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Abstract
Pavement conditions significantly influence the generation of nuisances that influence the environment
and induces costs borne by society. This paper presents a new tool designed to monetize and incorporate
environmental impacts in decision-making processes. The Pavement Environmental Impact Model
(PEIM) is the first attempt to adapt the Impact Pathway Approach (IPA) to assess the emission,
dispersion, and impacts of noise, air pollution, and greenhouse gases so that environmental impacts can be
included in the economic model of pavement management units. Results of a simulation performed with
PEIM for an urban collector road with an annual average daily traffic of 10,000 vehicles per day and a
linear density of 240 people per kilometer show that, within the assumptions/limitations of PEIM,
environmental costs were expected to range from 876,000 to 1,983,000 Canadian dollars per kilometer
per year for pavement roughness ranging from 1 to 4 m/km. Moreover, although noise cost is consistently
disregarded in pavement management, it was expected to represent 54% of the total environmental cost
when pavement roughness was above 1.75 m/km. Results demonstrate that PEIM is a suitable tool to
roughly estimate environmental costs and to help pavement management units choose the optimal
alternative of management.
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Introduction
Road traffic is recognized as a major source of environmental nuisances, such as noise (World Health
Organization (WHO) 2011), air pollution (WHO 2013), and greenhouse gases (Environmental Protection
Agency 2012). These nuisances significantly and adversely influence the environment in the long term
and, consequently, the sustainable development of our society. Because pavement characteristics have a
significant influence on the generation of environmental nuisances (Santero and Horvath 2009; Zhang et
al. 2010), road agencies are expected to incorporate environmental concerns in their decision-making
processes to improve the sustainability of the pavement network.
Over the past two decades, several studies addressing the link between environmental impacts and road
traffic have provided techniques and tools to help road agencies account for social and environmental
concerns. Two main methods arose from these studies. First, life cycle assessment (LCA), which is not
specific to transportation, is a typical method to integrate environmental concerns (Santero et al. 2011).
Second, life cycle cost analysis (LCCA), which is widely used by road agencies, represents a suitable
framework for integration of sustainability concerns in pavement management (Ozbay et al. 2004).
However, most LCA and LCCA applications ignore environmental impacts that occur during the use
phase of a pavement’s life cycle, such as environmental impacts caused by road traffic, although this is by
far the longest phase of a pavement’s life cycle (Chan et al. 2008; Gosse et al. 2013; Santero et al. 2011).
Zhang et al. (2013) recently integrated LCA and LCCA into a single tool to establish environmental
impacts occurring during the use phase. However, environmental impacts included in their study are
limited to global warming and air pollutant effects on human health and the corresponding environmental
costs are roughly estimated with respect to the unit damage cost of each pollutant. Based on LCCA and
Impact Pathway Approach (IPA) principles, the conceptual model developed by Pellecuer (2014), shows
that current knowledge is available from different research fields for integration into a comprehensive
practical tool suitable for pavement management units.
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Thus, the purpose of this study is to develop a new tool for assessment of environmental costs. Based on
the conceptual model of Pellecuer (2014), this tool assesses the annual environmental impact during the
use phase of a pavement’s life cycle and estimates the associated costs. This tool, referred to as the
Pavement Environmental Impact Model (PEIM), is intended to assess environmental nuisance emission,
dispersion, and impacts, and also to assign an economic value to these impacts that can be used in LCCA.
The following section presents the model’s architecture and describes how pavement characteristics
influence environmental impacts related to atmospheric emissions and noise. The model is then evaluated
using a sensitivity analysis and the results of a case study. The paper concludes with a discussion of the
results and an assessment of the potential and limits of PEIM.

Model description

Model architecture
PEIM is designed to appraise the economic value of annual environmental impacts due to traffic on a road
section. PEIM integrates current scientific knowledge to estimate environmental nuisance generation and
dispersion as well as to quantify and monetize the resulting environmental impacts. A graph of the PEIM
architecture including the links between the inputs required to run the model, modules that compose the
model, and outputs provided by the model is presented in Fig. 1.
Four types of input are required to run the model: traffic data, climate data, receptor data, and road data.
In order to ensure wide suitability to pavement management units, the required data is easily accessible or
can be easily estimated. Traffic data comprises annual average daily traffic (AADT), cumulative traffic
volume, percentage of heavy vehicles, and average vehicle speed. Receptor data includes the distance
from the receptor to the road and the linear population density along the road section. Climate data is
limited to average wind velocity and direction. Road data encompasses geometric data typically available
at road agencies (length of the road section as well as width and number of traffic lanes) and pavement
characteristics that are usually monitored by pavement management units (pavement roughness, texture,
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deflection, and surface age). Distresses such as cracking and potholes are also part of road data and are
usually monitored by pavement management units. Such distresses are expected to influence the intensity
of environmental nuisances and the resulting environmental impacts. However, they are not considered in
PEIM because of the lack of scientific knowledge on the link between the severity of pavement distresses
and the intensity of environmental nuisances.
Based partially on the IPA, PEIM consists of four modules describing the impact pathways of noise and
atmospheric emissions from the generation and dispersion of these nuisances, and the quantification and
valuation of the associated impacts.
The atmospheric emission module computes the fuel consumption of vehicles travelling on the studied
road section, the associated amount of chemicals released into the atmosphere, and the concentration of
air pollutants at the receptor location.
The noise module computes the noise energy emitted from road traffic and the resulting noise level at the
receptor location.
The health module estimates the human health damage from air pollution and noise on receptors with
concentration- and exposure-response functions, respectively, which establish the relationship between air
pollutant concentration and noise level, and the number and severity of health cases.
The valuation module assigns an economic value to each of the health cases determined by the health
module and to each amount of atmospheric emission estimated by the atmospheric emission module that
causes environmental impacts other than human health effects (e.g., global warming and building
damage). This last economic valuation is performed with exposure-response and exposure-cost functions
that describe the relationship between the amount of chemicals released into the atmosphere and the
associated environmental impacts and costs.
Given that PEIM aims to compare pavement management alternatives, the assessment of environmental
impacts due to controlled intersections, congestion, change in road grade, road alignment, vehicle load
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and condition, and driving style are out of the scope of this study. This implies that both engine and
vehicle speeds are assumed to remain constant, and consequently, changes in the generation of
environmental nuisances are assumed to be solely due to changes in pavement characteristics and surface
conditions. As mentioned above, pavement surface conditions are estimated based on pavement
roughness and do not include distresses such as cracking and potholes. Thus, pavement roughness is
assumed to adequately represent the pavement condition.
The main output of PEIM is the total annual environmental cost of a road section (in CA$2000). However,
detailed environmental costs may be obtained for noise and atmospheric emissions (e.g., noise annoyance
costs and global warming costs). In addition, intermediate outputs may be extracted from the noise
module (e.g., noise level at the receptor location), the atmospheric emission module (annual amount of
CO2 emitted), and the health module (e.g., number of myocardial infarction).
The area of application of PEIM is limited by the assumptions described above and by the uncertainties
pertaining to the model and the values of parameters. These limitations and the related impact they have
on the model outputs are listed in Table 1.

