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• The implementation of Environmental
Speed Limit to reduced PM10 levels is
evaluated.

• This measure has low to negligible ef-
fects on emissions of PM2.5, NOx and
CO2.

• PM10 emissions are reduced by 6–12%
and concentration levels reduce by up
to 8%.

• Reduction in population exposure and
noise convey a net reduction of cost to
society.

• The reduction of speed entails a delay to
travel journeys with high associated
cost.
⁎ Corresponding author.
E-mail addresses: sla@nilu.no (S. Lopez-Aparicio), heg

Rebecca.Thorne@toi.no (R.J. Thorne), mvo@nilu.no (M. Vo

https://doi.org/10.1016/j.scitotenv.2020.137577
0048-9697/© 2020 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 16 December 2019
Received in revised form 21 February 2020
Accepted 24 February 2020
Available online xxxx

Editor: Pavlos Kassomenos
We present a comprehensive study on the impacts and associated changes in costs resulting from the implementa-
tion of Environmental Speed Limits (ESLs), as a measure to reduce PM10 and associated health effects. We present
detailedmodelled emissions (i.e., CO2, NOx, PM2.5 and PM10), concentration levels (i.e., PM2.5 and PM10) and popula-
tion exposure to PM2.5 and PM10 under three scenarios of ESL implementation for theMetropolitan Area of Oslo.We
find that whilst emissions of NOx and CO2 do not seem to show significant changes with ESL implementation, PM10

emissions are reduced by 6–12% and annual concentration levels are reduced up to 8%, with a subsequent reduction
in population exposure. Themodelled data is used to carry out a detailed analysis to quantify the changes in private
and social costs for the roads in Oslowhere ESL are implemented today. This involves assessments related to human
health, climate, fuel consumption, time losses and the incidence of traffic accidents. For a scenario using actual speed
data fromESL implementation, our study shows a net benefit associatedwith the implementation of ESLs, whilst for
a theoretical scenario with strict speed limit compliance we find a net increase in costs. This is largely due to varia-
tion in costs due to time losses between the scenarios, although uncertainties are high.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

In Oslo, there is extensive winter use of studded tyres that greatly
enhances roadwear and particle emissions from road traffic. In addition,
local climatic and geographical factors make extended periods of inver-
sions likely. Both of these are factors contributing to enhanced pollution
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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levels, which result in exceedances of legal limits of particulate matter
(PM). Authorities are thereby required to implement strategies to limit
air pollution to within legal limits. Different policy strategies to reduce
local air pollution are implemented, i.e., electrification of the port,
shore-power for frequent international ferries, economic incentives to
switch to cleaner residential heating installations, a wide range of policy
instruments for electric vehicles, fees for the use of studded tyres and,
the focus of this study, the implementation of Environmental Speed
Limits (ELS) during winter. Maximum (signed) speed limits have been
implemented primarily as a traffic safety measure to reduce the number
of accidents. In the last decade, maximum speed limits of specific roads
have also been reduced to lower the environmental impact of traffic
noise and emissions in several European capitals. In Oslo, since 2004,
the Norwegian Road Administration has implemented ESLs on certain
roads in an attempt to reduce the production and dispersion of non-
exhaust PM. The ESLs were originally limited to one road in a pilot
study (RV4; Fig. 1), but have since been expanded. New ESLs were
introduced in 2006 (Ring 3; Fig. 1) and in 2007 (E18; Fig. 1). These
roads are considered main arterial roads that experience high traffic
volume due to people commuting from residences in the city outskirts
to work in the city centre. For these roads, maximum speed limits were
originally reduced from 80 to 60 km h−1 during the winter season
(i.e., November 1st to April), when studded tyres are allowed due towin-
termeteorological conditions and slippery road surfaces. In 2012, the ESL
was revoked and the signed speed limits set to 70 or 80 km h−1 all year.
In 2016, the winter ESL was re-implemented to 60 km h−1, whilst
retaining the summer speed limit of 70 km h−1 or 80 km h−1.

Reducing speed is associated with reductions of both exhaust and
non-exhaust PM emissions. Exhaust or tailpipe emissions are reported
to be reduced due to improved driving efficiency, whilst non-exhaust
emissions are lowered due to the reduction in wearing processes
(e.g., tyre, break and roadwear) and a decrease of suspension of depos-
ited particles. However, the real effect on emission reduction of different
Fig. 1. Locations of the roads where the ESLs are implemented in winter time (red roads). The
represents the domain for the atmospheric dispersion model. The black dots and correspondin
4: Smestad, 5: Kirkeveien). (For interpretation of the references to colour in this figure legend,
compounds (i.e., CO2, NOx, PM) and on population exposure is still con-
troversial. The dependencies between speed and emissions vary for dif-
ferent pollutants, meaning that reducing speed may have a differing
effect on different compounds. For instance, NOx and CO can have
“U-shaped” emission curves as a function of speed with minimum
emissions between 60 and 80 km h−1 (Kousoulidou et al., 2010),
whereas PM exhaust emissions do not seem to be much affected by
speed. In contrast, modelled non-exhaust PM increases linearly
with speed (Denby and Sundvor, 2012b; Denby et al., 2013). Meteo-
rology additionally plays an important role on the pollution concen-
trations and emissions, e.g., dispersion is influenced by stability
conditions and wind speed, and precipitation leads to wet roads
that enhance particle retainment.

Studies published in the literature on the effects of reducing the max-
imumspeed limit on emissions and pollutant concentration levels showa
wide range of results. This reflects an uncertainty that may be related to
variations in the methodology and scope of the studies. Most studies ad-
dress reductions of the maximum speed limit from 120 or 110 to 80 km
h−1 in motorways (Bel and Rosell, 2013; Keuken et al., 2010; Dijkema
et al., 2008; Gonçalves et al., 2008; Keller et al., 2008; Baldasano et al.,
2010), whereas fewer studies focus on lower speeds in urban areas with
speeds reduced from50 to 30 kmh−1 (Madireddy et al., 2011). Themeth-
odologies used to evaluate the potential effects of implementing ESL are
also different, using e.g., statistical approaches (Bel and Rosell, 2013),
evaluation of air quality monitoring data (Dijkema et al., 2008) or assess-
ments based on atmospheric dispersion modelling (Gonçalves et al.,
2008; Baldasano et al., 2010). Panis et al. (2011) pointed out the discrep-
ancies obtained when using macroscopic or microscopic traffic emission
models to assess the effects of reducing speed limits on PM, NOx and
CO2 emissions. Minor changes were obtained for NOx and CO2 emissions
when using bothmethods. However, the authors obtained amoderate in-
crease of PM emissions when using macroscopic traffic emission models,
compared to a significant decrease when the evaluation is based on
blue roads represent the complete traffic network in Oslo Metropolitan Area. The square
g numbers represent the monitoring stations in Fig. 5 (1: RV4, 2: Manglerud, 3: Hjortnes,
the reader is referred to the web version of this article.)
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microscopic models. Studies have also been conducted previously in the
Oslo metropolitan area. One showed that the pilot ESL implementation
in 2004 decreased PM10 and NOx levels by 35–40% and 12–13%, respec-
tively (Hagen et al., 2005). Since that time, other studies have shown
that reducing vehicle speed on specific roads in Oslo from 80 or 70 km
h−1 to 60 km h−1 would reduce the number of exceedances of the
PM10 daily limit value (i.e., N50 μg m−3) by 2 to 6 days, and the PM10 an-
nual limit value by 0.5–1.5 μg m−3 (Denby and Sundvor, 2012a).

