source
categories and for a unit of emissions of PM2.5. It was found
that the economic benefits, in terms of avoided public health
costs, were largest for measures that will reduce the emis-
sions of (i) road transport, (ii) non-road vehicles and machin-
ery, and (iii) residential wood combustion. The reduction in
the precursor emissions of PM2.5 resulted in clearly lower

benefits when compared with directly reducing the emissions
of PM2.5. We have also designed a user-friendly, web-based
assessment tool that is open access.

1 Introduction

Air pollution related to particulate matter (PM) can result in a
wide variety of impacts. Prominent examples of these include
the enhancement or mitigation of climate change, adverse
impacts on the health of the population and various con-
sequences for the environment (e.g. influence on biodiver-
sity, acidification and eutrophication). Air pollution may also
cause the corrosion of materials and degradation of buildings
and cultural heritage (e.g. Al-Thani et al., 2018). Methods
to analyse and value such economic benefits have been pre-
sented, for example, by Navrud and Ready (2002, 2007) and
Watt et al. (2009).

This study focuses on the impacts of air pollution on public
health. The projected economic growth, urbanisation and the
increased fraction of the senior population will increase the
effects on public health in some regions in the future (e.g.
OECD, 2016).

Emission standards and other control policies, in many
cases, only address the amounts of emissions. Such poli-
cies will not be optimal for the mitigation of the impacts
of poor air quality as the same amount of emissions from
different sources may have totally different damage costs
(e.g. Muller and Mendehlson, 2009; Carson and LaRiviere,
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2018). Economists have therefore suggested market-based
approaches, such as emission taxes (e.g. Baumol and Oates,
1988) or tradable permits. As the marginal damages (defined
as the additional damage caused by an additional unit of
emission) and the properties of the emission sources, such as
emission heights, differ across regions (Nahlik et al., 2016),
environmental policies should reflect these differences. It is
therefore worthwhile to evaluate the relative costs of poten-
tial emission reductions from different emission source cate-
gories located in different regions.

There is a fairly extensive amount of scientific litera-
ture regarding the cost evaluations of air pollution on pub-
lic health, including especially the effects of the PM2.5 con-
centrations. Muller and Mendehlson (2009), Holland et al.
(2015) and Heo et al. (2016) have evaluated the unit costs
of the emissions at various stack heights on a fairly fine spa-
tial resolution in the USA at a county level. Buoconore et al.
(2014), Levy et al. (2009) and Fann et al. (2009) have con-
ducted similar studies on a coarser resolution in the USA.
Moreover, Nahlik et al. (2016) estimated the county-specific
unit damage costs for PM (especially PM2.5), in addition to
SOx, NOx and VOCs, at major airports in the USA. Trejo-
González et al. (2019) analysed economic costs associated
with exposure to PM2.5 in 2013 and 2015 in Mexican cities
assuming two mitigation scenarios.

In Europe, Bickel and Friedrich (2005) have developed
a thorough methodology for the impact pathway approach
called the ExternE methodology. The ExternE methodol-
ogy provides a framework for presenting numerous and var-
ious impacts as monetary values. In particular, Bickel and
Friedrich (2005) evaluated monetised health impacts that are
differentiated according to height of release and urban ver-
sus non-urban areas. They also developed an assessment tool
called EcoSenseLE (Light Edition) to easily provide esti-
mations of impacts on human health and of environmental
damages caused by air pollution in Europe (http://ecoweb.ier.
uni-stuttgart.de/EcoSenseLE/current/index.php, last access:
27 July 2020). More recently, Holland (2014) and Brandt
et al. (2010) evaluated unit costs at country level. DEFRA
(2015) and Walton et al. (2015) conducted similar studies re-
gionally in Europe.

In Asia, and more specifically in China, Qi et al. (2018)
investigated the losses in and the consequences for the econ-
omy by ambient PM2.5. The study by OECD (2016) pointed
out that impacts due to PM2.5 concentrations commonly con-
tribute to more than 90 % of the total health costs of air pol-
lution. Clearly, the exact proportion of these effects depends
substantially on the domain and the year of evaluation. Emis-
sions of the most important PM2.5 precursors, such as NOx,
SO2 and NH3, have also been included in some studies (e.g.
Walton et al., 2015). The direct health costs of NO2 and O3
may also be substantial in some cases.

With respect to unit cost modelling, most studies have used
the so-called impact pathway approach. This approach com-
bines air quality modelling with population data, epidemio-

logical evidence and economic modelling (Im et al., 2018).
It is a sequential approach in which one assumes a change
in emissions, models the corresponding changes in air qual-
ity, uses epidemiological evidence to calculate the health re-
sponse and, finally, applies economic evidence. For instance,
Trejo-González et al. (2019) concluded in their study that a
reduction in the annual PM2.5 average to less than 10 µgm−3

in 2015 would have decreased mortality by 14 666 (avoid-
able deaths), with estimated costs of USD 64 164 million, in
Mexican cities.

Some previous studies have used chemical transport mod-
els on regional or continental scales (e.g. Fann et al., 2009;
Buonore et al., 2014; Brandt et al., 2010; Im et al., 2018).
Another approach is to use simplified decision support mod-
elling systems that use pre-computed atmospheric disper-
sion statistics or source dispersion matrices (e.g. Muller and
Mendehlson, 2009; Holland, 2014; Holland et al., 2015;
Bickel et al., 2003). One example of these approaches was
presented by Heo et al. (2016); they attempted to gener-
alise the results of chemical transport models using statisti-
cal methods. As this approach substantially reduces the com-
putational effort, one can evaluate a much larger number of
various emission reduction scenarios. Heo et al. (2016) com-
puted the resulting changes in air quality for a 1 t reduction
in emissions for 11 different emission sources in the USA.

In the next stage of the evaluation, one will evaluate the
health impacts caused by the changes in the concentrations.
Some of the studies have included only the increased risk of
early mortality (e.g. Heo et al., 2016; Buonocore et al., 2014;
Levy et al., 2009), due to the fact that mortality costs com-
monly dominate the total unit costs. In these studies, PM2.5-
induced mortality has been modelled with a linear response
function model in which an increase in the concentration lev-
els is linearly translated into either a loss of human lives or
years of life lost (YOLL). For example, 144 289 and 150 771
potential YOLLs due to exposure to PM2.5 were estimated
for 2013 and 2015, respectively, in Mexican cities (Trejo-
González et al., 2019).

The response functions have been estimated in epidemi-
ological studies, such as Pope et al. (2002), or based on a
combination of other studies related to long-term exposure
to PM2.5 and PM10, such as Trejo-González et al. (2019).
However, most studies have also included other end points,
most commonly the morbidity costs (Muller and Menhdel-
son, 2009; Holland et al., 2015; Fann et al. 2009; Walton et
al. 2015; DEFRA, 2015; EEA, 2014). Some studies (Muller
and Mendehlson, 2009; Walton et al. 2015) have also in-
cluded the loss of agricultural yields; however, these result in
a minor effect on the unit costs. In a more recent study con-
ducted by Trejo-González et al. (2019), the lost productivity
was also calculated for 2013 and 2015 in Mexican cities for
different age groups (15 years and older, 30 years and older,
and 25 to 74 years). In China, Qi et al. (2018) estimated that
the total national loss due to exposure to PM2.5 was Chinese
Yuan 79.2 billion.
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As the increased risk of early mortality commonly domi-
nates the unit cost estimates, the assumptions behind its com-
putation explain a large fraction of the variation in various
damage cost estimates. The health response functions con-
tain a risk ratio or relative risk (RR) for an increase in concen-
tration of 10 µgm−3 that describes the change in the relative
risk level. RR is generally defined as the ratio of the prob-
ability of an outcome in an exposed group to the probabil-
ity of an outcome in an unexposed group. Moreover, RR is
different from one region to another, depending on ambient
PM2.5 composition and the variation in the peoples’ sensitiv-
ity (Qi et., 2018). A low value was applied by Bicket et al.
(2003), namely RR= 1.024, whereas Pope et al. (2002) es-
timated a much higher value, namely RR= 1.077. The latter
estimate has been widely used in unit cost studies (Muller
and Mendehlson, 2009; Holland et al., 2016; EEA, 2014).
Qi et al. (2018) also applied a low RR for lung cancer re-
lated to PM2.5 in China, and it was equal to 1.03. The same
value was used by Cao et al. (2011) and Loomis et al. (2014).
The American Cancer Society published an estimate of 1.075
that was used in Heo et al. (2016). A more conservative es-
timate of 1.06 has been reported in some studies, such as
DEFRA (2015) and Raza et al. (2018), apart from Woodcock
et al. (2009, 2013 and 2014) and Dhondt et al. (2013). The
Harvard Six Cities study (Laden et al., 2006) resulted in an
even more substantial mortality, i.e. RR= 1.12. This value
has also been used widely (Fann et al., 2009; Levy et al.,
2009). Raza et al. (2018) presented an even higher RR for
PM2.5 (RR= 1.17) in their paper, which was originally re-
ported in another study regarding air pollution and mortality
in Los Angeles (Jerrett et al., 2005)

The next step in the analysis chain is to convert the health
impacts into monetary values. With respect to mortality, there
are two main approaches to the monetary valuation, namely
either (i) counting the expected value of life years lost and
multiplying that with the value of a life year (VOLY), or
(ii) counting the expected value of early mortality and mul-
tiplying that with the value of life (VSL). However, both
the values of VOLYs and those of VSLs and the final cost
results obtained using these two approaches can vary sub-
stantially. Regarding the VSL, a fairly low estimated value
in Muller and Mendehlson (2009) was USD 2 million, with
an age-adjusted value of USD 1.2 million, whereas Heo et al.
(2016) evaluated VSL to be USD 8.6 million. VSL was equal
to USD 1.629 million and USD 1.643 million in 2013 and
2015, respectively, in the Mexican cities of the national ur-
ban system (Trejo-González et al., 2019). EU-based studies
have commonly indicated a higher public health cost value
using the VSL method, compared with those obtained using
VOLY; e.g. the study by EEA (2014) found that the VSL-
based values were approximately 2.5 times higher than the
VOLY-based values.

Taking into account the concentrations nowadays and dur-
ing the past decade, particulate matter can be considered, in
most locations, to be more harmful than gaseous pollutants;

e.g. this has been found to be the case for the Nordic coun-
tries by Lehtomäki et al. (2018) and Kukkonen et al. (2018).
WHO (2013a) has shown a strong association between the
concentrations of coarse and ultrafine particles and harmful
effects. In the present study, we have addressed the health im-
pacts of fine particulate matter, including its precursor emis-
sions; however, we have elected not to consider the health
effects of NO2 concentrations. WHO has stated that the ef-
fects of NO2 are partly overlapping with those of PM2.5 in
epidemiological studies (WHO, 2013a–b). The main reason
for not addressing NO2 health impacts in this study was
the major uncertainties concerning concentration–response
functions. A majority of epidemiological studies have fo-
cused on PM2.5, or alternatively on PM10, and including
PM2.5 as a subfraction, and therefore the most established
concentration–response functions have been developed for
these size fractions.

The overarching aim of this study is to develop an in-
tegrated assessment tool to evaluate the public health costs
caused by the ambient air concentrations of fine particulate
matter (PM2.5). The objectives of this study are (i) to present
an impact pathway model to evaluate the public health costs
due to the concentrations of PM2.5, (ii) to present selected
example results regarding the various stages of this assess-
ment for domestic pollution sources in Finland in 2015 and
(iii) to present both an easy-to-use summary tabulation and
a web-based computation system for the public health costs
for various emission categories. The final model framework
includes emission and dispersion modelling, health impact
assessment and economic evaluation. The model and results
regarding the costs of the emissions from various source cat-
egories can be used to assess the economic public health im-
pacts of national and urban scale air quality strategies and
those of various potential emission mitigation measures. The
model framework could be also adapted for similar economic
cost analyses in other countries or geographical domains in
future.