Atmospheric emissions
Atmospheric emissions caused mainly by fuel combustion (Bennett and Greenwood 2001) by traffic
cause different types of adverse impacts on the environment (e.g., health damages and biodiversity loss).
Thus, to assess the environmental impacts of atmospheric emissions, PEIM computes the fuel
consumption and estimates the amount of chemicals released into the atmosphere based on the fuel
combustion reaction. Then, regarding human health effects, PEIM estimates the concentration of air
pollutants at receptors’ location, determines the nature and severity of the impacts with concentrationresponse functions that provide the number of the different health cases, and assigns an appropriate
economic value to each health case. Regarding effects other than those on human health, an exposure-cost
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function is directly applied to the amount of chemicals released into the atmosphere to estimate the cost of
atmospheric emissions.

Fuel consumption and atmospheric emissions
Fuel consumption is required mainly to overcome traction forces, including rolling resistance that is
caused by pavement characteristics. Rolling resistance for vehicle class i on road section s (𝐹𝑟𝑖,𝑠 ) is given
by Eqs. (1)–(2) as presented in Bennett and Greenwood (2001) and calibrated by Chatti and Zaabar
(2012) for US conditions.
2
𝐹𝑟𝑖,𝑠 = 𝐶𝑅2𝑖,𝑠 ∗ 𝐹𝐶𝐿𝐼𝑀 ∗ (𝑏11𝑖 ∗ 𝑁𝑤𝑖 + 𝐶𝑅1𝑖 ∗ (𝑏12𝑖 ∗ 𝑀𝑖 + 𝑏13𝑖 ∗ 𝑣𝑖,𝑠
)) [N]

(1)

𝐶𝑅2𝑖,𝑠 = 𝐾𝑐𝑟2𝑖 ∗ (𝑎0𝑖 + 𝑎1𝑖 ∗ 𝑇𝑑𝑠𝑝𝑠 + 𝑎2𝑖 ∗ 𝐼𝑅𝐼𝑠 + 𝑎3𝑖 ∗ 𝐷𝐸𝐹𝑠 )

(2)

where 𝐶𝑅2𝑖,𝑠 is the rolling resistance factor for vehicle class i on road section s, 𝐹𝐶𝐿𝐼𝑀 is a climatic
factor related to the percentage of driving on snow or wet surfaces, 𝑏11𝑖 to 𝑏13𝑖 are rolling resistance
parameters for vehicle class i, 𝑁𝑤𝑖 is the number of wheels for vehicle class i, 𝐶𝑅1𝑖 is the rolling
resistance tire factor for vehicle class i, 𝑀𝑖 is the mass of vehicle class i (tons), 𝑣𝑖,𝑠 is the vehicle speed on
road section s (m/s), 𝐾𝑐𝑟2𝑖 is the calibration factor for vehicle class i, 𝑎0𝑖 to 𝑎3𝑖 are rolling resistance
coefficients for vehicle class i, 𝑇𝑑𝑠𝑝𝑠 is the texture depth of road section s obtained from the sand patch
method (mm), 𝐼𝑅𝐼𝑠 is the roughness of road section s (m/km), and 𝐷𝐸𝐹𝑠 is the Benkelman Beam rebound
deflection of road section s (mm). For the purpose of this study, it is assumed that the pavement is always
dry; therefore, the value of the variable 𝐹𝐶𝐿𝐼𝑀 is set to 1.
Fuel consumption for vehicle class i on road section s (FCi,s ) is modeled by the HDM-4 equation that has
been calibrated by Chatti and Zaabar (2012) for US conditions:
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FCi,s =10
∗ (max (αi ,ξi,s ∗ (Ptri,s +Pengaccsi,s )))
v
i,s
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[mL/km]

(3)

where vi,s is the speed of vehicle class i on road section s (m/s), αi is the fuel consumption at idling for
vehicle class i (mL/s), ξi,s is the engine efficiency for vehicle class i on road section s (mL/kW/s), Ptri,s is
the power required by vehicle class i on road section s to overcome traction forces calculated with Eq. (1)
(kW), and Pengaccsi,s is the power required by vehicle class i to overcome internal engine friction and to
support engine accessories on road section s (kW). Equations providing ξi,s as well as Ptri,s and Pengaccsi,s
are given in Chatti and Zaabar (2012).
Several atmospheric emissions from vehicle fuel combustion adversely impact the environment.
Therefore, quantifying these emissions is crucial in assessing their impact on the environment.
Estimations of the emission of hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides (NOx), sulfur
dioxide (SO2), and particulate matter with a diameter of 10 µm or less (PM10) are based on Eq. (4) and
presented in Bennett and Greenwood (2001). Carbon dioxide (CO2) emissions are inferred from other
emissions by using the chemical equation based on carbon balance presented in Journard et al. (2007).
The emission of particulate matter with a diameter of 2.5 µm or less (PM2.5) is inferred from the PM10
emission, assuming that the ratio PM2.5/PM10 equals 0.6 (Agence française de sécurité sanitaire
environnementale (AFSSE) 2004).
𝑇𝑃𝐸𝑖,𝑗,𝑠 = 𝐸𝑂𝐸𝑖,𝑗,𝑠 ∗ 𝐶𝑃𝐹𝑖,𝑗

[g/km]

(4)

where 𝑇𝑃𝐸𝑖,𝑗,𝑠 is tailpipe emission of emission j for vehicle class i on road section s, 𝐸𝑂𝐸𝑖,𝑗,𝑠 is the engine
emission of emission j from vehicle class i on road section s (g/km), which is a function of FCi,s and vi,s
(see Bennett and Greenwood (2001)), and 𝐶𝑃𝐹𝑖,𝑗 is the catalyst pass fraction of emission j from vehicles
of class i as defined in Bennett and Greenwood (2001).
For tailpipe emission, the instantaneous emission rate for vehicle tailpipe emission j on road section s
(𝐸𝑅𝑗,𝑠 ) is given by
1
𝐸𝑅𝑗,𝑠 = 8.64∗10
10 ∗ ∑𝑖 𝑇𝑃𝐸𝑖,𝑗,𝑠 ∗ 𝑎𝑖 ∗ 𝐴𝐴𝐷𝑇𝑠
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[µg/s/km]

(5)

where 𝐴𝐴𝐷𝑇𝑠 is the annual average daily traffic on road section s, 𝑎𝑖 is the proportion of vehicle class i in
the annual average daily traffic, and the factor of 8.64*1010 is a conversion factor (from g/day/km to
µg/s/km).