A main aspect to take into account when analysing the effectiveness
of speed reductionmeasures is any reduction in population exposure to
high pollution levels, the subsequent health improvements and the
resulting changes in costs to society. Other benefits of lowering the
speed limit that should be accounted for are reductions in the number
of accidents and noise. Baldasano et al. (2010) established that the re-
duction of primary pollutants as a result of reducing the speed limit
from 120/110 to 80 km h−1 would improve the health and welfare of
over 41% of the population of the Barcelona Metropolitan Area. Studies
quantifying the relationship between vehicle speed and accident risk
generally find that the higher the speed the steeper the increase in acci-
dent risk (Nilsson, 1982; Nilsson et al., 2004; Kloeden et al., 2002; Elvik,
2019). In addition, road complexity factors (e.g., the number and type of
intersections) increase accident risk (Taylor et al., 2000). A power
model describing the relationship between changes in speed and
changes in the number of accidents, and accounting for varying levels
of initial speed and road types has been established by Elvik (2009,
2014, 2019), along with a model that describes the specific effects of
ESLs on the number of accidents (Elvik, 2013). The latter study finds
that the number of injury accidents with ESL implementation in Oslo
is reduced by about 25–35% according to all study designs.

Cost-benefit analysis is a systematic approach to account for all ef-
fects together (normalised in terms of resulting monetary costs)
allowing the strengths and weaknesses of alternatives to be estimated,
and has been long applied to determine the favourability of e.g. trans-
port infrastructure (Hyard, 2012), pollution mitigation options
(Voorhees et al., 2000) and specific changes to speed limits (Cetin
et al., 2018; Morichi et al., 2005; Forester et al., 1984; Kamerud, 1983).
It has also been applied previously specifically to investigate ESLs in
Norway (NOEPA, 2014; Westby and Folgerø, 2017). This analysis
accounted for changes in air quality, time delays associated with lower-
ing speed limit, accidents and other externalities. Whilst Westby and
Folgerø (2017) found no socio-economic benefit in Oslo, NOEPA
(2014) found that reducing the speed limit has no socio-economic ben-
efit in Bergen and Trondheim, but an associated socio-economic benefit
in Oslo. The reason for the different outcomes inNOEPA (2014) is the lo-
cation of the roads where the ESL was implemented. In Oslo, the roads
are located in urban areas and close to areas of high population density,
whereas in Bergen and Trondheim, the targeted roads were located in
the surrounding areas, meaning that the measures had a low effect on
population exposure.

The aim of this article is to establish the impacts, and associated
changes to costs, related to the implementation of ESLs inOslo as amea-
sure to reduced PM10 levels. The studywill act as support to decide upon
the further implementation of ESLs. We first present detailed emissions
(i.e., CO2, NOx, PM2.5 and PM10), concentration levels from dispersion
modelling (i.e., PM2.5 and PM10) and population exposure to PM2.5 and
PM10 under three scenarios: 1) the ESL is not implemented (baseline
scenario) and observed vehicle speeds are used, 2) the ESL is imple-
mented and we use observed vehicle speed as input data, and 3) the
ESL is implemented and we assume full speed limit compliance. We
then use themodelled data (and/or vehicle speed/road data) to perform
a cost-benefit analysis to quantify the net changes in costs for the roads
in Oslo where ESL is implemented today. This involves assessing the
costs related to changes in human health, the climate, time losses, inci-
dence of accidents and fuel consumptionwith reduced speed. Our study
thus provides a comprehensive evaluation of the potential effects of
implementing ESLs in Oslo.
2. Methodology

2.1. The Environmental Speed Limit

During the Norwegian winter season when drivers are permitted to
use studded tyres (i.e., November to April), an ESL is implemented in
four main roads in the Oslo metropolitan area and the signed speed
limit is reduced (Fig. 1). For the summer season, when studded tyres
are not permitted (i.e., April to October), the ESL is lifted.

Fig. 2 shows hourlymean traffic volume (top) and speed (bottom) in
2010 and 2012 from a traffic counting station at Manglerud, a road
where the ESL is implemented (Ring3 - RSto, in Fig. 1). In 2010, the sum-
mer speed sign was 80 km h−1, whereas in winter (i.e., January to April
and November to December), the ESL was implemented reducing the
speed sign to 60 km h−1. In 2012, the ESL was revoked, and the speed
limit was 70 km h−1 the whole year. Taking into account that the ESL
period is shorter than the non-ESL period, the year 2010 had a lower av-
erage speed than 2012. The mean traffic volume is obtained from the
sum of the traffic going inwards and outwards from the city, and the
mean speed corresponds to the mean of all lanes, both in and out.
Both years have approximately the same traffic volume.

Both 2010 and 2012 have a similar diurnal cycle in annual average
traffic speed and volume (Fig. 2 left). The reduction in speed to well
below 60 km h−1 at morning and evening rush hours indicates that
the high traffic volume (at these times) is amajor contributing factor to-
wards hourly speed. The peak in speed (and corresponding drop in traf-
fic volume) in July (Fig. 2, middle) corresponds to the national summer
holiday; since there is no rush hour and associated congestion, during
thismonth, the speed and volumeof traffic resembles a typicalweekend
(Fig. 2, right). In the ESL months, the monthly speed is higher in 2012
(without ESL) than in 2010 (with ESL). The decrease in speed during
wintermonths in 2012 compared to summermonths can be considered
as a natural effect of worsening driving conditions during winter with
icy and snowy roads. In the scenarios made in this study the traffic vol-
ume for all roads are assumed unaffected by the speed change. Speed is
assumed to change between scenarios equally at all times. As a conse-
quence of this assumption, the average scenario speed is treated as
the signed speed limit.

2.2. The scenarios

To evaluate the potential effects of implementing the ESL, we se-
lected three different scenarios to represent the implementation of the
ESL and the compliance by drivers to them (Table 1);

• Scenario 1; observed traffic speed for 2013 when the ESL was not im-
plemented (Baseline Scenario).

• Scenario 2; observed traffic speed represents how drivers actually
comply with the ESL.

• Scenario 3; this scenario assumes drivers fully comply with the ESL.