2 Methods

This study adopts the impact pathway approach to combine
the various modelling stages.

2.1 Inventory of the domestic emissions

The anthropogenic emissions in Finland in 2015 were
computed using the Finnish Regional Emission Scenarios
(FRESs) model. For a detailed description of the FRES
model, the reader is referred to Karvosenoja (2008), Kar-
vosenoja et al. (2011 and 2020) and Savolahti et al. (2016
and 2019). The modelling included the anthropogenic emis-
sions of the compounds PM10, PM2.5, PM1, BC (black car-
bon), OC (organic carbon), mineral dust, SO2, NOx, NH3,
NMVOC and CO. The emissions were computed on a
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grid of 250m× 250m for the whole of Finland for various
area sources. In addition, the modelling included 424 in-
dustrial point sources. For the latter, coordinates and stack
heights were used that were specific to each installation (Kar-
vosenoja et al., 2011).

The emission scenarios included the most significant pol-
lutants for each source category. These included the follow-
ing primary emissions: PM2.5, NOx and SO2 for industrial
installations and power plants; PM2.5 and NOx for vehicular
traffic and machineries; PM2.5 for residential wood combus-
tion; and NH3 for agriculture. First, we computed a baseline
emission scenario for a selected recent year, namely 2015.
Second, the emissions from each of the considered emission
sectors and considered pollutants were reduced by a constant
moderate percentage, selected to be 10 %, and compared with
the baseline scenario.

The health damage caused by the population exposure is
substantially dependent on the spatial correlation of the dis-
tributions of the population and the emission sources (e.g.
Soares et al., 2014). Such a correlation can be especially
high for vehicular traffic and residential wood combustion.
These two emission source categories were therefore sepa-
rately analysed for two classes, viz. emissions in urban and
non-urban areas. In this study, urban areas were defined ac-
cording to the following two criteria: (i) these had to include
grid cells (250m× 250m) that contained at least 200 resi-
dents; (ii) buildings could not be further from each other than
200 m.

For point sources, we have also treated the PM2.5 emis-
sions separately, depending on the location of the facility.
This was done as the population density in the vicinity of
various locations varied substantially. We have therefore sep-
arately evaluated the unit costs for (i) the Helsinki area, (ii)
the municipalities of more than 50 000 inhabitants and (iii)
the other areas.

2.2 Atmospheric dispersion modelling

We have evaluated the atmospheric dispersion using the fol-
lowing two models: (i) the chemical transport model, namely
the System for Integrated modeLling of Atmospheric coM-
position (SILAM) model (e.g. Sofiev et al., 2006, 2015)
and (ii) the source receptor matrices contained in the FRES
model (Karvosenoja et al., 2011). The SILAM model can be
used for regional-, continental- and global-scale evaluations
(Sofiev et al., 2018; Lehtomäki et al., 2018; Brasseur et al.,
2019), whereas the FRES model is applicable on local and
regional scales.

We have used two models, as both their applicability and
results are complementary. The model computations using
the SILAM model also include the long-range transported
contributions from the rest of Europe, whereas the FRES
computations address only the dispersion of the domestic
emissions. Another advantage of the SILAM model compu-
tations is that the formation of secondary PM2.5 is taken into

account, whereas these are not included in the FRES model
computations. On the other hand, the FRES computations
are substantially less resource-consuming, and we therefore
could execute the model on a very fine spatial resolution,
namely 250×250m2. In this study, we used the SILAM com-
putations on a resolution of 5× 5km2 over the Finnish do-
main.

The impacts of the various domestic emission reduc-
tion scenarios were evaluated by numerically changing the
Finnish emissions of a selected source category, whereas the
emissions from the other domestic source categories were
kept the same. In the SILAM computations, the emissions
from the rest of Europe were also assumed to be the same
for all the emission scenarios. In this way, one can evaluate
the impact of one selected national source category on the
concentrations of PM2.5.

First, we computed atmospheric dispersion for the base-
line emission scenario in 2015, using actual meteorologi-
cal data for that year. Second, the atmospheric dispersion
was computed for the reduced-emission scenarios described
above. Finally, the differences in these two computations
were computed, and the results were converted to correspond
to a reduction in a unit mass of emissions.

2.2.1 Modelling using the SILAM model on the
European and national scales

SILAM is a dispersion model from global to mesoscales that
has been developed for evaluating atmospheric composition
(Sofiev et al., 2015). The model is also used for policy guid-
ance in case of emergencies and for solving inverse disper-
sion problems. The model includes dispersion and transport
treatments, using both Eulerian and Lagrangian approaches.
The model contains eight chemical and physical transfor-
mation modules, viz. basic acid chemistry and secondary
aerosol formation, ozone formation and transformation in the
troposphere and the stratosphere, radioactive decay, aerosol
dynamics, and transformation of pollen (Sofiev et al., 2010;
Kouznetsov and Sofiev, 2012; Sofiev, 2017). The model com-
ponents and set-up used in the current study have been de-
scribed and evaluated by Prank et al. (2016), Kollanus et
al. (2016), Petersen et al. (2019) and Karl et al. (2019). The
model also includes modules for 3D and 4D variational and
ensemble Kalman filter (EnKF) data assimilation (Viras and
Sofiev, 2012, 2015; Vira et al., 2017).

The computations using the SILAM model included both
global- and European-scale transport and the contributions
from the domestic (Finnish) emission sources. The mod-
elling for the whole of Finland was carried out on a reso-
lution of 5 km. A detailed description of these computations
has been previously presented by Lehtomäki et al. (2018).

The SILAM model computations also included the im-
pacts of the chemical and physical transformations on the
formation of secondary PM2.5. These reactions include, es-
pecially, the impacts of the emissions of sulfur, nitrogen and
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ammonia compounds of both natural and anthropogenic ori-
gin on the concentrations of PM2.5. In the model calculations,
the full spectra of emitted compounds were included, sepa-
rately taking into account the temporal variations for each
individual sector. The modelling also allowed us to simul-
taneously treat the sectoral specifications of the point and
area sources. This enabled us to independently estimate the
contributions of the emission reductions on PM2.5 concentra-
tions that originated from power plants, industry, traffic and
agricultural ammonia.

2.2.2 Modelling using the FRES model on the national
scale

The FRES model was applied for the evaluation of the im-
pacts of primary domestic emissions. These computations
had a spatial resolution of 250× 250m2 over the whole of
Finland. The source receptor matrices that were used in this
model were based on the computations using the disper-
sion model called the Urban Dispersion Modelling system by
the Finnish Meteorological Institute (UDM–FMI; e.g. Karp-
pinen et al., 2000a).

The UDM–FMI model is based on Gaussian plume equa-
tions for multiple sources, including stationary point, area
and volume sources. The modelling system including the
UDM–FMI model has been previously extensively evaluated
against urban measurement data for gaseous pollutants (e.g.
Karppinen et al., 2000b; Kousa et al., 2001) and for PM2.5
(e.g. Kauhaniemi et al., 2008; Kukkonen et al., 2018, 2020).

The source receptor matrices were based on separate com-
putations over 10 climatic subzones in Finland, assuming two
different emission heights. Such computations were neces-
sary as the dispersion processes are strongly dependent on
the climatic variation of the relevant meteorological condi-
tions. The computations were performed on an hourly ba-
sis for a period of 5 or 6 years for each of the 10 climatic
zones, depending on the availability of the relevant meteoro-
logical data. In the final computations using the FRES model,
monthly average source receptor matrices were used.

2.3 Health impact assessment

In this assessment, we have not explicitly allowed for the
health effects caused by the NO2 concentrations. One rea-
son for this choice is that, in evaluating the health impacts
of PM2.5, we have already allowed for the secondary PM2.5
concentrations that have resulted from the NO and NO2 pre-
cursor emissions. Including the health impacts in the case
of the NO2 concentrations would therefore result in dou-
ble counting. Another reason for not explicitly including the
health impacts of NO2 exposure is that the concentration–
response function for NO2 has an effective range for annual
average concentrations exceeding 20 µgm−3; the concentra-
tions of NO2 are commonly lower than this threshold value
in the present study.

We have combined the modelled annually averaged con-
centrations of PM2.5 with the population count data provided
by Statistics Finland in 2015. These data sets were combined
in a 250× 250m2 grid for 5-year age categories. The health
effects of PM2.5 were assumed to be linear in the concen-
tration range observed in Finland. It was therefore possible
to use annual concentration data for the computations of the
health impacts regarding both short- and long-term expo-
sures.

We have computed the health impacts for each grid cell
(i) within the domain (i.e. the whole of Finland). The expo-
sure of the population to the concentrations of PM2.5 in a grid
cell is as follows:

PEi = Pi ×Ci,

where Pi and Ci are the population and concentration in the
grid cell i, respectively. For each health outcome, the effect
of the PM2.5 exposure was estimated by calculating the rela-
tive excess risk (RER) as follows:

RER= (RR− 1)× 0.1,

where RR is the risk ratio for PM2.5 for the considered health
outcome.

The computation takes into account that risk ratios for
PM2.5 are usually presented in terms of a 10 µgm−3 increase
in concentration. However, for some health outcomes, reli-
able risk ratios have only been established for PM10. In such
cases, the RER of PM10 multiplied by 1.54 was used, as rec-
ommended by WHO (2013b). The underlying assumptions,
when deriving this numerical value, were that the PM2.5 con-
centration constitutes 65 % of the PM10 concentration, and
the health effects of PM10 can be explained by PM2.5.

The number of cases of a considered health outcome in
each grid cell was calculated as follows:

Ni = PEi ×RER×BR,

where BR is the background risk of a considered health out-
come. The total impact of PM2.5 exposure on an outcome
was calculated by summing the numbers of cases over all the
grid cells. We computed the total number of years of life lost
due to the PM2.5 exposure by (i) multiplying the evaluated
deaths with life expectancy into 1-year age categories and
(ii) subsequently summing the lost life years over all the age
categories.

The exposure to fine particulate matter has been reported
to be associated with a substantial number of health out-
comes in epidemiological studies (Qi et al., 2018; Raza et
al., 2018; Im et al., 2018); however, reliable estimates of the
concentration–response functions have been derived only for
a limited number of outcomes. In this study, the functions
recommended within the Health Risks of Air Pollution in
Europe (HRAPIE) project were used (WHO, 2013b). These
functions have been considered sufficient to enable the quan-
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tification of both the effects of the long-term PM2.5 expo-
sures on mortality and the short-term exposures on cardiovas-
cular and respiratory hospital admissions (Im et al., 2018).

We did not use any threshold for the PM2.5 effects, as
even relatively low levels of PM2.5 have been associated with
health effects (e.g. Halonen et al., 2009) and even mortality
(WHO, 2013a; Raza et al., 2018). It is also biologically plau-
sible that a threshold for the effects does not exist due to the
nature of the proposed physiological mechanisms of the ef-
fects, such as systemic inflammation (e.g. Lanki et al., 2015).
However, in some recent global impact assessments, a lower
cut-off concentration has been used (Gakidou et al., 2017).