Atmospheric emissions dispersion
Because environmental impacts assessed in this study are either local or global, atmospheric emissions
are split into two classes: short range emissions encompassing local and regional atmospheric emissions
(e.g., particulate matter) and long range emissions (e.g., greenhouse gases). The severity of the impacts
due to short range emissions depends on the concentration of the emission at the receptor location, while
the severity of the impacts due to long range emissions depends on the global concentration of the gases.
Therefore, estimation of emissions dispersion is only required for short range emissions.
Given that road traffic is a continuous linear source, dispersion of short range emissions may be assessed
by considering plume dispersion modeling as explained in Hanna et al. (1982). Eq. (6) provides the
additional concentration of emission j due to traffic on road section s at receptor location (𝐶𝑗,𝑠 (𝑥 𝑒𝑓𝑓 ))
(Venkatram and Horst 2006).
𝐶𝑗,𝑠 (𝑥 𝑒𝑓𝑓 ) = √𝜋2 ∗

𝐸𝑅𝑗,𝑠 ∗103
𝑈𝑠 ∗cos 𝜃𝑠 ∗𝜎𝑍𝑠 (𝑥 𝑒𝑓𝑓 )

[µg/m3]

(6)

where 𝑥 𝑒𝑓𝑓 is the effective downwind distance from the receptor to the road (m). 𝐸𝑅𝑗,𝑠 is the emission
rate of emission j from road section s (µg/s/km), 𝑈𝑠 is the average wind velocity on road section s (m/s),
𝜃𝑠 is the angle to the normal of road section s at which wind blows, and 𝜎𝑍𝑠 (𝑥𝑒𝑓𝑓 ) is the vertical
dispersion parameter as defined by Hanna et al. (1982):
𝜎𝑍𝑠 (𝑥 𝑒𝑓𝑓 ) = 0.14 ∗ (1 + 0.0003 ∗ 𝑥 𝑒𝑓𝑓 )−1/2
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[m]

(7)

Impacts quantification
Atmospheric emissions impact human welfare (Kunzli et al. 2000), ecosystems (Bignal et al. 2007),
buildings and infrastructure (Rabl and Spadaro 1999), and crops (van Essen et al. 2011). Because the field
of human health has attracted major research efforts, the relationship between the level of air pollution
and human health is well understood and quantified. Health impacts associated with air pollution
encompass the following health outcomes: mortality, respiratory hospital admission, cardiac hospital
admission, cardiac emergency visit, restricted activity day, asthma symptom day, acute respiratory
symptom day, adult bronchitis case, and child bronchitis case (Feng and Yang 2012; Kunzli et al. 2000;
Ostro 1994).
In order to quantify these health impacts, it is necessary to compute the number of annual additional cases
due to air pollution. The number of annual additional cases 𝑁𝑗,𝑠,ℎ for health outcome h due to trafficinduced atmospheric emissions j from road section s is assessed with Eq. (8). This equation is modified
from Kunzli et al. (2000).
𝑁𝑗,𝑠,ℎ = 𝐶𝑅𝐹𝑗,ℎ ∗ 𝐶𝑗,𝑠 ∗ 𝑁ℎ ∗ 𝑃𝑠

(8)

where 𝐶𝑅𝐹𝑗,ℎ is the concentration-response function, that is, the relative risk for health outcome h
associated with an increase by one unit of the concentration of emission j (µg-1.m3), 𝑁ℎ is the base number
of cases for health outcome h per person per year, 𝑃𝑠 is the population exposed to traffic emissions from
road section s.
Effects of different emissions may not be fully independent from one another, and therefore, summing up
the number of cases due to each emission may lead to double counting in some cases. To avoid
overestimation, we chose to calculate the total number of cases for health outcome h due to all trafficinduced atmospheric emissions from road section s as the number of cases due to the most adverse
emissions (see Eq. (9)). Thus, this approach is conservative because it may neglect some cases due to less
adverse emissions.
9

𝑁𝑠,ℎ = max(𝑁𝑗,𝑠,ℎ )
𝑗

(9)

Eqs. (8)–(9) should only be used when emissions feature reliable concentration-response functions. This
is the case for PM10 and PM2.5. Other emissions, such as greenhouse gases, sulfur dioxide (SO2), and
ozone (O3), may also significantly impact human health. However, when no impact pathway is available,
no reliable concentration-response function is available to quantify the impact of these emissions. The
severity of their impact is thus directly measured in economic value, with exposure-cost functions.
Additionally, the impact pathway leading to receptors that are not related to human welfare (e.g.,
deterioration of adjacent buildings and infrastructures as well as ecosystems) are poorly described in
literature. Thus, direct exposure-cost functions are used to assess the costs related to these impacts.
Finally, atmospheric emissions have detrimental effects on crop production mainly due to ozone (Tong et
al. 2007). However, because ozone chemistry is difficult to assess spatially and temporally in the context
of pavement management, atmospheric emission impacts on crops are not considered in PEIM.

Impacts monetization
The economic value associated with impacts of atmospheric emissions due to road traffic 𝑉𝑠 is calculated
using Eq. (10). 𝑉𝑠 is the sum of the cost associated with health impacts, global warming, biodiversity loss,
and building facade soiling and erosion. Health costs include treatment costs, productivity loss costs, and
inconvenience costs; global warming costs are those related to damages caused by global warming;
biodiversity loss costs are estimated as the damage or restoration costs of the loss; and building damage
costs are building facade cleaning and renovation costs.
𝑉𝑠 = ∑ℎ 𝑈𝑉ℎ ∗ 𝑁𝑠,ℎ + 𝑈𝑉𝐶𝑂2 𝑒𝑞𝑢 ∗ 31.536 ∗ 𝐸𝑅𝐶𝑂2 𝑒𝑞𝑢 ,𝑠 ∗ 𝐿𝑠
(10)
+ ∑𝑗 𝑈𝑉𝐵𝐿𝑗 ∗ 𝐶𝑗,𝑠 + 𝑈𝑉𝐵𝐷𝑃𝑀 ∗ 31.536 ∗ 𝐸𝑅𝑃𝑀,𝑠 ∗ 𝐿𝑠 [CA$2000]
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where 𝑈𝑉ℎ is the economic value for one case of health outcome h (CA$2000/case), 𝑈𝑉𝐶𝑂2 𝑒𝑞𝑢 is the
economic value of an additional gram of 𝐶𝑂2 𝑒𝑞𝑢 (CA$2000/g), 𝐸𝑅𝐶𝑂2 𝑒𝑞𝑢 ,𝑠 is the emission rate of carbon
dioxide (CO2) on road section s (µg/s/km), 𝐿𝑠 is the length of road section s (km), 𝑈𝑉𝐵𝐿𝑗 is the economic
value of biodiversity loss due to change in the concentration of emission j per ton of emission j
(CA$2000/ton), 𝑈𝑉𝐵𝐷𝑃𝑀 is the economic value of building damage due to change in the concentration of
particulate matter (PM) per ton of PM (CA$2000/ton), 𝐸𝑅𝑃𝑀,𝑠 is the emission rate of PM on road section s
(µg/s/km), and the factors of 31.536 are conversion factors (from µg/s/km to g/year/km).
The economic value associated with health effects corresponds to the sum of treatment costs, which are
observed market costs. The economic value associated with carbon dioxide is based on the social cost of
carbon, which is an estimate of damages caused by carbon dioxide emissions or, conversely, the benefit
of reducing those emissions. This value depends on the climate sensitivity to carbon dioxide
concentration, the level of climate damages expected at low temperatures, the level of damages at high
temperatures, and the discount rate (Ackerman and Stanton 2012). The economic value associated with
biodiversity loss is based on the restoration cost of the ecosystem influenced by the atmospheric
emissions from road traffic. The economic value associated with building damage is inferred from the
observed cleaning and renovation expenditure.