Table 1 shows the signed speed (SS) and observed averaged speed
(RS) in winter (W) and summer (S) 2017 for the four roads where the
ESL is implemented, and the three scenarios. For two of these roads,
the input data have been additionally split. The Ring 3 road is split
into two different stretches (i.e., RSto and StoG), as traffic measure-
ments shows different vehicle average speeds for each stretch. Addi-
tionally the E18 road is split in two based on temporal variations,
since the ESL in winter season is only implemented during day time
and lifted during night time andweekends by the use of automatic traf-
fic signs.

Scenario 2 represents the real situation based on average observed
speed from hourly traffic counting stations. This scenario shows that
the actual vehicle speed reduction from the summer season (without
ESL) to the winter season (with ESL) varies among the roads, from a



Fig. 2. Hourly traffic volume (top) and mean speed per hour of the day (left), month (middle) and the day of the week (right) for the years 2010 and 2012.
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4.97% speed reduction on the E18 (day time) to speed reductions of
7.05% and 10.45% on the RV4 and RV163, respectively. The observed ve-
hicle speed shows that drivers generally comply with the traffic speed
signs when they are set at high speed (e.g., 70 or 80 km h−1), whereas
they do not comply with speed limits set at 60 km h−1, instead driving
up to 20% faster (Table 1). This is also a consequence of the lack of ESL
reinforcement by authorities with speed cameras or police controls,
making the compliance with the speed limit relatively low.

2.3. Emission inventory

To model total atmospheric concentrations of pollutants, all sources
must be considered. A complete emission inventory for the study area
(Fig. 1) was used as input for the atmospheric dispersion model. The
model setup applied for most emissions in the Oslo area is validated
and tested in several studies (Høiskar et al., 2014; Grythe et al., 2019;
Tarrasón et al., 2018; Høiskar et al., 2017).

We base our study on the meteorological year 2013 as it is consid-
ered the worst case scenario regarding PM pollution levels in the area
Table 1
Vehicle speeds on individual roadswhereESLs are applied for eachof the Scenarios. Signed
speed limit (SS; km h−1) and average observed speeds (RS; km h−1) during the studded
tyre season (W;Nov - April) and outside the studded tyre season (S;May - Oct).WE refers
to weekends.

Road SS (W) RW (W) SS (S) RS (S)

Sc1 – Sc2 – Sc3 Sc1 – Sc2 – Sc3 Sc1–3 Sc1–3

RV4 70 – 60 – 60 74.3 – 69.9 – 60.0 70 75.2
Ring3 – RSto 70 – 60 – 60 69.9 – 65.4 – 60.0 70 69.9
Ring3 – StoG 70 – 60 – 60 64.3 – 62.1 – 60.0 70 64.3
E18 – day 80 – 60 – 60 75.0 – 72.6 – 60.0 80 76.4
E18 - night and WE 80 – 80 – 60 75.0 – 75.0 – 75.0 80 76.4
RV163 80 – 60 – 60 80.8 – 72.8 – 60.0 80 81.3
of Oslo. During 2013, PM10 daily concentrations exceeded N50 μg m−3

for more than 35 days at several measurement stations in Oslo, the
limit number of days established by European Air Quality Directive.
These exceedences were mainly in spring and occurred on days with
large road dust emissions. Emissions for the year 2013 are generally es-
timated from high resolution input data, that thereafter are aggregated
to a 1 km grid, and combined with time variation functions to result in
emissions at 1 km2 h−1 resolution. The main contributing sectors to
PM and NOx emission and pollution levels aside from traffic are residen-
tial wood combustion (RWC), shipping and off-road machinery.

The emissions in 2013 from RWC, off-road machinery and shipping
are shown in Table 2. RWC is an important contributing source to PM,
whereas shipping and off-road machinery mainly contribute to NOX

emissions. Emissions of PM2.5 and PM10 from RWC (Table 2) were esti-
mated using the MetVed model (Grythe et al., 2019), based on the
wood burning potential at a 250 m grid. Emissions from shipping
were estimated following a bottom-up approach based on the port ac-
tivity registering system (López-Aparicio et al., 2017). Emissions from
non-road mobile machinery in construction, industry and residence
were originally produced by Statistics Norway, spatially distributed at
Table 2
Sectoral emissions of PM2.5, PM10, NOX and CO2. Units: t yr−1 for all components except
CO2 which is expressed in kt yr−1. N/R: not relevant. N/A: not available.

Sector PM2.5 PM10 NOx CO2

Residential wood combustion 872.20 872.20 N/R N/R
Shipping and port activities 18.03 18.03 759.37 56.30
Other sectors (e.g., off-road machinery) 36.33 36.33 733.49 N/A
Traffic emissions non ESL-roads 107 875 N/A N/A
Traffic emissions ESL-roads (Scenario 1) 9.35 84.34 393.54 101.35
Traffic emissions ESL-roads (Scenario 2) 9.16 80.51 393.84 101.67
Traffic emissions ESL-roads (Scenario 3) 8.78 73.85 400.85 101.50
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district level and thereafter gridded at 1 km resolution and updated
based on fuel sales or land use changes (Sundvor, 2014).

Traffic volume and numbers on individual road linkswere simulated
by the regional road trafficmodel RTM23+ (Rekdal and Larsen, 2008), a
version of the Norwegian Regional Transport Model, especially adapted
for the Oslo area. From this model annual average daily traffic (ADT) in
2013was derived on each road link separately for light and heavy vehi-
cles. Emissions for each road segment were calculated on an hourly
basis, using the time variations from hourly vehicle numbers and
speeds, where speed was scaled to each scenario. Emission factors are
then interpolated to the nearest congestion level speeds of HBEFA
(Keller et al., 2017) to account for congestion in exhaust emissions.

In the traffic simulation, the roads with ESL in winter constitute a
length of around 65 km. Although they only make up to 0.2% of the
total road network length, they constitute 14.8% of the total vehicle
kilometres for light duty vehicle traffic (LDV), and just below 18% for
heavy duty vehicle traffic (HDV, including buses), driven on the roads
in the domain. HDV traffic makes up 9.8% of the traffic on these roads.
The months with ESL have 41% of the traffic volume, so the total per-
centage of Oslo's traffic affected by the ESL is 6.1% of vkm in the RTM. Al-
though the RTMmodel parametrizes traffic on small roads, this volume
is indicative of the volume of traffic affected.

The exhaust and non-exhaust emissions from on-road traffic, for the
three scenarios, are estimated based on highly detailed spatio-temporal
data. Exhaust emissions are modelled with HBEFA emission factors
(Keller et al., 2017), which are selected for 325 vehicles subsegments
andmore than 1000different driving situations, and have dependencies
on speed, road-type, slope and congestion.We used the road type “URB
city-MW” (urbanmotorway) speed limit of 60, 70 and 80 kmh−1 for all
the ESL roads shown in Fig. 1. To account for different driving condi-
tions, we related theHBEFA effective driving speeds at different conges-
tion levels to the hourly driving speed and then calculated hourly
emission factors.