We have also made the simplification that the health ef-
fects of PM2.5 were the same per mass unit for all emission
source categories. The chemical composition of PM2.5, and
consequently the emission source, has been found to modify
the health effects. For example, it has been suggested, based
on toxicological studies, that secondary PM2.5 may be less
harmful that primary PM2.5. However, the current consen-
sus is that the PM2.5 sources cannot be ranked with respect
to harmfulness, as the evidence is not sufficient for doing so
(WHO, 2013a; US EPA, 2009).

Many of the health effects of PM2.5 are lagged in time,
whereas in the model all effects are treated as immediate
ones. On one hand, the effect of the lag time is irrelevant
if the considered timescale is very long. This is commonly
the case for policy measures to curb PM2.5 emissions; these
are characteristically designed to be long-term solutions. On
the other hand, the uncertainty of the cost estimates will in-
crease over decades as the population size and location, age
structure, background risks and willingness to pay for better
health will inevitably change.

The considered health outcomes have been presented in
Table 1. These outcomes are mainly long-term effects. There
is also sufficient evidence for the effects of short-term ex-
posures on mortality, but, as the short-term effects can be
considered to be included in the estimates of the long-term
effects, they were not explicitly included in the model. Re-
garding the restricted activity days, we did not include the
days spent in a hospital (based on calculations on hospital
admissions) or at home (calculations on lost work days) to
avoid double counting.

The evidence for the concentration–response functions
is stronger for mortality and hospital admissions, com-
pared with the other health effects listed in Table 1. The
concentration–response functions were nevertheless also
provided for other health effects in the HRAPIE project. The
causal association for these effects can be considered to be
probable; however, the magnitude of these effects cannot be
precisely determined. We have included such effects in the
model to avoid an underestimation of the total health im-
pacts. For the mortality, a risk ratio of 1.062 was used, which
can be considered to be a state-of-the art value (e.g. Walton
et al., 2015).

Some impacts of PM2.5 have not been calculated for the
total Finnish population but for a specific age group. This se-
lection was caused by the limitations of the epidemiological
studies that provided the concentration–response functions.
The HRAPIE project recommends computing the impact of
PM2.5 exposure on the restrictions of physical functioning
without age limitations, although the original epidemiologi-
cal study that provided the concentration–response function
was conducted on a working-age population (Ostro, 1987).
As a compromise, we have computed the impact in both
working-age and elderly populations but not for children,
where the effect was considered to be too uncertain.

Concentration–response functions correspond to the rel-
ative effects of PM2.5. In addition, information on the back-
ground risk is therefore needed for each outcome to calculate
the actual impact. In this study, the background risk of mor-
tality was obtained from Statistics Finland and the informa-
tion on hospital admissions from Eurostat. Other estimates of
the background risk are based on previous EU-wide impact
assessments (Hurley, 2005; Holland, 2014).

2.4 Assessment of the economic impacts

The economic cost values applied in the computations are
presented in Table 2. The costs have been mainly selected
according to the previous EU-wide impact assessments by
Hurley et al. (2005) and Holland (2014). This also facilitates
numerical comparisons with those studies. The mortality ef-
fects have the largest impact on the total costs; the evaluation
of the unit cost for mortality was therefore the most crucial
parameter for the final results.

Alternatively, a country-specific VSL (and a derived
VOLY from this VSL) for Finland could be applied in this
analysis. Such a value could be based on a value transfer
(Navrud and Ready, 2007) from the most recent global meta-
analysis of the stated preference studies of VSL (Lindhjem
et al., 2011). However, this would preclude the direct com-
parison of results with similar impact pathway models, such
as Holland et al. (2005).

The monetised estimates in the computations of the eco-
nomic impacts in this study were based both on the aver-
age value of a life year (VOLY) and the value of statisti-
cal life (VSL). The choice between the VOLY and VSL ap-
proaches is also an ethical question. In order to obtain more
objective results, less dependent on any ethical evaluations,
we elected to use both measures. In the VSL approach, the
increase in relative risk is uniformly applied to all the age
groups, whereas in the VOLY approach the relative risk is un-
equally distributed within the various age groups. However,
some studies have adjusted for this factor (e.g. Muller and
Mendehlson, 2009). In other words, the selection of VOLY
or VSL includes whether one should assign the same eco-
nomic value to all adults, independent of their age. Assuming
a constant VOLY also implies that people value a life year in
the same way, independent of their age.
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Table 1. The considered health outcomes, age groups, types of exposure, risk ratios per concentration difference, their confidence intervals
and annual background risks.

Outcome Age group Exposure Risk ratio Confidence Background risk, year
per 10 µgm−3 intervals, 95 %

Mortality > 30 years PM2.5 long term 1.062 1.040–1.083 1345,33 deaths/100 100 (2015)

Cardiovascular hospital admissions All PM2.5 short term 1.0091 1.0017–1.0166 26,48/1000 (2014)

Respiratory hospital admissions All PM2.5 short term 1.019 0.9982–1.0402 13.91/1000 (2014)

Neonatal infant mortality 1–12 months PM10 long term 1.04 1.02–1.07 0.77 deaths/1000 live births (2014);
10.12 births/1000 (2015)

Chronic bronchitis, incidence >18 years PM10 long term 1.117 1.040–1.189 3.9 cases/1000

Bronchitis, prevalence 6–12 years PM10 long term 1.08 0.98–1.19 186/1000

Work days lost 20–65 years, at work PM2.5 2 weeks 1.046 1.039–1.053 9.85 d/person (2008); employment
rate 73,2 % (avg 2011–2015)

Asthma symptoms, incidence 5–19 years, asthmatics PM2.5 short term 1.028 1.006–1.051 35 asthmatics/1000; 17 % of days
with symptoms

Restricted activity days ≥ 20 years PM2.5 2 weeks 1.047 1.042–1.053 19 d per person

Table 2. The unit costs (in EUR) of the health outcomes that were included in the model. All values are mainly based on the willingness-to-
pay approach.

Outcome Age group Cost (EUR) Additional information

Mortality, value of life > 30 years 2.65 million Average

Mortality, value of a life year > 30 years 69 000 (median)
160 000 (average)

Median and average values

Cardiovascular hospital admissions All 2837 The total sum consists of EUR 628, the care costs
for 3 d, EUR 939, and the lost work days for 5 d,
EUR 1270.

Respiratory hospital admissions All 2837 The total sum consists of EUR 628, the care costs
for 3 d, EUR 939, and the lost work days for 5 d,
EUR 1270.

Chronic bronchitis, incidence > 18 years 64 500

Bronchitis, prevalence 6–12 years 784 Cough symptom day EUR 56, for 14 d

Lost work days 20–65 years, at work 254 per d Working time 7.06 h per d, the cost of each working
hour is EUR 36

Restricted activity days ≥ 20 years 154 per d Based also on the cost of lost work days

The VOLY-based approach has been commonly used as
a measure to assess a decrease in the mortality risk (Im et
al., 2018), whereas the VSL-based approach is in line with
the Environmental Protection Agency’s standard procedure
and recommendations (Wolfe et al., 2019). VSL has been
used in many studies in the USA (i.e. Nahlik et al., 2016;
Trejo-González et al., 2019; Wolfe et al., 2019), while mainly
VOLY has been used in studies within the EU (Im et al.,
2018). The VSL-based approach results in higher economic
cost values (e.g. EEA, 2014).

We have used both the average and median values of
VOLY in this study. However, the average value may corre-

spond better to the willingness to reduce risks on a population
level.

The unit cost of chronic bronchitis used in this study
(EUR 200 000) was substantially lower than the correspond-
ing value used in the previous EU-wide assessment by Hur-
ley et al. (2005). The cost estimate used here is based on the
meta-analysis conducted in the Health and Environment In-
tegrated Methodology and Toolbox for Scenario Assessment
(HEIMTSA) project; this new value has also been used in the
most recent EU-wide assessment (Holland, 2014).
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The cost of a hospital admission is partly based on the
willingness-to-pay (WTP) approach, as estimated by Ready
et al. (2004). The WTP estimate takes into account 3 d in
hospital care (because of a respiratory disease) and 5 d of
bed rest at home. In addition to WTP, direct health care costs
(3 d) and lost work days (5 d) contribute to the total cost of a
hospital admission. The health care cost estimate used in the
calculations corresponds to the mean cost of an acute care
admission (< 90d) in primary care in Finland. The original
unit cost has been adjusted for 2017 using data from Statis-
tics Finland on the temporal changes in health care costs in
Finland.

The estimated cost of a working day in Finland originates
from 2012. The value has been adjusted for 2017 using the
labour cost index reported by Statistics Finland. The cost of
a restricted activity day consists of the cost of lost work days
and WTP costs of minor restrictions (symptoms) and more
severe restrictions (bed rest at home). The WTP values are
based on Ready et al. (2004). For the working-age popula-
tion, it was assumed that 25 % of the restricted activity days
were spent in bed at home, 25 % with symptoms at home and
50 % at work with symptoms. Persons that are eligible for
retirement (> 65 years; 25 % of the adult population) were
assumed to spend 35 % of the restricted activity days in bed
and the rest suffering from symptoms.

We adjusted the unit costs for inflation but not for the
changes in the income levels, which is in accordance with
the practice in the previous EU-wide assessment by Holland
(2014). The WTP values were selected according to Ready
et al. (2004), in which the results have been reported in GBP
in 1998. In this study, these have been converted to EUR
using the purchasing power parity index, and to the values
in 2017, using the Harmonised Index of Consumer Prices.

3 Results

3.1 Summary of the emissions of PM2.5 and its main
precursors in Finland

The total primary and main precursor emissions (for NOx,
SO2 and NH3) of PM2.5 in Finland in 2015 have been
presented in Fig. 1. Regarding the primary emissions of
PM2.5, the most important domestic pollution source cate-
gories were residential combustion (10.2 kt a−1) and vehicu-
lar traffic and machinery (6.6 kt a−1). The energy production
and industrial combustion units and industrial processes were
responsible for smaller proportions of the primary emissions
of PM2.5 (2.5 and 1.6 kt a−1, respectively).

Regarding the emissions of nitrogen oxides, vehicular traf-
fic and machineries and the energy production and industry
were the most important source categories. The emissions of
sulfur dioxide mostly originated from energy production and
industry, and the emissions of ammonia mostly originated
from the agricultural sector.

Figure 1. The total amounts of the annual emissions in Finland in
2015 for the pollutants and source categories that were taken into
account in this study (Mtyr−1). The NOx emissions were defined
as the sum of NO and NO2 and presented as the mass of NO2. The
vertical bars show the emission source categories that were included
in the simplified web-based assessment tool.

Karvosenoja (2008) has previously evaluated the uncer-
tainties of the national annual average emission estimates
of PM2.5 for residential combustion and vehicular traffic.
The estimates of uncertainties included both of those for
the use of fuels and for emission factors. The uncertainties
were estimated to range from −36 % to +50 % for residen-
tial combustion and from−11 % to+13 % for vehicular traf-
fic, within a 95 % confidence interval. The uncertainties of
the emissions from point sources were found to be on the
same level or lower than those for residential combustion.
The uncertainties of the PM2.5 precursor emissions were on
the same level or lower than those for the primary PM2.5
emissions.

Emissions from shipping have not been included in the
above-mentioned inventory. However, shipping emissions on
a high resolution were used as input values in the SILAM
model computations; this is described in more detail by
Lehtomäki et al. (2018). The shipping emissions were pro-
vided by the computations using the Ship Traffic Emission
Assessment Model (STEAM; e.g. Johansson et al., 2017).