Noise
Noise is a major source of environmental impacts in urban areas. According to WHO (1999), noise
influences human welfare in both short term (e.g., sleep disturbance) and long term (e.g., cardiovascular
diseases) at a degree that depends on the noise level. To assess the nature and severity of noise impacts,
PEIM first computes the noise energy emitted by traffic and estimates the noise level at the receptor
location. Then, the dose-response functions used by PEIM provide the number of annoyed people and the
number of health cases due to the estimated noise level. Finally, the value of noise impacts is estimated by
assigning an appropriate economic value to each annoyed person and each health case.
11

Emission of sound energy
The noise module is partly based on the Federal Highway Administration’s traffic noise model (TNM).
TNM is based on sound energy calculation, for different vehicle classes and different pavement types, in
one-third-octave bands (Menge et al. 1998). PEIM is based on version 2.1 of the TNM instead of the
subsequent versions because the earlier version has been reported to provide better results than the later
versions (Li 2005).
The sound energy associated with a vehicle from vehicle class i travelling on road section s is calculated
using
𝐸0𝑖,𝑠 = 𝐸𝑒𝑚𝑖𝑠,𝑖,𝑢𝑝𝑝𝑒𝑟,𝑓𝑓 + 𝐸𝑒𝑚𝑖𝑠,𝑖,𝑙𝑜𝑤𝑒𝑟,𝑓𝑓

[J]

(11)

where 𝐸𝑒𝑚𝑖𝑠,𝑖,𝑢𝑝𝑝𝑒𝑟,𝑓𝑓 and 𝐸𝑒𝑚𝑖𝑠,𝑖,𝑙𝑜𝑤𝑒𝑟,𝑓𝑓 are the sound energies emitted from the upper and lower
subsources of vehicle class i travelling on road section s without intervening ground (Menge et al. 1998).
TNM takes into account the change in noise emission due to a change in pavement type but not to
pavement aging. To overcome this shortcoming, Eq. (12) incorporates an adjustment factor developed by
Bendtsen et al. (2009). The adjustment factor is calculated as in Eq. (13).
∆𝐿𝑠

𝐸𝑖,𝑠 = 𝐸0𝑖,𝑠 + 10 10
∆𝐿𝑠 = 0.25 ∗ ∆𝐿𝐴 ∗ 𝐴𝑠 +

(12)

[J]

0.75∗∆𝐿𝐶𝑇𝑉 ∗CTV𝑠
106 ∗𝑁𝑠

[J]

(13)

where ∆𝐿𝑠 is the increase in noise due to pavement aging for road section s, as developed in Bendtsen et
al. (2009); ∆𝐿𝐴 is the age component of noise level increase (dBA/year); 𝐴𝑠 is the age of the pavement
(year); ∆𝐿𝐶𝑇𝑉 is the traffic component of noise level increase (dBA/106 vehicles); CTV𝑠 is the cumulative
traffic volume on road section s; 𝑁𝑠 is the number of lanes on road section s.
Because noise level variations during a day may impact the calculation of the noise level indicator, the
total sound energy from overall traffic on road section s is first calculated for the kth hour of the day using
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𝑇𝐸𝑠,𝑘 = ∑𝑖 0.0476 ∗ 𝐸𝑖,𝑠 ∗

𝑎𝑖 ∗𝑏𝑘 ∗𝐴𝐴𝐷𝑇𝑠
𝑣𝑖

[J]

(14)

where 𝑏𝑘 is the proportion of the annual average daily traffic for the kth hour of the day. The factor of
0.0476 takes into account the relationship between the maximum instantaneous sound energy for a single
vehicle and the time-average sound energy for a stream of traffic, as explained in Menge et al. (1998).
The noise level at the source for the kth hour of the day on road section s is then estimated for a
hypothetical location 15 m from the road, without any influence of intervening ground, using
𝐿0𝑠,𝑘 = 10 ∗ log(𝑇𝐸𝑠,𝑘 )

[dBA]

(15)

Propagation of traffic noise
Assuming that no object interferes with sound propagation, sound energy declines with increase in the
distance between receptor and emitter, as it is attenuated by absorption by the atmosphere and ground. Eq.
(16) adjusts the noise level provided by Eq. (15) to take into account the distance between dwellings and
the road as well as the ground characteristics.
15 1+∝

𝐿𝑠,𝑘 (𝑥) = 𝐿0𝑠,𝑘 + 10 ∗ log ( 𝑥 )

[dBA]

(16)

where 𝑥 is the distance from the receptor to the centerline of the road (m), and ∝ is a ground absorption
effect parameter. In Eq. (16), the receptor is assumed to be close enough to the road so that the road
section length appears as infinite from the receptor position (i.e., 𝑥 ≪ 𝐿𝑠 ).

Impacts quantification
Traffic noise only influences ecosystems and human welfare. However, because of the lack of studies on
the impact of noise on ecosystems, this study limits noise impacts to those influencing human welfare.
Impacts of traffic noise on human welfare are twofold: health effects and annoyance.
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According to Staatsen et al. (2004) and Davies and Kamp (2012), traffic noise significantly influences the
following main health outcomes: myocardial infarction (which may lead to early death, days in hospital,
days absent from work, and cases of morbidity), angina pectoris (which may lead to days in hospital, days
absent from work, and days of morbidity), and hypertension (which may lead to days in hospital).
Because the Lden noise level is commonly used in health impact assessment of noise, the quantification of
the severity of traffic noise impact on the above health outcomes is based on Lden. Lden is a noise indicator
computed as an average of the noise emitted during three different periods (day, evening, and night), with
penalties for evening and night periods. Distinguishing these periods allows for consideration of the
difference in sensitivity to noise during each of the periods (see Eq. 17). Then, the number of cases for
each health outcome h occurring along road section s (𝑁𝑠,ℎ ) is calculated from Lden using Eq. (18).
∑24
𝑘=1(10

𝐿𝑑𝑒𝑛𝑠 (𝑥) = 10 ∗ log (

𝐿𝑠,𝑘 (𝑥)+𝑃𝑑𝑒𝑛
𝑘
10
)

24

𝑁𝑠,ℎ = 𝑎ℎ ∗ (𝐿𝑑𝑒𝑛𝑠 − 𝑏ℎ ) ∗

)

(17)
[dBA]

𝑃𝑠
1000

(18)

where 𝑃𝑑𝑒𝑛 𝑘 is the penalty for the kth hour of the day; 𝑎ℎ and 𝑏ℎ are parameters taken from Staatsen et al.
(2004), for each health outcome h; and 𝑃𝑠 is the population exposed to traffic noise from road section s.
Annoyance severity related to traffic noise is usually expressed as the percentage of people lightly
annoyed, annoyed, and highly annoyed (Miedema and Oudshoorn 2001). These percentages are assessed
using
3

2

𝑋𝐴𝑠 = 𝑎𝑋𝐴 ∗ (𝐿𝑑𝑒𝑛𝑠 − 𝐿𝑋𝐴 ) + 𝑏𝑋𝐴 ∗ (𝐿𝑑𝑒𝑛𝑠 − 𝐿𝑋𝐴 ) + 𝑐𝑋𝐴 ∗ (𝐿𝑑𝑒𝑛𝑠 − 𝐿𝑋𝐴 ) [%]