The resulting emission factors were then coupled to the vehicle fleet
composed of all vehicles officially registered in Oslo municipality in
2017. Each vehicle subsegment was binned, to form a LDV, HDV and
bus -emission factor based on the relative contribution of each type of
vehicle. The reason for selecting the year 2017 is that the outcome
from this study can be used to decide the further implementation of
ESL. Since the fleet composition has gone through important changes
in Oslo, and in order to support current environmental decisions, we
need to represent the current situation regarding vehicle technology.
The selection of a 2017 fleet composition (rather than a 2013 composi-
tion) will have implications for NOx and to a lesser extent PM2.5 emis-
sions due to the improvement in technology since 2013, but CO2 and
PM10 emissions are less influenced. However, the studded tyre fraction
from 2017 is somewhat lower than that in 2013. This has an impact in
PM10 estimates and it entails a lower estimation of themodelled results.
Based on this, we can say that our setup is a conservative setup.

Non-exhaust emissions and the road dust contribution are esti-
mated with the NORTRIP model, specially developed for Nordic condi-
tions (Denby et al., 2013). NORTRIP calculates the most important
parameters that influence the accumulation of roaddust in the road sur-
face and also calculates themoisture on the road surface that influences
particle suspension. This is done based on input data frommeteorology,
traffic volume and vehicle distribution, roadmaintenance and other pa-
rameters (for more details see Denby et al. (2013)). In the same study a
function was also established to predict traffic speed, with a linear rela-
tionship between traffic volume and speed based on observations in
Oslo. Thus the average speed is sufficient for estimating the total emis-
sions of road dust emissions (Denby and Sundvor, 2012a). In addition to
wear, NORTRIP also has the possibility to include processes such as
sanding, salting and snow removal in addition to cleaning. Exact days
for these activitieswere not available, and theywere therefore set as pe-
riodic occurrences. Cleaning furthermore is set in the model to be par-
tially inefficient as suggested by Denby et al. (2013). This is in
agreement with experimental setups that show that very little of the
particle fraction that is suspendable is actually removed by most
cleaning processes.

2.4. Dispersion modelling and population exposure

In order to evaluate the impact of implementing ESLs on pollution
levels and subsequent population exposure, we use the EPISODE
model (Hamer et al., 2019), an off-line Eulerian dispersion model fre-
quently applied to assess air quality in Norwegian cities (Tarrasón
et al., 2018). Our study focuses on determining PM (PM10 and PM2.5)
pollution levels in 2013 for the three scenarios.

For the EPISODE model, we use as input data the PM2.5 and PM10

emissions previously described for the three scenarios, background con-
centration and meteorology. We use background concentration for
2013 from the MACC project (Marécal et al., 2015) to account for the
concentration of PM transported long-range from outside the domain.
The meteorology used to drive EPISODE is from the interpolation
model MC-WIND (Slørdal and Walker, 2003). This model interpolates
meteorological data obtained from available observations in 2013
from 6 meteorological stations and topographic data to produce wind
and stability fields.

Population exposure is calculated by combining the modelled PM2.5

and PM10 concentration at specific residential addresses with the num-
ber of people registered for each building point. The population data at
the resolution of building point is provided by Statistics Norway. At each
building point, PM2.5 and PM10 levels are obtained from the dispersion
modelling, and the number of people exposed is extracted. In our
study, population exposure is evaluated based on the number of people
exposed to annual PM2.5 and PM10 levels and daily mean PM10.

2.5. Cost-benefit analysis

There are changes in private and social costs associated with a lower
vehicle speed. Increased costs are mainly due to the increased time
spent on the road and a delayed arrival at destination. Benefits are
mainly due to a reduction in health damages associated with noise
and vehicle emissions, as well as a reduced seriousness and frequency
of accidents.Wear of vehicle brakes and tyres, aswell as the driving sur-
face, is also speed dependent. Many of these effects are quantifiable
allowing calculation of associated monetary cost, although quantifica-
tion of others are more challenging. Here, we calculate the changes in
costs associated with key parameters using several approaches. The
key parameters relate to changes in NOx and CO2 emissions, PM10 popu-
lation exposure, fuel consumption, noise exposure, traffic accidents and
time delays. Net economic impacts of the ESLs are subsequently esti-
mated by comparing scenarios with implementation (i.e., Scenarios 2
and 3) with the baseline (Scenario 1). All results are given in 2019
NOK prices for comparison. The total net cost values are also given in
€, considering 1 €=9.86NOK (based on themonthly average exchange
rate in 2019). A summary of all cost factors used in the cost-benefit anal-
ysis is given in the supplementary information.

The changes in social costs associated with air pollution changes be-
tween the scenarios are calculated using the emission inventory, disper-
sion and PM10 exposure modelling as input, and using cost factors
derived for use in Norway. NOx and CO2 emission costs are based on
the quantity emitted, at 416 NOK kg−1 and 508 NOK t−1 (2019 prices),
respectively based on Rødseth et al. (2019). TheNOx damage cost is cal-
culated specifically for Oslo (for NOx deriving from road traffic), and the
CO2 cost is the recommended carbon price for 2019 corresponding to
the CO2 tax of gasoline and diesel (1.18 NOK l−1 and 1.35 NOK l−1, re-
spectively, based on figures from the NorwegianGovernment). Changes
in health costs relating to PM10 exposure are calculated using a summed
marginal cost of 0.738million NOK (MNOK, 2019 prices) per increase in
exposure of 1 μgm−3 for 1000 persons, following the approach outlined
in Rødseth et al. (2019). This value includes mortality and morbidity
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costs. For a detailed overview of the methodology involved in calculat-
ing these cost-factors, their underlying assumptions, and a breakdown
of the types of health damages involved, see Rødseth et al. (2019).

Noise exposure levels are calculated according to the calculation
method Nord2000, with implementation in the Norsty software
(Randeberg and Olsen, 2007; Vegdirektoratet, 2013). The estimates
are made at facade point resolution in the residential areas along the
ESL roads. At each facade, noise levels are estimated at several vertical
points of each building, with the uppermost calculated level defined
for each building as the building's noise level. At each ESL road we set
up a corridor for where noise calculations were done. Annual traffic is
from 2018, whilst the map basis is from 2011, which we consider to
be of minor importance in relation to the 2013 reference year. Calcula-
tions are made for an average day and no account is taken, for example,
of tyre or weather changes. Largely urban, these corridors' residential
buildings cover about 63,800 inhabitants.

The effect of the change in noise between scenarios is quantified as a
reduction in the burden of disease, using disability adjusted life years
(DALYs). In the past, costs of noise exposure were in Norway associated
with willingness to pay, but as the awareness of health effects of expo-
sure to noise has been more understood the costs are now associated
with health effects (Aasvang, 2012). The input to these DALY calcula-
tions is the decibel (dB) reduction to the inhabitants outside the facade
of each building. The procedure for calculating DALY is described in
Aasvang (2012), with the cost of one DALY assumed to equal 1.61
MNOK (2019 prices) (Rødseth et al., 2019).