3.2 The modelled changes in spatial concentration
distributions caused by the changes in emissions

The atmospheric dispersion, and the changes in concentra-
tions caused by the reductions in emissions, were evaluated
for (i) vehicular traffic, (ii) working and off-road machin-
ery, and (iii) small-scale residential combustion. The anal-
yses were made separately for urban and non-urban areas. In
addition, in the case of residential wood combustion, we sep-
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arately assessed the dispersion that originated from (i) fire-
places and sauna stoves and (ii) holiday houses and the boil-
ers of detached houses.

The computations were made partly using the FRES model
and partly using the SILAM model. The FRES model was
mostly used for evaluating the reductions in concentrations
caused by primary emissions (i.e. the emissions of PM2.5).
We used the FRES model for this purpose as the spatial res-
olution was finer when compared with the SILAM model
computations. The SILAM model was used for evaluating
the reductions caused by the emissions of pollutants that
form secondary particulate matter in the atmosphere; the
treatments of the FRES model do not include those pro-
cesses.

The considered secondary pollutants in the following re-
sults include the most substantial ones for each source cate-
gory; we did not evaluate the impacts of the complete range
of secondary pollutants. The secondary pollutants included
NOx, which originated from vehicular traffic and machiner-
ies, NH3, from agriculture, and SO2 and NOx, from power
plants and industry. In addition, the SILAM model was used
for evaluating the effects of the reductions in primary PM2.5
that originated from power plants and industry; this was done
to achieve a better consistency in the predicted results with
regards to the two considered secondary pollutants for this
source category.

3.2.1 Vehicular traffic, working and off-road
machinery and residential wood combustion
evaluated using the FRES model

The predicted reductions in the concentrations of PM2.5
are presented separately for urban and non-urban areas in
Fig. 2a–d for vehicular traffic and working and off-road ma-
chinery. The computations were conducted using the FRES
model on a spatial resolution of 250× 250m2.

As expected, the urban reductions were focused on the
largest urban agglomerations, namely cities and towns, for
both source categories. The non-urban vehicular reductions
were focused on the main road and street network, especially
in the most densely populated southern and western parts of
the country. The machinery reductions were located within
the most industrialised regions, most of which are located in
southwestern Finland; these were dispersed across a wider
area when compared with the corresponding vehicular traffic
reductions.

The predicted reductions in concentrations of PM2.5 are
presented in Fig. 3a–d for three segments of residential
wood combustion. The reductions for fireplaces and sauna
stoves are presented separately for urban and non-urban ar-
eas, whereas both the reductions in holiday homes and in the
boilers of detached houses are presented in one panel for the
whole country. The computations were conducted using the
FRES model on a spatial resolution of 250× 250m2.

Figure 2. The reductions in concentrations of PM2.5 (ngm−3),
caused by a reduction in emissions of PM2.5 by 1 t. The results are
presented for vehicular traffic (a, b) and working and off-road ma-
chinery (c, d). For both source categories, the changes in urban and
non-urban areas are presented separately, in (a, c) and (b, d), re-
spectively. The spatial resolution is 250× 250m2.

As expected, the urban reductions in the emissions for
fireplaces and sauna stoves were focused on the largest ur-
ban agglomerations. However, the urban reductions in holi-
day homes and in the boilers of detached houses were much
more evenly distributed. The reductions for holiday homes
are, as expected, mostly situated in southern central Finland;
this area has the most dense network of holiday homes. The
reductions from the boilers of detached houses are focused
mostly in western Finland; this is caused by the differing
cultural habits and preferences regarding housing in differ-
ent parts of the country.

Kukkonen et al. (2018) recently evaluated the uncertain-
ties of the modelling system containing urban-scale mod-
els, namely the Urban Dispersion Modelling system by the
Finnish Meteorological Institute (UDM–FMI) and the Con-
taminants in the Air from a Road by the Finnish Meteorolog-
ical Institute (CAR–FMI). The UDM–FMI model was used
for computing the source receptor matrices within the FRES
model. They evaluated the performance of the modelling
system extensively against the observations of PM2.5 con-
centrations during 16 years at five measurement stations in
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Figure 3. The reductions in concentrations of PM2.5 (ngm−3),
caused by a reduction in emissions of PM2.5 by 1 t that originated
from small-scale residential combustion. The changes due to the
emissions in fireplaces and sauna stoves are presented in (a, b),
and the changes due to the emissions in holiday houses and in the
boilers of detached houses are presented in (c, d). For both source
categories, the changes in urban and non-urban areas are presented
separately, in (a, c) and (b, d), respectively. The spatial resolution
is 250× 250m2.

the Helsinki metropolitan area. The uncertainties of the pre-
dicted annual average concentrations of PM2.5 ranged from
−18 % to +15 %.

3.2.2 Evaluation of vehicular traffic, machineries,
agriculture and power plants, and industry using
the SILAM model

The reductions in PM2.5 concentrations computed with the
SILAM model are presented in Fig. 4a–e. The model grid
covered the whole of Finland with a spatial resolution of 5×
5km2.

The most prominent PM2.5 reductions in the close vicinity
of the emitting sources were caused by the decrease in pri-
mary emissions of PM2.5 that originated from power plants
and industry. A similar result was achieved for the PM2.5 re-
ductions caused by SO2 emissions reduction; however, the
absolute values of the reduction were an order of magni-
tude smaller when compared with those caused by the PM2.5

emission reductions. This was caused partly by the fact that
most SO2 originated from relatively few major power plants
and industrial regions and partly by the fairly slow chemical
formation of sulfates.

The spatial patterns of the reduced PM2.5 concentrations
were more homogeneously distributed over Finland in the
case of lowered emissions of the secondary pollutants NOx
and NH3. This was caused by the relatively longer timescales
of the relevant chemical reactions and by the geographical
locations of the main sources of NOx and NH3, which are
agricultural activities and vehicular traffic networks.

The predictions of the SILAM model have previously
been extensively evaluated against monitoring data. For most
cases there were fairly good or good agreements, with a
slight underestimation of PM concentrations (Prank et al.,
2016). Most recently, Lehtomäki et al. (2018) evaluated the
accuracy of the SILAM model for predicting the annual av-
erage concentrations of PM2.5. The predicted annual average
values were, on average, 5 % lower than the observations at
37 stations in Finland in 2015.

3.3 The health impacts

The health impacts were evaluated based on the atmospheric
dispersion computations addressed in the previous section.
The impacts are presented in Table 3. The units of the val-
ues are different for the different columns. For instance, the
values in the column “mortality” are the numbers of the
cases of premature deaths, and the values in the column “lost
life years” are in years. The reported values are incremen-
tal health impacts, i.e., the presented impacts correspond to a
unit amount (1 kt) of emissions. The values are therefore not
the total health impacts within the country.

In general, the impacts were largest in the case of pri-
mary PM2.5 emissions when compared with those for the
corresponding secondary pollution. As expected, the impacts
in urban areas were also substantially larger than the cor-
responding impacts in non-urban areas. Regarding the pol-
lution source categories, the most important were non-road
vehicles and machinery, road transport in urban areas, and
wood stoves and saunas in residential houses.

In addition to the above-mentioned health impacts, the in-
fant mortality and the asthma symptoms were also consid-
ered. However, these impacts were negligible when com-
pared with other considered impacts. In the case of infant
mortality, the background risk was very low, and for the
asthma symptoms, both the prevalence and risk ratio were
low. Infant mortality and asthma were therefore excluded
from further analysis.

The uncertainty of the health effect values can be esti-
mated based on the adopted concentration–response func-
tions. The majority of the public health costs are related to
premature mortality. We therefore address here the average
concentration response for the PM2.5 related to mortality,
which has been assumed to be 1.062 (see Table 1) with a lin-
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Figure 4. The reductions in concentrations of PM2.5 (ngm−3), caused by a reduction in emissions of 1 t of corresponding pollutants origi-
nating from three source categories. The panels present the decrease in concentrations due to reductions in the following emissions: (a) NOx
originating from vehicular traffic and machineries, (b) NH3 originating from agriculture, (c) PM2.5 originating from power plants and in-
dustry, (d) SO2 originating from power plants and industry, and (e) NOx originating from power plants and industry. The spatial resolution
is 5× 5km2. The scale of reductions is different for (c).

ear dependency with respect to the concentration. The 95 %
confidence limits of this value range from 1.040 to 1.083.
We therefore conclude that the lowest and highest health ef-
fect estimates (within the 95 % confidence interval) could be
approximated by multiplying by the predicted health effect
values by 0.65 (i.e. 4.0 %/6.2 %) and 1.3 (8.0 %/6.2 %).

3.4 The economic impacts

We have assessed the economic impacts of the selected po-
tential PM2.5 emission reductions based on the health im-
pacts addressed in the previous section. These have been
computed for a change of 1 t of the annual emissions for the
selected pollutants in 2015. The results include only the im-
pacts of the Finnish emissions to the population in Finland;
i.e., the health impacts caused by the Finnish emissions in
other countries have not been evaluated.

First, the estimated contributions to the total costs were
evaluated for the various health outcomes. The detailed re-
sults of these computations are presented in Appendix A. The
mortality effects were clearly the largest factor affecting the
total costs. However, the costs associated with restricted ac-
tivity days, lost working days and chronic bronchitis were
also found to be substantial.

The final results of the economic cost computations are
presented in Table 4. The values in Table 4 have been pre-
sented for the following three alternative options to com-
pute the economic impact: (i) the average value of life year
(VOLY), assumed to be equal to EUR 160 000, (ii) the me-
dian value of life year, assumed to be EUR 69 000, and
(iii) the average value of statistical life (VSL), assumed to
be EUR 2.65 million.

The results have been presented separately for the source
categories that have relatively lower and higher emission
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Table 3. The health impacts caused by an emission of 1 kt of PM2.5, NOx, NH3 or SO2 in Finland in 2015 for various domestic pollution
source categories in various regions. The notation, for example “NOx → secondary PM2.5”, refers to secondary fine particulate matter that
originated from the emissions of nitrogen oxides.

Pollution source category Morta- Lost Chronic Bron- Cardio- Respi- Work days Restricted
lity life bron- chitis vascular ratory lost activity

(cases) years chitis (cases) admis- admis- (d) days
(year) (cases) sions sions (d)

(cases) (cases)

Road transport, primary PM2.5, urban 108 660 118 305 49 54 41.7× 103 15.8× 103

Road transport, primary PM2.5, non-urban 11 64 11 36 5 5 3.86× 103 1.46× 103

Non-road vehicles and machinery, primary PM2.5, urban 132 823 146 357 60 66 52.1× 103 19.6× 103

Non-road vehicles and machinery, primary PM2.5, non-urban 4 24 4 13 2 2 1.36× 103 0.53× 103

Residential houses, wood stoves and saunas, primary PM2.5, urban 54 331 57 178 24 27 20.0× 103 7.63× 103

Residential houses, wood stoves and saunas, primary PM2.5, non-urban 7 42 7 22 3 3 2.30× 103 0.90× 103

Holiday houses, wood stoves and saunas, primary PM2.5 4 26 4 14 2 2 1.55× 103 0.60× 103

Residential houses, wood boilers, primary PM2.5 9 56 9 31 4 4 3.16× 103 1.27× 103

Road transport, NOx→ secondary PM2.5 1 4 1 2 0.3 0.3 0.22× 103 0.086× 103

Agriculture, NH3→ secondary PM2.5 0.9 6 1 3.1 0.41 0.46 0.33× 103 0.13× 103

Industry and power plants, primary PM2.5 7.2 44 7.5 23 3.19 3.50 2.63× 103 1.01× 103

Industry and power plants, SO2→ secondary PM2.5 1 6 1.1 3.4 0.46 0.51 0.38× 103 0.15× 103

Industry and power plants, NOx→ secondary PM2.5 0.4 2 0.4 1.1 0.15 0.17 0.12× 103 0.049× 103

Table 4. Economic benefits obtained from the assumed reductions in emissions in 1000 EUR per tonne of emissions. The results are presented
for the various source categories in various domains. The first presented value has been computed based on the average value of life year,
and the two values in parenthesis are based on the median value of life year and the average value of statistical life, respectively.