(19)

where 𝑋𝐴𝑠 is alternatively the percentage of lightly annoyed, annoyed, and highly annoyed people
because of traffic noise; 𝑎𝑋𝐴 , 𝑏𝑋𝐴 , 𝑐𝑋𝐴 , and 𝐿𝑋𝐴 are parameters taken from Miedema and Oudshoorn
(2001).
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Impacts monetization
Monetization of health effects and annoyance due to traffic noise is performed using
𝑉𝑠 = ∑ℎ 𝑈𝑉ℎ ∗ 𝑁𝑠,ℎ + 𝛿 ∗ ∑𝑋𝐴 𝑈𝑉𝐴𝑋𝐴 ∗ 𝑋𝐴𝑠

[CA$2000]

(20)

where 𝑈𝑉ℎ is the economic value for one case of health outcome h (CA$2000/case); 𝑈𝑉𝐴𝑋𝐴 is the
economic value for one person alternatively lightly annoyed, annoyed, and highly annoyed per year
(CA$2000/year); and 𝛿 is a coefficient equal to 0 when 𝐿𝑑𝑒𝑛𝑠 is superior to 70dBA and to 1 otherwise, and
which is applied in order to avoid the double counting of costs related to annoyance.
The economic value associated with health effects corresponds to the sum of treatment costs, which are
observed market costs. The economic values associated with annoyance are estimated based on stated
preference methods, because these three impacts are not closely related to real market costs. Stated
preference methods rely on surveys from which investigators infer willingness to pay and willingness to
accept compensation (i.e., how much people would pay or what payment people would expect to receive,
in order to avoid or accept a particular impact, respectively). A detailed presentation of these methods is
found in Pearce et al. (2006).

Simulation scenario
PEIM was applied to a hypothetical 1 km long collector road section located in a densely populated
residential urban area of the province of Quebec, Canada. Parameterization of PEIM was performed to
adapt the four constituting modules to the context of Quebec. However, regarding vehicle fleet
characteristics (e.g., vehicle technology), relative risk estimation (e.g., cardiovascular risk), and costs
related to some environmental impacts (e.g., cost of one ton of CO2), parameter values were taken directly
from literature. The parameters values are described in Table 2.
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On the contrary, in order to be representative of an urban collector road, traffic characteristics, namely,
annual average daily traffic, vehicle speed, and percentage of heavy vehicles, were set to 10,000 vehicles,
50 km/h, and 5%, respectively.
Regarding variables describing pavement characteristics, pavement texture depth obtained from the sand
patch method was set to the average value of 1.15 mm as measured by the Quebec Ministry of
Transportation (MTQ, personal communication, 2013), and the Benkelman Beam rebound deflection was
assumed to be equal to 0 because the collector featured a low percentage of heavy vehicles. For a given
pavement structure, functional class, and traffic level, the relationship between pavement age and
International Roughness index (IRI) can be estimated with deterioration models from MTQ (personal
communication, 2013). For our simulation scenario, that is, an urban collector road carrying an AADT of
more than 4000 vehicles and paved with a new dense-graded asphalt concrete, IRI is estimated using
𝐼𝑅𝐼 = 1 + 0.15 ∗ 𝑎𝑔𝑒

[m/km]

(21)

Climatic and receptor characteristics followed these assumptions: the average wind direction was normal
to the road and the average wind velocity was equal to 1 m/s; because the road section was in a densely
populated area, the linear population density was established at 240 people/km, and the distance between
the facade of houses and the road was set to 5 m.

Results

Sensitivity analysis
The severity and costs of environmental impacts caused by pavement management are influenced by
parameters on which pavement management units have no control. Most of these parameters may be
classified into two main classes: one class related to traffic (i.e., traffic volume, vehicle speed, and
percentage of heavy vehicles) and another related to receptors (i.e., distance from the receptors to the road
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and density of receptors). The value of these parameters varies with time, is influenced by uncertainty,
and requires a sensitivity analysis to be performed on the influential traffic and receptor parameters.

Sensitivity of environmental nuisance indicators
Equivalent noise level as well as pollutant and greenhouse gas emissions are widely used indicators of
assessment midpoint in impact assessment studies related to environmental noise level, air quality, and
global warming (Ackerman and Stanton 2012; Cucurachi et al. 2012; Kunzli et al. 2000). In order to use
comparable indicators, the amount of emitted PM2.5, Lden, and the amount of emitted CO2 were used to
assess the environmental nuisances simulated by PEIM.
Sensitivity analysis was performed by changing the value of the vehicle speed, traffic volume, percentage
of heavy vehicles, and distance from receptor to road, one at a time while keeping all other parameters at
their base values. Fig. 2 presents the change in percent of Lden, PM2.5, and CO2 emissions relative to their
base values. Sensitivity to the density of receptors is not included in Fig. 2 because this parameter is not
involved in the calculation of these outputs.
On first sight, irrespective of the parameter under consideration, the responses of Lden, PM2.5, and CO2
showed dissimilar behaviors. This was because they depend on radically different processes. Lden depends
on noise emission at pavement-tire interface, which is a mechanical process, whereas PM2.5 and CO2
emissions depend on fuel consumption, which involves both mechanical and chemical processes.
Three conclusions may be drawn from the sensitivity analysis to vehicle speed. First, vehicle speed
influenced Lden almost linearly: the higher the vehicle speed, the higher was Lden (Fig. 2(a)). Because Lden
is a combination of traffic noise levels at each hour of the day, the pseudo-linearity of the curve was
consistent with the relationship between the instantaneous vehicle speed and the instantaneous vehicle
noise level under cruising conditions as illustrated in Menge et al. (1998). At high speed, the increased
friction at the pavement-tire interface induces vibrations that in turn cause noise. Consequently, as
depicted in Fig. 2(a), noise level increases with vehicle speed. Second, vehicle speed notably influenced
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PM2.5 and CO2 emissions. Minimum emissions of PM2.5 and CO2 were obtained for speeds equal to about
45 km/h and 60 km/h, respectively. At first glance, the curves may appear counterintuitive, especially at
low speeds because PM2.5 and CO2 emissions from one vehicle are commonly considered to be lower
when speed decreases. However, the indicators presented here are the amounts of PM2.5 and CO2 emitted
along the road section, and at low speeds, vehicles spend more time on the studied road section,
consequently emitting more PM2.5 and CO2 while travelling on the road section. Third, at low speeds, CO2
was the most influenced indicator, whereas at high speeds, PM2.5 was the most influenced. Conversely,
Lden was never greatly influenced by vehicle speed. These observations imply that the atmospheric
emission module was influenced more significantly than the noise module by vehicle speed, especially at
low speeds. These observations also imply that for vehicle speeds out of the range 40–60 km/h, the
vehicle speed value should be carefully estimated.
Traffic volume had a limited effect on Lden; an increase in traffic volume from 2000 to 25,000 vehicles
induced an increase of only about 20% in Lden and this effect tended to decrease as traffic volume
increased. This phenomenon, depicted on the graph by the concavity of the curve (Fig. 2(b)), is consistent
with the calculation method of Lden that involves the logarithm of traffic volume. Although its effect on
Lden was limited, traffic volume greatly influences PM2.5 and CO2 emissions. Fig. 2(b) suggests a
proportional relationship between traffic volume and PM2.5 and CO2 emissions. Because these emissions
are correlated to total fuel consumption on the road section, this observation is consistent with the fact
that an increase in the number of vehicles that travel on the road section induces the same level of
increase in fuel consumption. Overall, the atmospheric emission module was notably more influenced
than the noise module by traffic volume. Consequently, the value of the traffic volume in the model
should be carefully estimated to obtain reliable PM2.5 and CO2 response values. However, if noise is the
only output under consideration, a meticulous appraisal of the traffic volume is only needed for relatively
low values of traffic volume.
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The percentage of heavy vehicles (%HV) influenced Lden positively, and the relationship between %HV
and Lden was almost linear. This response was expected because heavy vehicles emit more noise than
lighter ones (Fig. 2(c)). The percentage of heavy vehicles had similar effects on PM2.5 and CO2 emissions:
the relationship between %HV and PM2.5 and CO2 emissions was linear. However, the magnitude of the
effect was higher for PM2.5 emissions than for Lden and CO2 emissions. This is because heavy vehicles are
a lot more susceptible to emitting PM than lighter ones, whereas the difference regarding CO2 emissions
is far less marked (see coefficient values for different types of emissions in Bennett and Greenwood
(2001)).Particular caution should be observed for any %HV value because a slight change in value has a
significant influence on Lden, CO2, and especially PM2.5.
The distance from receptor to road (DRR) had no influence on the amount of PM2.5 and CO2 emissions
because this distance is not involved in the generation processes of atmospheric emissions. However, DRR
had a significant influence on Lden (Fig. 2(d)). Because of the attenuation of sound energy by the
atmosphere, the noise level decreases with increasing the distance of the facade of houses from the road.
The curve convexity observed in Fig. 2(d) is from the calculation method of Lden that involves the
logarithm of DRR. Consequently, the DRR value that is input into the model should be carefully estimated
in the case of low DRR values, that is, in the case of receptors close to the road because it implies a
significant change in Lden. Conversely, because the influence on Lden is minimal for high DRR values, the
estimation of DRR does not need to be accurate.