Changes in fuel consumption are calculated on the basis of the
modelled CO2 emissions, by assuming a CO2 emission ratio of 22% and
78% from gasoline and diesel vehicles respectively. Specific fuel con-
sumption is back-calculated using CO2 emission factors of 3.13 and
3.17 kg CO2 kg−1 fuel, and fuel densities of 0.74 and 0.84 tm−3, for gas-
oline and diesel, respectively (Kittilsen et al., 2018). Associated fuel
costs are calculated using 15.66 and 14.87 NOK/l for gasoline and diesel,
respectively (annual averages for 2019 from Statistics Norway).

Changes in accident prevalence, according to separate categories
with fatalities, serious or slight (minor) injuries, are evaluated using
the exponential model described in Elvik (2019). These are based on
changes in average speed, and allow the expected percentage change
in the types of accident to be calculated. The average accident preva-
lence during winter periods between the years 2007–2018 was derived
using recorded data from The Norwegian National Road Database for
the roads in the study. Due to the small data sample, years with and
without ESLwere combined. The predicted change in accident numbers
with a change in speed for each scenario was then calculated using
model results. Values for the social costs of fatalities, serious injuries
and minor injuries are sourced from Rødseth et al. (2019) as 42.2, 10.8
and 0.7 MNOK (2019 prices), respectively.

Time losses associated with ESLs in Scenarios 2 and 3 are calculated
using the speed data and length of each road to calculate road travel
time, and comparing with Scenario 1. The cost of time losses for each
road per day are thereafter calculated by multiplying time cost factors
together with the ADT, the time losses per journey, and the number of
persons in each type of vehicle. The costs of time losses for light vehicle
and bus trips under 70 km are obtained from SVV (2018) for different
vehicle and transport purpose categories (NOK person−1 h−1), as well
as for trucks (NOK h−1). Transport purposes for light vehicle and bus
trips include service journeys, to and from work, and free-time, whilst
truck trips are not divided by purpose (see Supplementary Material).
Table 3
Fraction of vehicles driving during rush-hours. LDV: light duty vehicles. HDV: heavy duty vehi

Passenger vehicle LC

Category share 78.7% of LDV 21
Rush-hour share 21% of LDV 6%
Non rush-hour share 58% of LDV 16
We have assumed 1.15 persons per light vehicle commuting or in ser-
vice, 1.85 persons per light vehicle in free-time, and 20 persons per
bus (Hjorthol et al., 2014). Costs are converted to 2019 prices based
on the 2016–2019 Norwegian salary change (data from Statistics
Norway).

To enable the time loss calculations of each traffic segment, the ADT
was split into the corresponding vehicle and transport purposes.We as-
sume that 1) all light commercial vehicles (LCVs) are used for service
journeys, 2) to and fromwork trips are duringweekday rush-hours, de-
fined as 06:30–09:00 and15:00–17:00, and 3) free time journeys are for
all times outside of rush-hour and the weekends. For each road, the
hourly time distribution of vehicles was combined with the share of ve-
hicle types to obtain the contribution of light (i.e., passenger vehicles
and LCV) and heavy (i.e., buses and trucks) vehicles to total ADT. The
time distribution of light and heavy vehicle journeys over aweek allows
the calculation of the proportion of journeys that occur during rush-
hour or free time. Weekdays containing rush-hours are identified
from the data due to the bimodal distribution. To allocate journeys in
the light vehicle category to passenger vehicles or LCVs, we used the ve-
hicle registered driving partition which allocates 78.7% of light traffic
volume to passenger vehicles, and 21.3% to LCVs in Oslo. In the same
way, for the HDV category we consider that 26.0% are buses and 74.0%
are trucks (Table 3).When combinedwith theweekly time distribution
data, the resulting fraction of passenger vehicles, LCV, bus and truck
journeys during rush-hour and non-rush hour is given in Table 3.
When considering total cost of time losses per ESL period established
by SVV (2018), time loss costs for all roads are summed to give total
costs per day, and it is assumed there are 151 days in an ESL period. Dis-
comfort associated with congestion is not accounted for here.

3. Results and discussion

3.1. Impact of the ESL on emissions and PM levels

Tables 2 and 4 showNOX, CO2, PM10 and PM2.5 traffic emissions at the
roadswhere ESL is implemented for the three scenarios and the changes
after ESL implementation compared to the baseline, respectively. NOX

and CO2 emissions do not significantly change with ESL implementa-
tion. Compared to Scenario 1, Scenario 2 changes are almost negligible
(0.1% and 0.3%; Table 4), and under a scenario of full compliance to
signed speed limits (Scenario 3), we obtain 1.9% and 0.2% increases of
NOX and CO2 emissions, respectively (Table 4). A similar increase in
NOx emissions with reduction of maximum speed limit has been previ-
ously reported by Bel and Rosell (2013).

The main reason for the modelled small changes in NOx and CO2

emissions is the congestion level. Whereas HBEFA free flow traffic has
higher average emissions for the vehicle fleet at 70 and 80 km h−1

than at 60 km h−1, the speed changes are applied uniformly and affect
rush hour speed the same as for all other time periods. This involves a
shift of rush hour emissions towards higher levels of congestion, there-
fore, increasing emissions. Whether this is realistic is questionable as
rush hour traffic speed, which comprises 27% of light vehicles and 23%
of the heavy vehicles, does not show a discernible difference whether
the speed limit is 60, 70 or 80 km h−1. Also, some studies have
established the effects of reducing speed limit as a measure to increase
capacity and reduce congestion (see review in Soriguera et al. (2017)).

Emissions of PM10 and PM2.5 with the implementation of ESL at ob-
served speeds (Scenario 2) are reduced compared to the baseline by
cles. LCV: light commercial vehicles.

V Bus Truck

.3% of LDV 26.0% of HDV 74% of HDV
of LDV 6% of HDV 17% of HDV
% of LDV 20% of HDV 57% of HDV



Table 4
Changes to selected impacts as a result of implementing ESLs, compared to their absence
(Scenario 1). *Average noise reduction to inhabitant. **Mortality represents the long-term
impact of the number of people who die after a 5-year period 8 years before life expec-
tancy due to cardiovascular and other lung disease. The % reduction in PM levels represent
the maximum reduction (see Fig. 4). Reductions in the table are expressed as - values,
whilst increases are expressed as + values.