Source category and the emission height Region in which the reduction in emissions occurs

Emissions at low height Urban area Non-urban area
Road transport, primary PM2.5 140 (80–320) 13 (7.6–31)
Non-road vehicles and machinery, primary PM2.5 170 (100–390) 5.0 (2.8–11)
Residential houses, wood and sauna stoves, primary PM2.5 70 (40–160) 8.7 (4.8–19)

Whole of Finland

Holiday houses, wood stoves and sauna stoves, primary PM2.5 5.5 (3.1–13)
Residential houses, wood boilers, primary PM2.5 12 (6.6–27)
Road transport, NOx emissions forming secondary PM2.5 0.82 (0.46–1.8)
Agriculture, NH3 emissions forming secondary PM2.5 1.2 (0.70–2.8)

Emissions at substantial height Helsinki Municipalities with Other areas
area > 50000 inhabitants

Industry and power plants, primary PM2.5 20 (11–44) 6.9 (3.9–16) 5.4 (3.1–12)

Whole of Finland

Industry and power plants, SO2 emissions forming secondary PM2.5 1.3 (0.73–3.1)
Industry and power plants, NOx emissions forming secondary PM2.5 0.43 (0.24–1.0)

heights, respectively. The latter category includes the indus-
trial pollution sources and power plants. The results have also
been presented in terms of the pollutant, of which the emis-
sions have been assumed to have decreased; these include
both primary PM2.5 and the main precursor substances. For
the most significant source categories and substances, the re-
sults have also been presented separately for various types of
areas, such as the urban and non-urban areas. For the primary
PM2.5 emissions from industry and power plants, the results
were presented separately for areas with different popula-

tion densities; these included the Helsinki area and relatively
more and less densely populated municipalities, respectively.

There are substantial variations in the results, depending
on the economic computation methods (average or median
VOLY or VSL). However, the order of these results is the
same for all the results; e.g. the computation using VSL re-
sults in the highest economic values. We have therefore il-
lustrated the results computed with one of these methods, i.e.
the average of VOLY in Figs. 5a–b and 6a–b. These figures
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therefore can be used to illustrate the relative economic ben-
efits of the selected emission reduction alternatives.

The economic benefits are clearly the largest for the emis-
sion reductions for the source categories that have low emis-
sion heights (Fig. 5a and b) compared to those with substan-
tial emission heights (Fig. 6a and b). For both kinds of source
categories, the reductions, as expected, result in higher public
health benefits in the more densely populated regions. For in-
stance, the reductions in the PM2.5 emissions that originated
from vehicular traffic, non-road vehicles and machinery, and
residential wood combustion in urban areas result in approx-
imately an order of magnitude higher for economic benefits
when compared to the impacts of the corresponding emission
reductions in non-urban areas. The results also show that the
reduction in the precursor emissions of PM2.5, such as NOx,
NH3 and SO2, was clearly less effective for reducing both
the PM2.5 concentrations and the adverse economic impacts
when compared to directly reducing the emissions of PM2.5.

The uncertainties of the economic evaluations can be esti-
mated based on the differences in the three alternative meth-
ods, i.e. those based on the average and median VOLY and
the one based on the average VSL. Assuming that the aver-
age VOLY would be the base value (denoted here as 1.0), the
uncertainty of this estimate would range from 0.57 to 2.2.

3.5 An open-access assessment tool for evaluating the
economic impacts

We have also designed and implemented a user-friendly
internet-based assessment tool for evaluating the health
costs of various assumed emission reduction options. This
tool was designed to facilitate an easy use of the model
for policy makers, stakeholders and environmental ex-
perts. The tool can be accessed via a user-friendly in-
terface on the internet (https://wwwp.ymparisto.fi/IHKU/
haittakustannuslaskuri/, last access: last access: 7 Au-
gust 2020). This calculator is based on the numerical re-
sults of this study (such as those presented in Table 4); how-
ever, some minor simplifications were made regarding the
included emissions. The included emission source categories
have been presented by the vertical bars in Fig. 1.

The internet-based tool requires, as an input value, the
amount of reduced emissions (t yr−1) for a source category,
pollutant and region, which corresponds to a selected abate-
ment measure, bundle of measures or strategy. The tool can
then be used to compute, as an output, the annual financial
benefits of the measure or strategy (in EUR), and the results
are presented both tabulated and graphically. For instance, if
the policy maker has an estimate of (i) the emission reduc-
tion that could be achieved by a potential abatement measure
and (ii) the economic cost of implementing the measure, he
or she can use the tool to analyse whether the measure would
result in more substantial economic benefits when compared
to the costs. Clearly, the tool could also, in such a case, be

used for comparing the cost-effectiveness of alternative po-
tential emission reductions.

4 Conclusions

We have presented an integrated assessment tool for evaluat-
ing the public health costs of fine particulate matter (PM2.5)
in ambient air. The atmospheric dispersion was analysed,
both by using a chemical transport model (SILAM) and
a decision-support tool that uses source receptor matrices
(FRESs). The model was applied to analyse the costs of the
domestic primary and precursor emissions of PM2.5 in Fin-
land in 2015. The model does not address other effects of
fine particulate matter in ambient air, such as the impacts on
climate change and on the state of the environment.

We have evaluated the national emissions on a fine spatial
resolution, 250×250m2, for the whole country. The concen-
trations were computed using either the same resolution as
the emissions (using the FRES model), or on a resolution of
5× 5km2 (using the SILAM model) over the whole of Fin-
land. Such fine resolutions have not previously been used for
a geographically extensive area. In the assessments of pub-
lic health costs, the concentrations have commonly been pre-
dicted on spatial resolutions of tens of kilometres (e.g. Heo
et al., 2016).

It has previously been highlighted (Karvosenoja et al.,
2011; Korhonen et al., 2019) that the modelled exposure val-
ues are sensitive to adopted spatial grid resolutions. The pre-
dicted exposure values were substantially lower for computa-
tions with a coarser spatial resolution. More specifically, Kar-
vosenoja et al. (2011) demonstrated that using a finer spatial
resolution, 1×1km2 instead of 10×10km2, resulted in an in-
crease by an order of magnitude of the modelled population-
weighed concentration attributed by traffic emissions. It is
therefore essential to use a sufficiently fine model resolution
in view of the assessment of health impacts. This is espe-
cially important for primary particles from emission sources
at low emission heights.

Regarding the health costs of fine particulate matter, it
is also important to allow for the precursor emissions. The
present study has explicitly considered the health costs re-
lated to the PM2.5 precursor emissions on a finer spatial
resolution (5× 5km2) than previous studies. Muller and
Mendehlson (2009) and Heo et al. (2016) have also allowed
for the impacts of PM2.5 precursors on the health costs in
the USA; Heo et al. (2016) adopted a resolution of tens of
kilometres. The present study has also modelled, in detail,
the organic fraction of fine particulate matter; this fraction
has been neglected in most previous studies on public health
costs.

The health and economic impacts were analysed based
on the most significant health outcomes. The risk ratios and
economic evaluations were based on the most recent results
in the literature. However, reliable concentration–response
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Figure 5. Economic benefits obtained from the assumed reductions in emissions, in 1000 EUR per tonne of emissions, for sources having
a low emission height. The results are presented for urban areas (a) and for non-urban areas and for the whole country (b) in the cases of
various source categories and pollutants in various domains. All the values correspond to the computations using the average value of life
year (VLY).

functions were available only for a limited number of health
outcomes. For example, the effects of the long-term exposure
on the cardiorespiratory and cancer morbidity could not yet
be included in the model, although these can be associated
with substantial health care and the willingness to pay costs.
The economic costs of the PM2.5 exposures have therefore
probably been under-predicted in this respect.

There are also substantial uncertainties in quantifying the
economic effects of the various health outcomes. In partic-
ular, the final estimates of the economic costs substantially
depend on the selection of the economic measures; these can
alternatively be the value of life year, either as an average or
a median, or the value of statistical life. We have therefore
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Figure 6. Economic benefits obtained from the assumed reductions in emissions, in 1000 EUR per tonne of emissions, for sources having
a high emission height. These results are presented for industry and power plants. (a) Results for the emission reductions in PM2.5 for
various geographic regions and (b) for the emission reductions in SO2 and NOx for the whole of Finland. All the values correspond to the
computations using the average value of life year (VLY).

presented three potential values for each public health cost
and for each source category and pollutant.

The total uncertainties of the adopted impact pathway ap-
proach can be analysed by studying the uncertainties for each
of the stages of the assessment. The largest uncertainties in
the final cost estimates were caused by the health impact as-
sessments and the economic evaluations. We evaluated that
the lowest and highest health effect estimates (within the
95% confidence interval) ranged from 0.65 to 1.3 (when the

predicted optimal evaluation is normalised to 1.0). Similarly,
the uncertainty of the economic cost estimate was found to
range from 0.57 to 2.2. The uncertainty of the assessment
resulting from these two main sources of uncertainty would
therefore vary approximately from 0.36 to 2.9.

The developed modelling system can be used to evalu-
ate the costs of the health damages for various emission
source categories for a metric tonne of emissions of PM2.5.
The economic benefits were clearly the largest for the emis-
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sion reductions in the source categories that have low emis-
sion heights, such as vehicular traffic, non-road vehicles and
machinery, and residential wood combustion. For all source
categories, the emission reductions provided substantially
higher health benefits, even by an order of magnitude, in the
urban areas when compared with those in non-urban areas.
The reduction in the precursor emissions of PM2.5 resulted
in clearly lower health benefits when compared with directly
reducing the emissions of PM2.5.

This study has addressed outdoor concentrations for a sta-
tionary population. The so-called dynamic exposure mod-
elling is a promising new research direction that also ad-
dresses the movements of the population in various micro-
environments and the infiltration of pollution to indoor air.
Using the dynamic approach, indoor pollution sources and
sinks could also, in principle, be taken into account. The dy-
namic exposure modelling has been applied, e.g. for Helsinki
(e.g. Kousa et al., 2001; Soares et al., 2014; Kukkonen et al.,
2016) and for London (Smith et al., 2016; Singh et al., 2020).
However, performing such modelling for an entire country
would be challenging.

Based on the results achieved in this study, we have de-
signed an open-access, user-friendly web-based assessment
tool. Both the final results obtained in this study and the
web-based assessment tool can be used to analyse the eco-
nomic benefits associated with various alternative abatement
measures, policies or strategies. If the user of the assessment
tool also knows the economic costs of the planned alternative
measures, then it will be possible to intercompare the cost-
efficiency of different potential emission mitigation measures
and strategies.

Atmos. Chem. Phys., 20, 9371–9391, 2020 https://doi.org/10.5194/acp-20-9371-2020



J. Kukkonen et al.: Modelling of the public health costs of fine particulate matter 9387

Appendix A: Public health costs for various health
outcomes

Table A1. Public health costs in thousands of EUR (for mortality) or EUR (for chronic bronchitis and bronchitis) for 1 t of source-specific
PM2.5 emissions for various health outcomes in Finland in 2015, and the numbers of hospital admissions, work days lost and restricted
activity days. Note: VOLY – value of life year; VSL – value of statistical life. The values have been presented using three significant
numbers.