Sensitivity of health indicators
Environmental nuisances such as noise and air pollution can result in health effects such as mortality and
chronic or acute diseases. These health effects are often referred to as assessment endpoints in impact
assessment studies (Cucurachi et al. 2012; Kunzli et al. 2000). Thus, the percentage of the population that
is annoyed by noise and the number of hospital admissions caused by air pollution were used to assess the
health effects simulated by PEIM. With respect to the health indicator for noise impacts, the percentage of
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population annoyed by noise was preferred to the number of days in hospital caused by noise (which is
also an output of the model), because hospital admissions due to noise only occur when noise levels are
high (above 70 dBA).
Sensitivity analysis was performed by changing the value of the vehicle speed, traffic volume, percentage
of heavy vehicles, and distance from receptor to road, one at a time while keeping all other parameters at
their base values. Fig. 3 presents the change in percent of the population annoyed by noise and of the
hospital admissions due to air pollution relative to their base values. Sensitivity to the density of receptors
is not included in Fig. 3 because this parameter clearly does not influence the percentage of the population
annoyed by noise and does clearly influences the number of hospital admissions in a proportional manner.
Because noise annoyance and hospital admissions caused by air pollution are closely linked to Lden and
PM2.5 respectively, it is not surprising that PEIM behavior was almost identical during the sensitivity
analyses of environmental nuisance indicators and health indicators. Consequently, the conclusions drawn
from the sensitivity analysis of environmental nuisance indicators remain valid for the sensitivity analysis
of health indicators.
However, two further important observations can be made. First, Fig. 3 illustrates that noise annoyance is
influenced significantly more by each of the four parameters than by Lden: sensitivity to vehicle speed
(Fig. 3(a)) was four times higher for noise annoyance than for Lden (Fig. 2(a)), while sensitivities to traffic
volume (Fig. 3(b)), %HV (Fig. 3(c)), and DRR (Fig. 3(d)) were at least six, five, and three time higher,
respectively. This implies that noise Lden was a less accurate indicator of noise impact than noise
annoyance and that careful noise annoyance parameterization is all the more important in order to obtain
reliable health outputs related to noise. Second, although DRR did not influence the amount of PM2.5
emitted by road traffic (Fig. 2(d)), it did influence hospital admissions due to air pollution (Fig. 3(d)).
This observation is consistent with the fact that the farther the receptor is from the road, the lesser the
PM2.5 concentration is, and the convexity of the curve is because of the pollutant dispersion process.
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Therefore, especially at low DRR values, the DRR value that is input into the model should be carefully
estimated.

Environmental costs
Assigning an economic value to environmental impacts is an effective way to incorporate them in
pavement management systems along with agency and user costs. PEIM has the ability to provide annual
environmental costs related to the main impacts of noise, greenhouse gases, and air pollution. To illustrate
the potential of PEIM, simulations were performed for an urban collector road section located in a
densely populated area and paved with a dense-graded asphalt concrete. Values of all inputs, including
traffic volume, were assumed to remain stable over years, with the exception of pavement roughness that
changed according to pavement age (see Table 13). Because the AADT of the studied road was more than
4,000 vehicles and paved with a new dense-graded asphalt concrete, change in pavement roughness was
computed using Eq. (21). Fig. 4 presents the variations in environmental costs with the age of the
pavement surface. The horizontal axis represents pavement surface age ranging from 5 to 20 years but
may also be interpreted as the pavement roughness because a linear relationship between pavement age
and roughness was assumed (see Table 13) based on the data from MTQ (personal communication,
2013).
Fig. 4 shows the annual air pollution, global warming, and noise costs at different ages of the pavement
that added to the costs occurring during the first year of the pavement. Additional costs were similar for
air pollution (from 8,000 to 33,000 Canadian dollars, Fig. 4(a)) and global warming (from 5,000 to
20,000 Canadian dollars, Fig. 4(b)), whereas additional noise cost was one order of magnitude higher
(from 950,000 to 1,053,000 Canadian dollars, Fig. 4(c)). This difference in order of magnitude reveals
that noise cost may be significantly more than other environmental costs when pavements get older. This
was confirmed by the annual increase rates that were around 1,600 and 1,000 Canadian dollars per year
for air pollution and global warming respectively, while this rate was around 6,800 Canadian dollars per
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year for noise (except at the age of 5 because of a threshold effect; see explanation below). Furthermore,
the annual increase rate of the global warming cost remained constant, the annual increase rate of air
pollution cost increased slightly, and the annual increase rate of noise cost significantly increased. These
changes in the annual increase rate indicate an acceleration of the increase of environmental costs related
to air pollution and noise, whereas global warming costs increased linearly with pavement age. Therefore,
pavement surface age (or condition) influences variations in air pollution and noise costs more than
variations in global warming costs.
The annual total cost of environmental impacts is presented in Fig. 5 for different ages of the pavement
surface. Remarkably, the total environmental cost more than doubled between year 0 (876,000 Canadian
dollars) and year 5 (1,840,000 Canadian dollars) and then continued to increase slightly with a value of
1,983,000 Canadian dollars in year 20. The noticeable increase in year 5 is mainly due to the sudden
increase in noise cost caused by an Lden threshold (at 70 dBA) beyond which a certain percentage of
people need to be admitted to hospital. This phenomenon is also noticeable in Fig. 4(c) where there is a
very high value of the annual increase rate of noise cost in year 5. Beyond year 5, noise, global warming,
and air pollution costs had the same order of magnitude: noise cost represented about 54% of the total
environmental cost, global warming about 19%, and air pollution about 27%. The preeminence of noise
costs has to be stressed here because noise costs are consistently omitted in pavement management
studies.
Errors bars shown on Fig. 5 illustrate the uncertainty pertaining to quantification and monetization of
health effects as well as to monetization of global warming impacts. These error bars were calculated with
the lowest and highest estimates of parameters involved in the quantification and valuation processes for
each nuisance impact. Therefore, they represent the low and high estimates of the total annual cost. These
error bars do not incorporate the uncertainty regarding the monetization of noise annoyance because of
the lack of sensitivity analysis regarding this process in literature. The error bars show that the high and
low estimates of the environmental cost remained at the same order of magnitude as the central estimate.
22