Impact type Scenario 2 Scenario 3

Emissions NOx emissions (%) b+1 +2
CO2 emissions (%) b+1 b+1
PM10 emissions (%) −5 −12
PM2.5 emissions (%) −2 −6

Concentration PM2.5 levels (%) b−1 b−1
PM10 −3 −8

Fuel consumption Diesel (l y−1) +93,700 +45,393
Gasoline (l y−1) +30,383 +14,719

Time Travel time (min/journey) +2.0 +6.2
Noise exposure Noise change* (dB y−1) −0.5 −1.1

DALY (DALY y−1) −6.2 −15.6
PM10 exposure Change in (pers. μg m−3 y−1) −38 133 −64 729

Mortality** (no/y) −0.4 −0.6
Accidents Fatality (%) −24.7 −50.9

Major injuries (%) −19.4 −42.8
Minor injuries (%) −13.6 −32.3

7S. Lopez-Aparicio et al. / Science of the Total Environment 720 (2020) 137577
5% and 2%, respectively (Table 4). For Scenario 3, the PM10 and PM2.5

emission reductions are 12 and 6%, respectively (Table 4). These emis-
sion reductions are due to a lower suspension of particles with lower
speed and therefore, the emission reductions are higher for PM10 than
PM2.5 since themass ofwear particles ismainly in the coarse PM fraction
(i.e., PM10−2.5). These results are similar to findings by (Keuken et al.,
2010; Gon¸ calves et al., 2008; Baldasano et al., 2010), when assessing
the effects of reducing maximum speed limit in urban motorways
from 120 to 80 kmh−1 on emissions in the urban area. However, an im-
portant difference in our study is that the use of studded tyres in winter
enhances the wear processes, increasing the material available for sus-
pension, and thus enhancing the effect even though the speed differ-
ence is lower.

Fig. 3 shows daily and monthly PM10 emissions for the three scenar-
ios evaluated in our study. The time variation of emissions shows a clear
seasonality as higher emissions are estimated to occur in spring, from
March to May. In addition, the emission changes among the scenarios
is more pronounced during spring. This supports the purpose of the im-
plementation of the ESL, as it is a measure specially designed to reduce
the daily levels of PM10−2.5. Even though the ESL is implemented only in
Fig. 3. Daily and monthly PM10 emissions for t
winter and the targeted days of reducing emissions at specific seasons,
the annual average is also affected.

Changes in PM10 and PM2.5 concentration levels have been assessed
by comparing the annual mean concentration from air dispersion
modelling for the three scenarios. Traffic exhaust and RWC are the
main sources of PM2.5. Therefore, the differences in annual PM2.5 levels
among the three scenarios are small. The reduction of the annual
PM2.5 levels is estimated to be below 1% for both scenarios with imple-
mentation of ESL (Table 4). Unlike PM2.5, non-exhaust traffic emissions
is the main contributing source to PM10. Fig. 4 shows the annual PM10

concentration in Oslo Metropolitan area (Scenario 1). Annual levels in
2013 (i.e. without implementation of the ESL) are found to be above
40 μg m−3 (i.e., the limit value established by the EU Air Quality Direc-
tive) only at hot-spots associated with road intersections with intense
traffic. In Norway, the limit value for annual PM10 concentrationwas re-
duced in 2015 to 25 μg m−3, and exceedances of the Norwegian annual
limit value are observed on the vicinity of main roads and in Oslo city
centre.

Fig. 4B shows the contribution in percentage from the ESL roads
(shown in Fig. 1) to the annual PM10 concentration. The contribution di-
minishes from 40% close to the roads, as the contribution from other
roads and sources increases over distance from the ESL-roads. Fig. 4C
andD show the percentage change in PM10 annual concentration of sce-
narios 2 and 3 to Scenario 1. Maximum reductions of PM10 levels are 3%
and 8% for scenarios 2 and 3, respectively (Table 4). PM10−2.5 results
were evaluated to establish if the reduction in emissions associated
with the implementation of the ESL is reflected in observation data.
Data was selected from five traffic monitoring station for the spring pe-
riod from 2009 to 2013, when consistent monitoring data is available.
Fig. 5 shows the average PM10−2.5 concentration in spring (March,
April and May) at stations located along the roads with ESL
(i.e., Hjortnes in E18, Manglerud in Ring3-Rsto, RV4 in RV4 and
Smedstad in Ring3-GSto) and one stations located at a road without
ESL (Kirkeveien). The average levels have been split in years without
ESL (NoESL(Years) in Fig. 5, 2013) and with ESL (ESL(Years) in Fig. 5,
2009–2012). Three out of the four stations at the roads with ESL show
a reduction in the PM coarse fraction in spring of 17–28% (Hjortnes,
Manglerud and RV4, Fig. 5) with the implementation of ESL, versus
Kirkeveien without ESL, which does not show changes. The fourth sta-
tion along ESL-road, i.e., Smestad, does not seem to show changes
with ESL. This station is located in Ring3-Gsto (Fig. 1) with high conges-
tion levels. This could explain the lack of effects after the implementa-
tion of ESL.
he three scenarios evaluated in our study.
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The modelling results and the observation data indicate that the im-
plementation of the ESLs is an effective measure to reduce non-exhaust
traffic emissions, and subsequent PM10 pollution levels. These results
are in agreementwith studies carried out in Barcelona according to var-
iable speed based emissions and dispersionmodelling (Gonçalves et al.,
2008; Baldasano et al., 2010), but contrast with studies based on statis-
tical analysis and average speed (Bel and Rosell, 2013). Our work thus
supports the need for appropriate methods to evaluate the effects of re-
ducing speed limit on air pollution levels (Panis et al., 2011). Compari-
sons between the results obtained in scenarios 2 and 3 moreover
indicate the importance of reinforcing compliancewith the ESL towards
an effective reduction of PM10 pollution levels. This aspect was already
highlighted by Keuken et al. (2010), which in their study contributed
to a maximum PM10 emission reduction of 25% reducing speed from
120 to 80 km h−1.

3.2. Population exposure

The changes in population exposure to PM2.5 and PM10 levels are
shown in Fig. 6. The values are estimated as changes under the imple-
mentation of the ESL compared to the baseline (Scenario 1). We have
Fig. 4. Annual (2013)mean PM10 concentration in themodel domainwithout implementation
at roads where ESLs are implemented to annual mean PM10 concentration (top right). Changes
and Scenario 3 (bottom right) compared to Scenario 1. Note that scales in both graphs (bottom
selected for this assessment the changes in population exposure to the
annual mean PM2.5 (Fig. 6A) and PM10 (Fig. 6C) concentrations, and
the changes to daily mean PM10 concentration over two days (Fig. 6B).
The latter one is selected as the implementation of ESLs is a measure
specially designed to reduce daily mean values of PM10.