Emission source category, pollutant Mortality, Mortality, Mortality, Chronic Bron- Cardio- Respi- Work Restricted
and the region 103 103 103 VSL bron- chitis vascular ratory days activity

VOLY VOLY average chitis admis- admis- lost days
average median sions sions

Road transport, primary PM2.5, urban 106 45.5 286 7590 239 139 152 10 600 15 800

Road transport, primary PM2.5,
non-urban

102 4.42 27.8 702 28 13 15 982 15 800

Non-road vehicles and machinery,
primary PM2.5, urban

132 56.8 349 9420 280 171 187 13 200 19 600

Non-road vehicles and machinery,
primary PM2.5, non-urban

3.84 1.66 10.2 252 10 5 5 346 527

Residential houses, wood stoves and
sauna, primary PM2.5, urban

53.0 22.8 143 3660 139 69 76 5080 7630

Residential houses, wood stoves and
sauna, primary PM2.5, non-urban

6.72 2.90 17.4 429 18 8 9 583 900

Holiday houses, wood stoves and
sauna, primary PM2.5

4.16 1.79 11.4 287 11 5 6 394 601

Residential houses, wood boilers,
primary PM2.5

8.96 3.86 24.4 601 24 11 13 803 1270

Road transport, NOx → secondary
PM2.5

0.64 0.28 16.4 41 2 1 1 55 86

Agriculture, NH3→ secondary PM2.5 0.96 0.41 2.50 62 2 1 1 85 131

Industry and power plants, primary
PM2.5

7.04 3.04 19.1 483 18 9 10 667 1010

Industry and power plants, SO2→
secondary PM2.5

0.96 0.41 2.77 70 3 1 1 97 146

Industry and power plants, NOx →
secondary PM2.5

0.32 0.14 0.93 23 1 0 0 31 49

https://doi.org/10.5194/acp-20-9371-2020 Atmos. Chem. Phys., 20, 9371–9391, 2020



9388 J. Kukkonen et al.: Modelling of the public health costs of fine particulate matter

Code and data availability. The SILAM code is publicly available.
The emission data and the predicted concentration data used in this
study are available on request from the following authors: Niko Kar-
vosenoja, Jaakko Kukkonen and Mikhail Sofiev.

Author contributions. JK compiled and wrote a substantial part of
the paper. NK, TL and JK wrote the funding proposals and a re-
search plan. MS, V-VP and NK conducted the emission and dis-
persion computations with the FRES model, part of the economic
computations, compiled a substantial fraction of the results together
and wrote part of the paper. YP and MS conducted the SILAM com-
putations and wrote the corresponding parts of the paper. TL and PT
conducted the health impact assessments. VN performed part of the
economic computations, contributed to the section on economic as-
sessments and wrote a substantial part of the literature review in
the introduction. LK and AK compiled the required meteorologi-
cal information and evaluated the dispersion matrices for the FRES
model. AM post-processed the data and contributed to the writing
of the literature review and other parts of the paper.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. We acknowledge the funding from the govern-
ment of Finland, for the project “Air Pollution Damage Cost Model
for Finland (IHKU)”, within the research programme of “Bioecon-
omy and clean solutions”. We especially wish to thank the supervi-
sor of the project, Sirpa Salo-Asikainen (Ministry of the Environ-
ment). This work was also partly funded by NordForsk, under the
project of “Understanding the link between Air pollution and Distri-
bution of related Health Impacts and Welfare in the Nordic countries
(NordicWelfAir)”, by the European Union within the Horizon 2020
programme under the project of “Exposure to heat and air pollution
in EUrope – cardiopulmonary impacts and benefits of mitigation
and adaptation (EXHAUSTION)”, and by the Academy of Finland
under the projects of “Global health risks related to atmospheric
composition and weather (GLORIA)” and “Environmental impact
assessment of airborne particulate matter: the effects of abatement
and management strategies (BATMAN)”.

Financial support. This research has been supported by the Gov-
ernment of Finland (grant no. IHKU).

Review statement. This paper was edited by Pedro Jimenez-
Guerrero and reviewed by Ståle Navrud and two anonymous ref-
erees.

References

Al-Thani, H., Koç, M., and Isaifan, R. J.: A review on the direct
effect of particulate atmospheric pollution on materials and its
mitigation for sustainable cities and societies, Environ. Sci. Pol-
lut. Res. Int., 25, 27839–27857, 2018.

Baumol, W. J. and Oates, W. E.: The Theory of Environmental Pol-
icy, 2nd Edn., Cambridge University Press, Cambridge, 1988.

Bickel, P. and Friedrich, R. (Eds.): ExternE Externalities of En-
ergy Methodology 2005 Update. Institut für Energiewirtschaft
und Rationelle Energieanwendung — IER Universität Stuttgart,
Germany. Directorate-General for Research Sustainable Energy
Systems, EUR 21951. Luxembourg: Office for Official Publica-
tions of the European Communities, 2004, ISBN 92-79-00423-
9, European Communities, 2005, printed in Luxemburg, 270 pp.,
2005.

Bickel, P., Schmid, S., Tervonen, J., Hämekoski, K., Otterström,
T., Anton, P., Enei, R., Leone, G., van Donselaar, P., and
Carmigchelt, H.: Environmental Marginal Cost Case Studies,
UNITE (UNIfication of accounts and marginal costs for Trans-
port Efficiency) Working Funded by 5th Framework RTD Pro-
gramme, IER, University of Stuttgart, Stuttgart, 2003.

Brandt, J., Silver, J. D., Gross, A., and Christensen, J. H.: Marginal
damage cost per unit of air pollution emissions, Roskilde: Na-
tional Environmental Research Institute, 23 p., Specific agree-
ment 3555/B2010/EEA.54131 implementing framework con-
tract ref. no. EEA/IEA/09/002, National Environmental Research
Institute, Roskilde, Denmark, 2010.

Brasseur, G. P., Xie, Y., Petersen, A. K., Bouarar, I., Flemming,
J., Gauss, M., Jiang, F., Kouznetsov, R., Kranenburg, R., Mi-
jling, B., Peuch, V.-H., Pommier, M., Segers, A., Sofiev, M.,
Timmermans, R., van der A, R., Walters, S., Xu, J., and Zhou,
G.: Ensemble forecasts of air quality in eastern China – Part 1:
Model description and implementation of the MarcoPolo–Panda
prediction system, version 1, Geosci. Model Dev., 12, 33–67,
https://doi.org/10.5194/gmd-12-33-2019, 2019.

Buonocore, J. J., Dong, X., Spengler, J. D., Fu, J. S., and Levy, J. I.:
Using the Community Multiscale Air Quality (CMAQ) model to
estimate public health impacts of PM2.5 from individual power
plants, Environ. Int., 68, 200–208, 2014.

Cao, J., Yang, C., Li, J., Chen, R., Chen, B., Gu, D., and Kan, H.:
Association between long-term exposure to outdoor air pollution
and mortality in China: A cohort study, J. Hazard Mater., 186,
1594–600, 2011.

Carson, R. T. and LaRiviere, J.: Structural Uncertainty and Pollution
Control: Optimal Stringency with Unknown Pollution Sources,
Environ. Resour. Econ., 71, 337–355, 2018.

DEFRA: Air quality economic analysis: Damage costs by loca-
tion and source, Department for Environment, Food and Rural
Affairs, London, available at: https://www.gov.uk/government/
publications/assess-the-impact-of-air-quality (last access: 7 Au-
gust 2020), 2015.

Dhondt, S., Kochan, B., Beckx, C., Lefebvre, W., Pirdavani, A., De-
graeuwe, B., Bellemans, T., Panis, L. I., Macharis, C., and Put-
man, K.: Integrated health impact assessment of travel behaviour:
model exploration and application to a fuel price increase, Envi-
ron. Int., 51, 45–58, 2013.

EEA: Costs of air pollution from European industrial facilities
2008–2012 – and updated assessment (EEA Technical report

Atmos. Chem. Phys., 20, 9371–9391, 2020 https://doi.org/10.5194/acp-20-9371-2020

https://doi.org/10.5194/gmd-12-33-2019
https://www.gov.uk/government/publications/assess-the-impact-of-air-quality
https://www.gov.uk/government/publications/assess-the-impact-of-air-quality


J. Kukkonen et al.: Modelling of the public health costs of fine particulate matter 9389

No. 20/2014), European Environment Agency, Luxembourg,
2014.

Fann, N., Fulcher, C. M., and Hubbell, B. J.: The influence of loca-
tion, source, and emission type in estimates of the human health
benefits of reducing a ton of air pollution, Air Qual. Atmos.
Health, 2, 169–176, 2009.

Gakidou, E., Afshin, A., Abajobir, A. A., and Murray, C. J. L.:
Global, regional, and national comparative risk assessment of
84 behavioural, environmental and occupational, and metabolic
risks or clusters of risks, 1990–2016: a systematic analysis for the
Global Burden of Disease Study 2016, Lancet, 390, 1345–1422,
2017.

Halonen, J. I., Lanki, T., Yli-Tuomi, T., Tiittanen, P., Kulmala, M.,
and Pekkanen, J.: Particulate air pollution and acute cardiorespi-
ratory hospital admissions among the elderly, Epidemiology, 20,
143–153, 2009.

Heo, J., Adams, P. J., and Gao, H. O.: Public Health Costs of Pri-
mary PM2.5 and Inorganic PM2.5 Precursor Emissions in the
United States, Environ. Sci. Technol., 50, 6051–6070, 2016.

Holland, M.: Cost-benefit analysis of final policy scenarios for
the EU Clean Air Package, Version 2, Corresponding to IIASA
TSAP Report #11, Version 2a, The International Institute for Ap-
plied Systems Analysis, Laxemburg, Austria, 2014.

Holland, M., Hunt, A., Hurley, F., Navrud, S., and Watkiss, P.:
Methodology for Cost-Benefit Analysis of CAFÉ (Clean Air for
Europe), in: Volume 1: Overview and methodology, Report to
DG Environment, European Commission, Didcot, UK, 112 pp.,
2005.

Holland, S., Mansur, E., Muller, N., and Yates, A.: Measur-
ing the Spatial Heterogeneity in Environmental Externalities
from Driving: A Comparison of Gasoline and Electric Vehi-
cles, NBER Working Paper No. 21291, University of North Car-
olina at Greensboro and National Bureau of Economic, Research,
Greensboro, North Carolina, USA, 2015.

Hurley, F., Hunt, A., Cowie, H., Holland, M., Miller, B., Pye,
S., and Watkiss, S.: Methodology for the cost-benefit anal-
ysis for CAFE, in: Volume 2: Health Impact Assessment,
AEAT/ED51014/Methodology Volume 2, AEA Technology En-
vironment, Didcot, Oxon, UK, 2005.

Im, U., Brandt, J., Geels, C., Hansen, K. M., Christensen, J.
H., Andersen, M. S., Solazzo, E., Kioutsioukis, I., Alyuz, U.,
Balzarini, A., Baro, R., Bellasio, R., Bianconi, R., Bieser, J.,
Colette, A., Curci, G., Farrow, A., Flemming, J., Fraser, A.,
Jimenez-Guerrero, P., Kitwiroon, N., Liang, C.-K., Nopmong-
col, U., Pirovano, G., Pozzoli, L., Prank, M., Rose, R., Sokhi, R.,
Tuccella, P., Unal, A., Vivanco, M. G., West, J., Yarwood, G.,
Hogrefe, C., and Galmarini, S.: Assessment and economic valu-
ation of air pollution impacts on human health over Europe and
the United States as calculated by a multi-model ensemble in the
framework of AQMEII3, Atmos. Chem. Phys., 18, 5967–5989,
https://doi.org/10.5194/acp-18-5967-2018, 2018.