In year 5 and after, that is, after the Lden threshold is exceeded, high estimates were less than the double of
central estimates (166%), whereas low estimates were more than half (60%). The estimated ranges
depicted by the error bars resulted mainly from the difference between low and high estimates of air
pollution costs. This difference was responsible for the difference of one order of magnitude between the
low and central estimates of the total annual cost in year 0,that is, when the Lden threshold was not
exceeded and noise cost was minimal.

Discussion
PEIM has limitations that should be kept in mind when analyzing the results presented above (see Table
1). These limitations are of two kinds. First, the lack of knowledge prevents PEIM from addressing all
type of pavement distresses and all types of impacts on all types of receptors. Environmental impacts and
costs computed by PEIM are thus expected to be minimized. Second, the hypotheses underlying PEIM
restrict its use to simple case studies (i.e. continuous traffic, constant speed, straight road) and assume that
environmental impacts caused by a certain level of nuisance and the related costs are the same in North
America and Europe. Moreover, the hypothesis that noise causes severe health effects such as early
deaths and hospital admissions has not been validated yet even if it is deemed highly plausible (Davies
and Kamp 2012; Staatsen et al. 2004). These limitations are reflected in the uncertainties affecting the
outputs of PEIM as explained below.
Assigning an economic value to road traffic impacts on the environment is recognized to imply
unavoidable uncertainties (Bickel et al. 2006; van Essen et al. 2011). PEIM is no exception and provides
results that are subject to uncertainties that pertain to variable estimation, model parameterization, and
gaps in scientific knowledge (see Table 1). First, regarding variable estimation, sensitivity analyses show
that the change in the value of vehicle speeds, traffic volume, percentage of heavy vehicles, and distance
from receptor to road may significantly influence model outputs. Moreover, assuming that Benkelman
Beam rebound deflection is equal to zero or that the relationship between pavement roughness and age is
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linear, also introduces uncertainty in model outputs. Therefore, the uncertainty associated with definitions
and estimation of variables is clearly reflected in the model outputs.
Second, assumptions concerning the parameters involved in the four modules are also sources of
uncertainty. On one hand, parameters related to nuisance generation and dispersion modules are generally
well documented and the associated uncertainty remains marginal. On the other hand, quantification and
monetization of environmental effects imply uncertainties because of lack of scientific knowledge, e.g.,
knowledge on magnitude of climate change impacts, on economic valuation of biodiversity loss, or even
on the existence of a threshold effect in health effects caused by noise.
Third, another source of uncertainty lies in gaps in scientific knowledge that influence impact pathways.
For instance, it remains impossible to incorporate impacts related to vibration or impacts of air pollution
on crops in a reliable manner. Furthermore, some impact pathways are still incomplete and use
conservative aggregated exposure-cost functions instead of detailed impact pathways (e.g., biodiversity
losses due to air pollution). Because PEIM does not assess a few environmental impacts and considers
others in a conservative manner, the environmental costs assessed with PEIM are expected to be
consistently minimal. Uncertainty due to gaps in scientific knowledge may thus influence the total
environmental cost, but it can be reasonably assumed that the biggest share of total environmental cost
pertains to impacts that are already well understood and documented.
Finally, it is important to stress that the three kinds of uncertainties described above are not inherent to the
methodology and can be reduced by careful data collection and further research. In particular, future
research should confirm which pavement characteristics influence the most environmental nuisances.
Except for atmospheric emissions that are already well documented, mechanisms of nuisance generation
should then be further investigated in order to develop mechanistic model linking the emission of
nuisances to pavement characteristics. Future research should also address the lack of knowledge
regarding quantification of health effects. This implies further epidemiological studies validating the
assumption that noise causes severe health effects and refining concentration-response functions.
24

Additionally, the economic value of the environmental impacts that have no market value, such as noise
annoyance and loss of biodiversity, should be confirmed by further studies.
Because of the uncertainties discussed above, which are in part illustrated by the error bars in Fig. 5,
PEIM outputs are currently limited to rough estimates of environmental costs. However, despite these
uncertainties, PEIM provides an opportunity to quantify the influence of pavement age or condition on
environmental costs and to provide an order of magnitude of environmental costs, which are essential in
comparing the performances of pavement management alternatives.
To our knowledge, this study is the first to assign economic values to this influence, and no
environmental costs related to changes in pavement age and condition are documented in literature.
Bickel et al. (2006) and Weisbrod et al. (2009) proposed marginal economic values for annual
environmental costs due to road traffic resulting from the aggregation of data that were averaged over all
classes of roads and all classes of population density and thus represented average estimates. Applying
their values in the scenario defined for previous simulations resulted in the cost of environmental impacts
ranging from 108,000 to 327,000 Canadian dollars. Given the uncertainties present in quantification and
economic valuation of environmental impacts, and given that the environmental costs inferred from
literature and those provided by PEIM remained at the same order of magnitude, the difference in their
estimates seems reasonable. Moreover, this difference is all the more reasonable than the PEIM
simulations that provided expectable higher estimates of environmental costs because the simulation
results obtained with PEIM corresponded to a specific case of an urban collector road in a densely
populated area, implying that more people were impacted by road traffic nuisances. Thus, PEIM is
considered to properly estimate the magnitude of environmental costs associated with pavement age or
condition.
More particularly, PEIM may be considered suitable to compare alternatives of management or to justify
maintenance and rehabilitation actions. Taking the simulation performed above as an example, Fig. 5
shows that the total environmental cost increased by around 9,000 Canadian dollars per year, yielding a
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total environmental cost of 75,000 Canadian dollars after 8 years, that is, a cost of 75,000 Canadian
dollars for a pavement roughness increase of 1.2 m/km. According to MTQ (personal communication,
2013), preventive maintenance techniques provide a pavement roughness improvement of 1.2 m/km at a
cost between 40,000 and 100,000 Canadian dollars for the simulated road section. Comparing the
maintenance technique costs and the total environmental cost calculated by PEIM, it can be concluded
that such a preventive maintenance action may be justified by the environmental cost alone. This brief
example shows that, despite uncertainties, PEIM can help pavement management units quantify the
magnitude of environmental impacts in relation to their decisions.