As previously stated, changes in PM2.5 annual concentration levels
under the implementation of ESL are low, and therefore this is reflected
in small changes in population exposure.When the ESL is implemented
and we consider observed speed, the largest change is observed for an-
nual PM2.5 levels above 14 μg m−3 (as population exposure is reduced
by 49 persons). When drivers fully comply with the ESL, the population
exposure to annual PM2.5 levels above 14 μgm−3 is reduced by 181 per-
sons (Fig. 6). The current Norwegian PM2.5 limit value is established at
15 μg m−3. Therefore the implementation of the ESL will have, even
though low, a positive effect on reducing population exposure to PM2.5

limit values.
The changes in population exposure are more significant when

assessing the PM10 concentration levels, particularly regarding the
daily mean concentration (Fig. 6). In Norway, the limit value is
established at 50 μg m−3 daily mean concentration, not to be exceeded
formore than 30 days. Around 95% of the Oslo population is exposed for
of ESL (Scenario 1) in OsloMetropolitan area (top left). Contribution from traffic emissions
in PM10 annual concentration with the implementation of ESL in Scenario 2 (bottom left)
) are different.
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more than two days to the limit value (i.e., 50 μg m−3) and this share is
the same for all scenarios evaluated in our study, with orwithout imple-
mentation of the ESLs. When evaluating population exposure changes
to different daily levels, the largest changes are estimated to be at high
daily PM10 concentrations, i.e., 65–85 μg m−3 (Fig. 6B). The implemen-
tation of the ESL will reduce population exposure over two days to
PM10 daily values between 65 and 85 μg m−3 by 600–1600 persons
(Fig. 6B). Furthermore, if drivers fully comply with the ESL, the popula-
tion exposure over two days to 65–85 μgm−3 would be further reduced
by 2500 to 3600 persons (Fig. 6B).

The evaluation of population exposure changes to annual mean
PM10 concentration also shows important results. The values are less
significant than those for exposure to daily mean PM10 when compared
with regulatory limits. Around 1% of the Oslo population is exposed to
levels above the Norwegian limit value (i.e., 25 μg m−3) with and with-
out implementation of the ESLs. TheWHO is clear about PM exposure, it
has health impacts even at very low concentration, and therefore, no
threshold has been identified under which no damage to health occurs.
In this study, the implementation of the ESL will reduce population ex-
posure to 15–20 μg m−3 annual mean PM10 concentration by approxi-
mately 2000 persons (Scenario 2), and by 7000–8000 persons under
full compliance with the ESL (Scenario 3; Fig. 6).

For the 63,800 inhabitants in Oslo living in the corridors covered by
our noise calculationswithNORsty, the average reduction in noise to in-
habitants was above 0.5 dB for Scenario 2, and above 1.1 dB for scenario
3. This reduction considers only a reduction for building points which
have the ESL roads as their main source of noise. Whilst these are rela-
tively small changes, this reduction is roughly equivalent to reducing
the traffic volume by 20 and 40% for scenario 2 and 3 respectively.

3.3. Cost-benefit analysis

Changes in costs related to changes in emissions, PM exposure, fuel
consumption, time losses, accidents and noise exposure for the different
ESL scenarios are evaluated and shown in Table 5. An increase in cost
values associated with each parameter (after implementation of ESL)
is shown as a positive value, whereas all benefits are shown as negative
values. As it can be seen, Scenario 2 with ESL and observed speed has a
Fig. 5. Average spring PM10−2.5 concentration measured at stations on roads with ESL (Hjortne
stations can be seen in Fig. 1. The values are split for years with and without ESL.
net benefit, i.e., a reduction in costs compared to the scenario without
ESL (Scenario 1), whilst Scenario 3 with speed limit compliance has a
net increase in costs compared to Scenario 1 (benefit:cost ratio (BCR)
of 1.24 and 0.79, respectively). This is largely due to changes in time
losses between the two ESL scenarios. For Scenario 2, the extra costs as-
sociated with time losses are offset by cost savings mainly relating to a
reduction of PM10 and noise exposure. However, in our analysis of Sce-
nario 3 the costs associated with time losses of one journey, defined
here as travel along all road lengths, are too large to be offset by the re-
duction in health damages and other benefits. A breakdown of the non-
monetary impacts for each parameter, upon which the costs are calcu-
lated, is given in Table 4. The implementation of ESL entails a slight in-
crease in CO2 and NOx emissions, due to the increased congestion, and
an increase in fuel use (calculated based on the CO2 emissions). How-
ever, there is a reduced annual average exposure to PM10 and to noise
for the population surrounding the affected roads, resulting in health
benefits. Reduced speed from ESL implementation further results in
other health benefits due to a reduced calculated accident prevalence.
The percentage reductions in fatal, serious andminor injuries calculated
here for the ESL scenarios are comparable to the reduction in injury ac-
cidents previously calculated by Elvik (2013), and with greatest reduc-
tions in the fatal accident category (Elvik, 2014, 2019). Time losses
summed along all road lengths are around three times higherwith com-
pliance of ESL speed limits.

Our study estimates changes to both private and social costs. We
compare the cost associatedwith time losses, which can bemainly con-
sidered as private, to the social benefits of improving human health
through reducing exposure to air pollution and noise, and the reduction
in traffic accidents. The results of our study support the ‘polluter pays’
principle, which entails that those that produce pollution should bear
the costs associated to prevent the damage on human health and the
environment. Comparing these results with the literature is challenging
due to wide variation in case study scope and methodology. NOEPA
(2014) finds that there is a benefit to implementing ESL in Oslo, which
they deduce is primarily due to the reduction of PM concentrations in
population-dense areas around the ESL due to changes in speed (calcu-
lated BCR of 1.4). Similarly, Cetin et al. (2018) find that there are net
socio-economic benefits with a lower speed limit for the highway in
s, Manglerud, RV4, Smedstad) and at a road without ESL (Kirkeveien). The location of the



Table 5
Changes to costs as a result of implementing ESLs, compared to their absence (Scenario 1).
The values represent totals as MNOK (2019 prices), with net total also given in euro. Ben-
efits (reductions in cost) are expressed as - values,whilst increases to cost are expressed as
+ values. B:C: benefit to cost ratio.

Impact type Scenario 2 Scenario 3

Fuel consumption +1.9 +0.9
Travel time +36.1 +114.7
Health effects (PM exposure) −28.1 −47.8
Health effects (NOx emissions) +0.1 +3.0
Climate (CO2 emissions) +0.1 +0.1
Noise exposure −10.1 −25.1
Traffic accidents −9.2 −20.6
Total net (MNOK) −9.2 +25.4
Total net (M€) −0.93 +2.57
B:C 1.24 0.79

Fig. 6. Changes in population exposure to annual PM2.5 concentration (A), PM10 daily concentration (B) and PM10 concentration (C) in Scenario 2 and Scenario 3 compared to Scenario 1 in
2013. For exposure to PM10 daily levels, we select ≥2 days to the different PM10 levels as selection criteria.
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their study in Turkey (with BCRs for the higher speeds of between 0.50
and 0.66). However, net costs were found by NOEPA (2014) in other
Norwegian cities (Bergen and Trondheim)with lower speeds associated
with ESLs (BCR of 0.3–0.5), and a net costwas also calculated byWestby
and Folgerø (2017) in Oslo. Morichi et al. (2005) also found net benefits
with upgrading of regulated speeds for a highway in Japan (calculated
BCR of 3–4 for their scenarios with the higher speeds). The change in
costs relating to time is found as a general rule to be the largest contrib-
uting factor in all studies, as is found in the study here.