Jerrett, M., Burnett, R. T., Ma, R., Pope, C. A. 3rd, Krewski, D.,
Newbold, K. B., Thurston, G., Shi, Y., Finkelstein, N., Calle, E.
E., and Thun, M. J.: Spatial analysis of air pollution and mortality
in Los Angeles, Epidemiology, 16, 727–736, 2005.

Johansson, L., Jalkanen, J.-P., and Kukkonen, J.: Global assessment
of shipping emissions in 2015 on a high spatial and temporal
resolution, Atmos. Environ., 167, 403–415, 2017.

Karl, M., Jonson, J. E., Uppstu, A., Aulinger, A., Prank, M., Sofiev,
M., Jalkanen, J.-P., Johansson, L., Quante, M., and Matthias, V.:
Effects of ship emissions on air quality in the Baltic Sea region
simulated with three different chemistry transport models, At-
mos. Chem. Phys., 19, 7019–7053, https://doi.org/10.5194/acp-
19-7019-2019, 2019.

Karppinen, A., Kukkonen, J., Elolähde, T., Konttinen, M., Kosken-
talo, T., and Rantakrans, E.: A modelling system for predict-
ing urban air pollution: model description and applications in
the Helsinki metropolitan area, Atmos. Environ., 34, 3723–3733,
2000a.

Karppinen, A, Kukkonen, J., Elolähde, T., Konttinen, M., and
Koskentalo, T.: A modelling system for predicting urban air pol-
lution: comparison of model predictions with the data of an urban
measurement network in Helsinki, Atmos. Environ., 34, 3735–
3743, 2000b.

Karvosenoja, N., Tainio, M., Kupiainen, K., Tuomisto, J. T., Kukko-
nen, J., and Johansson, M.: Evaluation of the emissions and un-
certainties of PM2.5 originated from vehicular traffic and domes-
tic wood combustion in Finland, Boreal Environ. Res., 13, 465–
474, 2008.

Karvosenoja, N., Kangas, L., Kupiainen, K., Kukkonen, J., Karp-
pinen, A., Sofiev, M., Tainio, M., Paunu, V.-V., Ahtoniemi, P.,
Tuomisto, J. T., and Porvari, P.: Integrated modeling assessments
of the population exposure in Finland to primary PM2.5 from
traffic and domestic wood combustion on the resolutions of 1 and
10 km, Air Qual. Atmos. Health, 4, 179–188, 2011.

Karvosenoja, N., Paunu, V.-V., Savolahti, M., Kupiainen, K.,
Kukkonen, J., and Hänninen, O.: A high-resolution national
emission inventory and dispersion modelling – Is popula-
tion density a sufficient proxy variable?, pp. 199–204, in:
chap. 31 in Air pollution modelling and its application XXVI,
edited by: Mensink, C., Gong, W., Hakami, A., Springer
Proceedings in Complexity, Springer Nature, Switzerland,
ISBN 978-3-030-22054-9, ITM 2018 Proceedings, 490 pp.,
https://doi.org/10.1007/978-3-030-22055-6, 2020.

Kauhaniemi, M., Karppinen, A., Härkönen, J., Kousa, A., Alaviip-
pola, B., Koskentalo, T., Aarnio, P., Elolähde, T. ,and Kukkonen,
J.: Evaluation of a modelling system for predicting the concen-
trations of PM2.5 in an urban area, Atmos. Environ., 42, 4517–
4529, 2008.

Kollanus, V., Prank, M., Gens, A., Soares, J., Vira, J., Kukkonen,
J., Sofiev, M., Salonen, R. O., and Lanki, T.: Mortality due to
vegetation-fire originated PM2.5 exposure in Europe – assess-
ment for the years 2005 and 2008, Environ. Health Perspect.,
125, 30–37, https://doi.org/10.1289/EHP194, 2016.

Korhonen, A., Lehtomäki, H., Rumrich, I., Karvosenoja, N., Paunu,
V.-V., Kupiainen, K., Sofiev, M., Palamarchuk, Y., Kukkonen,
J., Kangas, L., Karppinen, A., and Otto Hänninen, O.: In-
fluence of spatial resolution on population PM2.5 exposure
and health impacts, Air Qual. Atmos. Health, 12, 705–718,
https://doi.org/10.1007/s11869-019-00690-z, 2019.

Kousa, A., Kukkonen, J., Karppinen, A., Aarnio, P., and Kosken-
talo, T.: Statistical and diagnostic evaluation of a new-generation
urban dispersion modelling system against an extensive dataset
in the Helsinki Area, Atmos. Environ., 35, 4617–4628, 2001.

Kouznetsov, R. and Sofiev, M.: A methodology for evalu-
ation of vertical dispersion and dry deposition of at-

https://doi.org/10.5194/acp-20-9371-2020 Atmos. Chem. Phys., 20, 9371–9391, 2020

https://doi.org/10.5194/acp-18-5967-2018
https://doi.org/10.5194/acp-19-7019-2019
https://doi.org/10.5194/acp-19-7019-2019
https://doi.org/10.1007/978-3-030-22055-6
https://doi.org/10.1289/EHP194
https://doi.org/10.1007/s11869-019-00690-z


9390 J. Kukkonen et al.: Modelling of the public health costs of fine particulate matter

mospheric aerosols, J. Geophys. Res., 117, D01202,
https://doi.org/10.1029/2011JD016366, 2012.

Kukkonen, J., Singh, V., Sokhi, R.S., Soares, J., Kousa, A., Mati-
lainen, L., Kangas, L., Kauhaniemi, M., Riikonen, K., Jalka-
nen, J.-P., Rasila, T., Hänninen, O., Koskentalo, T., Aarnio, M.,
Hendriks, C., Karppinen, A.: Assessment of Population Expo-
sure to Particulate Matter for London and Helsinki, in: Air Pol-
lution Modeling and Its Application XXIV, edited by: Steyn,
D. G. and Chaumerliac, N., Springer, Switzerland, 99–105,
https://doi.org/10.1007/978-3-319-24478-5_16, 2016.

Kukkonen, J., Kangas, L., Kauhaniemi, M., Sofiev, M., Aarnio,
M., Jaakkola, J. J. K., Kousa, A., and Karppinen, A.: Mod-
elling of the urban concentrations of PM2.5 on a high resolu-
tion for a period of 35 years, for the assessment of lifetime ex-
posure and health effects, Atmos. Chem. Phys., 18, 8041–8064,
https://doi.org/10.5194/acp-18-8041-2018, 2018.

Kukkonen, J., López-Aparicio, S., Segersson, D., Geels, C., Kan-
gas, L., Kauhaniemi, M., Maragkidou, A., Jensen, A., Assmuth,
T., Karppinen, A., Sofiev, M., Hellén, H., Riikonen, K., Nikmo,
J., Kousa, A., Niemi, J. V., Karvosenoja, N., Santos, G. S.,
Sundvor, I., Im, U., Christensen, J. H., Nielsen, O.-K., Plejdrup,
M. S., Nøjgaard, J. K., Omstedt, G., Andersson, C., Forsberg,
B., and Brandt, J.: The influence of residential wood combus-
tion on the concentrations of PM2.5 in four Nordic cities, At-
mos. Chem. Phys., 20, 4333–4365, https://doi.org/10.5194/acp-
20-4333-2020, 2020.

Laden, F., Schwartz, J., Speizer, F. E., and Dockery, D. W.: Re-
duction in fine particulate air pollution and mortality: Extended
follow-up of the Harvard Six Cities study, Am. J. Respir. Crit.
Care Med., 173, 667–672, 2006.

Lanki, T., Hampel, R., Tiittanen, P., Andrich, S., Beelen, R.,
Brunekreef, B., Dratva, J., De Faire, U., Fuks, K. B., Hoffmann,
B., Imboden, M., Jousilahti, P., Koenig, W., Mahabadi, A. A.,
Künzli, N., Pedersen, N. L., Penell, J., Pershagen, G., Probst-
Hensch, N. M., Schaffner, E., Schindler, C., Sugiri, D., Swart,
W. J., Tsai, M. Y., Turunen, A. W., Weinmayr, G., Wolf, K., Yli-
Tuomi, T., and Peters, A.: Air pollution from road traffic and
systemic inflammation in adults: a cross-sectional analysis in the
European ESCAPE project, Environ. Health Perspect., 123, 785–
791, https://doi.org/10.1289/ehp.1408224, 2015.

Lehtomäki, H., Korhonen, A., Asikainen, A., Karvosenoja, N., Ku-
piainen, K., Paunu, V. V., Savolahti, M., Sofiev, M., Palamarchuk,
Y., Karppinen, A., Kukkonen, J., and Hänninen, O.: Health Im-
pacts of Ambient Air Pollution in Finland, Int. J. Environ. Res.
Public Health., 15, 736, https://doi.org/10.3390/ijerph15040736,
2018.

Levy, J., Baxter, L. K., and Schwartz, J.: Uncertainty and Vari-
ability in Health-Related Damages from Coal- Fired Power
Plants in the United States, Risk Anal., 29, 1000–1014,
https://doi.org/10.1111/j.1539-6924.2009.01227.x, 2009.

Lindhjem, H., Navrud, S., Braathen, N. A., and Biausque, V.: Valu-
ing lives saved from environment, transport and health policies.
A meta analysis, Risk Anal., 31, 1381–1407, 2011.

Loomis, D., Huang, W., and Che, G.: The International Agency for
Research on Cancer (IARC) evaluation of the carcinogenicity of
outdoor air pollution: Focus on China, Chin. J. Cancer, 33, 189–
96, 2014.

Muller, N. Z. and Mendehlson, R.: Efficient pollution regulation:
getting the prices right, The American economic review, Am.
Econ. Assoc., 99, 1714–1739, 2009.

Nahlik, M. J., Chester, M. V., Ryerson, M. S., and Fraser, A. M.:
Spatial Differences and Costs of Emissions at U.S. Airport Hubs,
Environ. Sci. Technol., 50, 4149–58, 2016.

Navrud, S. and Ready, R. (Eds.): Valuing Cultural Heritage. Apply-
ing environmental valuation techniques to historical buildings,
monuments and artifacts, Edward Elgar Publishing, Switzerland,
2002.

Navrud, S. and Ready, R. (Eds.): Environmental Value Transfer: Is-
sues and Methods, Springer, Dordrecht, the Netherlands, 306 pp.,
2007.

OECD: The economic consequences of outdoor air pollution,
OECD Publishing, Paris, 120 pp., 2016.

Ostro, B. D.: Air pollution and morbidity revisited. a specification
test, J. Environ. Econ. Manage., 14, 87–98, 1987.

Petersen, A. K., Brasseur, G. P., Bouarar, I., Flemming, J.,
Gauss, M., Jiang, F., Kouznetsov, R., Kranenburg, R., Mi-
jling, B., Peuch, V.-H., Pommier, M., Segers, A., Sofiev, M.,
Timmermans, R., van der A, R., Walters, S., Xie, Y., Xu, J.,
and Zhou, G.: Ensemble forecasts of air quality in eastern
China – Part 2: Evaluation of the MarcoPolo–Panda predic-
tion system, version 1, Geosci. Model Dev., 12, 1241–1266,
https://doi.org/10.5194/gmd-12-1241-2019, 2019.

Pope III, C. A., Burnett, R. T., Thun, M. J., Calle, E. E., Krewski,
D., Ito, K., and Thurston, G. D.: Lung cancer, cardiopulmonary
mortality, and long-term exposure to fine particulate air pollu-
tion, Jama, 287, 1132–1141, 2002.

Prank, M., Sofiev, M., Tsyro, S., Hendriks, C., Semeena, V.,
Vazhappilly Francis, X., Butler, T., Denier van der Gon, H.,
Friedrich, R., Hendricks, J., Kong, X., Lawrence, M., Righi, M.,
Samaras, Z., Sausen, R., Kukkonen, J., and Sokhi, R.: Evalua-
tion of the performance of four chemical transport models in pre-
dicting the aerosol chemical composition in Europe in 2005, At-
mos. Chem. Phys., 16, 6041–6070, https://doi.org/10.5194/acp-
16-6041-2016, 2016.

Qi, Z., Chen, T., Chen, J., and Qi, X.: Ambient fine particulate mat-
ter in China: Its negative impacts and possible countermeasures,
J. Air Waste Manage. Assoc., 68, 227–234, 2018.

Raza, W., Forsberg, B., Johansson, C., and Sommar, J. N.: Air pol-
lution as a risk factor in health impact assessments of a travel
mode shift towards cycling, Glob. Health Act., 11, 1429081,
https://doi.org/10.1080/16549716.2018.1429081, 2018.

Ready, R., Navrud, S., Day, B., Dubourg, R., Machado, F., Mourato,
S., Spanninks, F., and Rodriquez, M. X. V.: Befenefit transfer in
Europe: How reliable are transfers between countries?, Environ.
Resour. Econ., 29, 67–82, 2004.

Savolahti, M., Karvosenoja, N., Tissari, J., Kupiainen, K., Sippula,
O., and Jokiniemi, J.: Black carbon and fine particle emissions
in Finnish residential wood combustion: Emission projections,
reduction measures and the impact of combustion practices, At-
mos. Environ., 140, 495–505, 2016.

Savolahti, M., Lehtomäki, H., Karvosenoja, N., Paunu, V.-V., Ko-
rhonen, A., Kukkonen, J., Kupiainen, K., Kangas, L., Hänni-
nen, O., and Karppinen, A.: Residential wood combustion in
Finland: PM2.5 emissions and health impacts with and without
abatement measures, Int. J. Environ. Res. Publ. Health, 16, 2920,
https://doi.org/10.3390/ijerph16162920, 2019.

Atmos. Chem. Phys., 20, 9371–9391, 2020 https://doi.org/10.5194/acp-20-9371-2020

https://doi.org/10.1029/2011JD016366
https://doi.org/10.1007/978-3-319-24478-5_16
https://doi.org/10.5194/acp-18-8041-2018
https://doi.org/10.5194/acp-20-4333-2020
https://doi.org/10.5194/acp-20-4333-2020
https://doi.org/10.1289/ehp.1408224
https://doi.org/10.3390/ijerph15040736
https://doi.org/10.1111/j.1539-6924.2009.01227.x
https://doi.org/10.5194/gmd-12-1241-2019
https://doi.org/10.5194/acp-16-6041-2016
https://doi.org/10.5194/acp-16-6041-2016
https://doi.org/10.1080/16549716.2018.1429081
https://doi.org/10.3390/ijerph16162920


J. Kukkonen et al.: Modelling of the public health costs of fine particulate matter 9391

Singh, V., Sokhi, R. S., and Kukkonen, J.: An approach to
predict population exposure to ambient air PM2.5 con-
centrations and its dependence on population activity
for the megacity London, Environ. Pollut., 257, 113623,
https://doi.org/10.1016/j.envpol.2019.113623, 2020.

Smith, J. D., Mitsakou, C., Kitwiroon, N., Barratt, B. M., Wal-
ton, H. A., Taylor, J. G., Anderson, H. R., Kelly, F. J.,
and Beevers, S. D.: London Hybrid Exposure Model: Im-
proving Human Exposure Estimates to NO2 and PM2.5 in
an Urban Setting, Environ. Sci. Technol., 50, 11760–11768,
https://doi.org/10.1021/acs.est.6b01817, 2016.

Soares, J., Kousa, A., Kukkonen, J., Matilainen, L., Kangas, L.,
Kauhaniemi, M., Riikonen, K., Jalkanen, J.-P., Rasila, T., Hän-
ninen, O., Koskentalo, T., Aarnio, M., Hendriks, C., and Karp-
pinen, A.: Refinement of a model for evaluating the population
exposure in an urban area, Geosci. Model Dev., 7, 1855–1872,
https://doi.org/10.5194/gmd-7-1855-2014, 2014.

Sofiev, M.: On impact of transport conditions on variability
of the seasonal pollen index, Aerobiologia, 33, 167–179,
https://doi.org/10.1007/s10453-016-9459-x, 2017.

Sofiev, M., Siljamo, P., Valkama, I,. Ilvonen, M., and Kukko-
nen, J.: A dispersion modelling system SILAM and its eval-
uation against ETEX data, Atmos. Environ., 40, 674–685,
https://doi.org/10.1016/j.atmosenv.2005.09.069, 2006.

Sofiev, M., Genikhovich, E., Keronen, P., and Vesala, T.:
Diagnosing the surface layer parameters for dispersion
models within the meteorological-to-dispersion mod-
eling interface, J. Appl. Meteorol. Clim., 49, 221–233,
https://doi.org/10.1175/2009JAMC2210.1, 2010.

Sofiev, M., Vira, J., Kouznetsov, R., Prank, M., Soares, J., and
Genikhovich, E.: Construction of the SILAM Eulerian atmo-
spheric dispersion model based on the advection algorithm
of Michael Galperin, Geosci. Model Dev., 8, 3497–3522,
https://doi.org/10.5194/gmd-8-3497-2015, 2015.

Sofiev, M., Winebrake, J. J., Johansson, L., Carr, E.W., Prank,
M., Soares, J., Vira, J., Kouznetsov, R., Jalkanen, J.-P.,
and Corbett, J.-J.: Cleaner fuels for ships provide public
health benefits with climate tradeoffs, Nat. Commun., 9, 406,
https://doi.org/10.1038/s41467-017-02774-9, 2018.

Trejo-González, A. G., Riojas-Rodriguez, H., Texcalac-Sangrador,
J. L., Guerrero-López, C. M., Cervantes-Martínez, K., Hurtado-
Díaz, M., de la Sierra-de la Vega, L. A., and Zuñiga-Bello, P. E.:
Quantifying health impacts and economic costs of PM2.5 expo-
sure in Mexican cities of the National Urban System, Int. J. Publ.
Health, 64, 561–572, 2019.

US EPA: Integrated Science Assessment (ISA) for Particulate Mat-
ter, Final Report EPA/600/R-08/139F, December 2009, US En-
vironmental Protection Agency, Washington, D.C., 1071 pp.,
2009.

Vira, J. and Sofiev, M.: On variational data assimilation for estimat-
ing the model initial conditions and emission fluxes for the short-
term forecasting of SOx concentrations, Atmos. Environ., 46,
318–328, https://doi.org/10.1016/j.atmosenv.2011.09.066, 2012.

Vira, J. and Sofiev, M.: Assimilation of surface NO2 and O3 ob-
servations into the SILAM chemistry transport model, Geosci.
Model Dev., 8, 191–203, https://doi.org/10.5194/gmd-8-191-
2015, 2015.

Vira, J., Carboni, E., Grainger, R. G., and Sofiev, M.: Variational as-
similation of IASI SO2 plume height and total column retrievals
in the 2010 eruption of Eyjafjallajökull using the SILAM v5.3
chemistry transport model, Geosci. Model Dev., 10, 1985–2008,
https://doi.org/10.5194/gmd-10-1985-2017, 2017.

Walton, H., Dajnak, D., Beevers, S., Williams, M., Watkiss, P., and
Hunt, A.: Understanding the health impacts of air pollution in
London, Transport for London and the Greater London Author-
ity, King’s College, London, UK, 129 pp., 2015.

WHO: Review of evidence on health aspects of air pollution – RE-
VIHAAP project, Technical Report, WHO Regional Office for
Europe, Copenhagen, Denmark, 309 pp, 2013a.

WHO: Health risks of air pollution in Europe – HRAPIE project,
Recommendations for concentration-response functions for cost-
benefit analysis of particulate matter, ozone and nitrogen diox-
ide, WHO Regional Office for Europe, Copenhagen, Denmark,
60 pp., 2013b.

Wolfe, P., Davidson, K., Fulcher, C., Fann, N., Zawacki, M., and
Baker, K. R.: Monetized health benefits attributable to mobile
source emission reductions across the United States in 2025, Sci.
Total Environ., 650, 2490–2498, 2019

Woodcock, J., Edwards, P., Tonne, C., Armstrong, B. G., Ashiru, O.,
Banister, D., Beevers, S., Chalabi, Z., Chowdhury, Z., Cohen, A.,
Franco, O. H., Haines, A., Hickman, R., Lindsay, G., Mittal, I.,
Mohan, D., Tiwari, G., Woodward, A., and Roberts, I.: Public
health benefits of strategies to reduce greenhousegas emissions:
urban land transport, Lancet, 374, 1930–1943, 2009.

Woodcock, J., Givoni, M., and Morgan, A. S.: Health im-
pact modelling of active travel visions for England and
Wales using an Integrated Transport and Health Im-
pact Modelling Tool (ITHIM), PLoS One, 8, e51462,
https://doi.org/10.1371/journal.pone.0051462, 2013.

Woodcock, J., Tainio, M., Cheshire, J., O’Brien, O., and Good-
man, A.: Health effects of the London bicycle sharing sys-
tem: health impact modelling study, Brit. Med. J., 348, g425,
https://doi.org/10.1136/bmj.g425, 2014.

https://doi.org/10.5194/acp-20-9371-2020 Atmos. Chem. Phys., 20, 9371–9391, 2020

https://doi.org/10.1016/j.envpol.2019.113623
https://doi.org/10.1021/acs.est.6b01817
https://doi.org/10.5194/gmd-7-1855-2014
https://doi.org/10.1007/s10453-016-9459-x
https://doi.org/10.1016/j.atmosenv.2005.09.069
https://doi.org/10.1175/2009JAMC2210.1
https://doi.org/10.5194/gmd-8-3497-2015
https://doi.org/10.1038/s41467-017-02774-9
https://doi.org/10.1016/j.atmosenv.2011.09.066
https://doi.org/10.5194/gmd-8-191-2015
https://doi.org/10.5194/gmd-8-191-2015
https://doi.org/10.5194/gmd-10-1985-2017
https://doi.org/10.1371/journal.pone.0051462
https://doi.org/10.1136/bmj.g425

	Abstract
	Introduction
	Methods
	Inventory of the domestic emissions
	Atmospheric dispersion modelling
	Modelling using the SILAM model on the European and national scales
	Modelling using the FRES model on the national scale

	Health impact assessment
	Assessment of the economic impacts

	Results
	Summary of the emissions of PM2.5 and its main precursors in Finland
	The modelled changes in spatial concentration distributions caused by the changes in emissions
	Vehicular traffic, working and off-road machinery and residential wood combustion evaluated using the FRES model
	Evaluation of vehicular traffic, machineries, agriculture and power plants, and industry using the SILAM model

	The health impacts
	The economic impacts
	An open-access assessment tool for evaluating the economic impacts

	Conclusions
	Appendix A: Public health costs for various health outcomes
	Code and data availability
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