3.4. Uncertainties and sensitivity analysis

Our study builds on a chain of processes from the design of scenarios
of ESL implementation, emission and dispersion modelling, to the esti-
mates of population and noise exposure, time delays and accidents.
Each step entails its own level of confidence, thus the overall total out-
come shares these uncertainties.

The design of the ESL scenarios is constrained by the speed limits,
upon which a uniform change to speed is applied over the ESL period.
This implies a similar reduction in speed during rush hour as at other
times during the day. Rush hour driving speed on these roads is, how-
ever, generally not determined by the speed limit but the traffic density.
With private cars having differentiated costs and prevalence during the
day, the fact that rush hour vehicle speed reduction is probably
overestimated in this time period leads to a likely overestimation of
the cost associated with delay. Furthermore, lowering speed during
congestion increases emissions of NOx and CO2 emissions, meaning
that costs associated with these are likely also overestimated in this
study. With the available data, it was however not possible to estimate
if and how these non-linear responses were affected.

Uncertainties in the overall results therefore relate to both input
data and the cost functions applied, and may result in over- and



Fig. 7.Changes in individual parameter costs (circles), aswell in changes in overall net total costs (black squares),with reductions in speed. Effects of parameter variation (±20%) is shown
as the shaded range. The certainty ranges for the net total results were calculated by varying all parameters by a maximum of 20% in either direction, to identify highest and lowest net
values possible.
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under-estimated individual costs and benefits for various key parame-
ters. Time losses and reductions in health damages from PM10 exposure
represent the largest single extra cost and benefit, respectively, associ-
ated with ESL implementation. Variation in their values can therefore
affect the main result. Time costs calculated here likely represent a
worst-case scenario due to the use of average daily speed for all periods
in calculations. Regarding costs of health impacts, since the ESL mostly
affects the daily PM10 maximum values, it may be that health benefits
relating to PM10 are conservative as the calculations are based on PM10

annual values. Nonetheless, differences in exposure to (and relative ef-
fects) of specific PM fractions (PM2.5, PM10) leads to uncertainty, as well
as possible overlap in health effects from short and long-term exposure
and for damages fromPM andNOx (Henschel et al., 2013). For the latter,
since the modelled change in NOx here is small (with opposite
Table 6
Sensitivity analysis to show the change in benefit:cost ratio (BCR) in Scenario 2 and Scen
bounds are ±20%, respectively. **Maximum and minimum are +20% costs and −20% ben
a net cost (red) or a benefit (green).
magnitude to PM10), this is not likely to significantly affect results. Ex-
cluding short-term health effects from the analysis (regarding PM10 ex-
posure) also did not change the main results.

To indicate the robustness of the study, a sensitivity analysiswas car-
ried out where all cost-factors (shown in Table S1)were varied both in-
dividually and combined, and overall net results compared. No certainty
ranges are available, but in this study conservative and high estimates of
each factor were generated using a 20%margin of error (see Table 6 for
the sensitivity analysis results and Fig. 7 for a visual representation of
the uncertainty ranges). Results show that in general where conserva-
tive or high estimates are used, nomajor changes to net favourability re-
sult. As expected, varying the cost of time has the largest effect on the
result, although the net favourability of main results is unchanged at
the ±20% level. However, when parameters are co-varied, changes in
ario 3 versus Scenario 1 with variation of underlying cost factors. *Lower and upper
efits, and −20% costs and +20% benefits, respectively. Values are shaded to indicate
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net favourability can result.When all parameters for each scenario were
varied by a maximum of 20% in either direction, to identify the net re-
sults with highest costs or highest benefits within these boundaries,
there does exist the possibility of a change in favourability for both sce-
narios. The spread of possible results for Scenario 2 (reflecting the
change in net costs compared to Scenario 1) was calculated as −26 to
8MNOK (BCR of 1.9 to 0.8), whilst the spread of possible results for Sce-
nario 3 was calculated as−17 to 68 MNOK (BCR of 1.2 to 0.5).

4. Conclusions

This study comprises an assessment of the impacts and associated
changes in costs related to the implementation of Environmental
Speed Limits (ESLs) in the Metropolitan Area of Oslo. The effect of
changing the speed on the roads that currently have ESL was studied
with three different speed scenarios.We used emissionmodelling to in-
vestigate changes in emissions. Atmospheric concentrations were
modelledwith dispersionmodelling and combinedwith population ex-
posure at building points, and noise was evaluated based on acoustics
modelling. The differences between scenarios were analysed in an eco-
nomic framework using cost-benefit analysis.

We find that ESLs have low to negligible effects on the emission of
PM2.5, NOx and CO2 at the speeds considered in our scenarios. The sign
of the change is dependent on potential small differences in congestion.
However, PM10 emissions and noise levels are significantly reduced.
PM10 emission reduction occurs primarily betweenMar-May and is con-
nected to the end of the studded tyre and ESL season, when roads,
loaded with road dust, dry up. Stations near ESL roads show an average
reduction in coarse PM in spring of about 16%. This is in agreementwith
the modelled emissions reductions and the changes in modelled atmo-
spheric concentration in spring. The implementation of ESLs has an ef-
fect in reducing modelled annual PM10 emissions on the ESL roads
(5–12%), concentration levels near these roads (3–8%) and, subse-
quently, population exposure to PM10 levels. Likewise, noise levels and
the subsequent exposure are lowered for the time period when ESLs
are in place.

Changes in costs between the scenarios were calculated in relation
to human health and the incidence of traffic accidents, climate, fuel con-
sumption and time losses. Reductions in social costs associated with
population exposure to pollution (PM10) and noise were estimated for
both scenarios 2 and 3 compared with the baseline (Scenario 1). In ad-
dition,we estimate that the implementation of ESL entails a reduction in
the number and seriousness of traffic accidents, with an associated re-
duction in social cost. However, the reduction of speed associated
with ELS implementation entails a delay to travel journeys that has a
high associated cost. Each type of calculated cost has a number of uncer-
tainties attached to it, for instance, resulting from the scenario design
entailing a uniform change to speed over the ESL period or changes in
effects from PM fractions.

In summary, we find that ESLs in Oslo convey a benefit to society
when implemented as a measure to reduce air pollution (with reduced
population exposure to PM levels, noise exposure and traffic accidents).
However, the cost associated with time delays is not always offset by
these benefits. Our study shows a benefit (net reduction in costs) asso-
ciated with the implementation of ESLs where observed speed data
from Oslo during ESL periods is used. However, when modelling a the-
oretical scenario with strict compliance with ESL speed-limits, we find
a net increase in costs resulting from ESL use. This difference in net out-
come is due to the cost of time losses more than the increase in social
benefits. When all parameters for each scenario were varied by a max-
imum of 20% in either direction, to identify the net results with highest
costs or highest benefits within these boundaries, the possibility exists
of a change in favourability for both scenarios. Results are specific to
Oslo, since previous studies have demonstrated the importance of eval-
uating the effectiveness of ESL measures to e.g. PM10 population expo-
sure on a case-by-case basis NOEPA (2014).
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137577.
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