Conclusions
Road conditions contribute significantly adverse impacts on the environment. Methods and tools have
been developed over the last two decades in pursuit of sustainability to assess environmental impacts.
However, none of these methods and tools allow appropriate economic valuation of these impacts for
incorporation in pavement management systems. PEIM presented in this paper is a novel approach based
on IPA principles to incorporate environmental impacts due to pavement conditions in pavement
management. Based on four modules describing generation, dispersion, impact quantification, and
monetization of noise and atmospheric emissions, the model provides costs associated with biodiversity
losses, productivity losses, building damages, and health effects that may be input in LCCA tools.
Results of the sensitivity analysis show that PEIM is reliable. These results also underline the importance
of careful data collection in order to obtain reasonable output values. Additionally, a simulation for an
urban collector road in a densely populated area shows that, within the limitations of the model,
environmental costs were expected to range from 876,000 to 1,983,000 Canadian dollars per kilometer for
a pavement age ranging from 0 to 20 years (or pavement roughness ranging from 1 to 4 m/km).
Moreover, even if noise cost is never taken into account in pavement management, it was expected,
within the assumptions of the model, to represent 54% of the total environmental impact after year 5 (or
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pavement roughness beyond 1.75 m/km). Finally, PEIM is shown to be the most comprehensive tool that
can assist pavement management units in the assessment of the environmental impacts. However,
environmental costs from PEIM should be considered with care as they may represent a low estimate of
the total environmental cost as it only provides an order of magnitude of this cost. Further research is
needed to overcome the uncertainties due to lack of scientific knowledge and to get more accurate
estimates of environmental costs. In particular, quantification and monetization of health effects should be
considered as a priority for future research.
In summary, PEIM is a comprehensive tool that offers pavement management units new possibilities in
their decision-making processes to achieve sustainability. By assessing and incorporating environmental
nuisances caused by road traffic, PEIM provides an opportunity to compute costs of various types of
environmental impacts related to pavement conditions.
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Table 1. Limitations of PEIM
Source

Lack of
knowledge

Hypothesis

Limitation

Not all types of pavement distresses considered
Not all impacts considered
Not all receptors considered
Road considered as a straight line
Traffic considered continuous
Engine and vehicle speed considered constant
Roughness considered to represent pavement condition
Pavement considered always dry
Exposure-response and exposure-cost functions considered to be the same in
North America and Europe
Exposure to noise considered to cause early deaths and hospital admissions
No noise barrier considered
Unit costs considered to be the same in North America and Europe
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Impact
Precision of the Minimization of
outputs
the total cost
x
x
x
x
x
x
x
x
x
x
x
x

Table 2. Description of model parameters
Eq.
No.
1

2

Parameter

Unit

𝐹𝐶𝐿𝐼𝑀
𝑏11𝑖 to 𝑏13𝑖
𝑁𝑤𝑖
𝐶𝑅1𝑖
𝑀𝑖
𝐾𝑐𝑟2𝑖
𝑎0𝑖 to 𝑎3𝑖

3
4

αi
𝐶𝑃𝐹𝑖,𝑗

5

𝑎𝑖

8

𝐶𝑅𝐹𝑗,ℎ

tons

mL/s

µg-1.m3

𝑈𝑉ℎ
𝑈𝑉𝐶𝑂2𝑒𝑞𝑢

CA$2000/case
CA$2000/g

𝑈𝑉𝐵𝐿𝑗

CA$2000/ton

𝑈𝑉𝐵𝐷𝑃𝑀

CA$2000/ton

dBA/year
dBA/106 veh

14

∆𝐿𝐴
∆𝐿𝐶𝑇𝑉
𝑏𝑘

16

∝

17

𝑃𝑑𝑒𝑛 𝑘

18

𝑎ℎ and 𝑏ℎ

19

𝑎𝑋𝐴 , 𝑏𝑋𝐴 , 𝑐𝑋𝐴
and 𝐿𝑋𝐴
CA$2000/case
𝑈𝑉ℎ
CA$2000/year
𝑈𝑉𝐴𝑋𝐴

13

20

Value

Climatic factor related to the percentage of driving on
snow or wet surface

𝑁ℎ
10

Description

Assuming the road is always
dry, the value is set to 1
(Bennett and Greenwood 2001)
Rolling resistance parameters for vehicle class i
see Table 3
Vehicle number of wheels for vehicle class i
see Table 3
Rolling resistance tire factor for vehicle class i
see Table 3
Mass for vehicle class i
see Table 3
Calibration factor for vehicle class i
see Table 3
Parameters for rolling resistance coefficient for vehicle see Table 3
class i
Fuel consumption at idling for vehicle class i
see Table 3
Catalyst pass fraction of emission j from vehicles of
see Table 4
class i
Proportion of vehicle class i in the annual average
see Table 5
daily traffic
Concentration-response function for health outcome h see Table 6
associated with an increase by one unit of the
concentration of emission j
Base number of cases for the health outcome h per
see Table 7
person and per year
Economic value for one case of health outcome h
see Table 8
Economic value for an additional gram of CO2
Assuming an average climate
sensitivity and a 1.5% discount
rate for damage valuation, low,
central, and high estimates are
set to 202.99, 484.24, and
765.50, respectively (adjusted
from Ackerman and Stanton
2012).
Economic value of biodiversity loss because of change see Table 9
in the concentration of emission j per ton of emission j
Economic value of building damage because of change 275.77 (central value only,
in the concentration of particulate matter (PM) per ton adjusted from Rabl 1999)
of PM
Age component of noise level increase
0.4 (Bendtsen et al. 2009)
Traffic component of noise level increase
0.21 (Bendtsen et al. 2009)
The proportion of the annual average daily traffic for
see Table 10
the kth hour of the day
Ground absorption parameter
Assuming the ground is
reflective, the value is set to 1
(Hendriks et al. 2009)
Penalty coefficient for the kth hour of the day for 𝐿𝑑𝑒𝑛𝑠 10 for k=1…6 and k=23…24,
and 5 for k=19…22 (Pronello
noise level calculation
and Camusso 2012)
Parameters for calculation of the number of cases for
see Table 11
each health outcomes h occurring along road section s
Parameters for calculation of percentage of people that see Table 12
is annoyed by noise level
Economic value for one case of health outcome h
see Table 11
Economic value for one person alternatively lightly
see Table 12
annoyed, annoyed, and highly annoyed per year
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Table 3. Model parameters for fuel consumption
Vehicle class

𝐛𝟏𝟏

b12

b13

Nw

CR1

M

Kcr2

a0

a1

a2

a3

α

Motorcycle

20.35

0.11636

0.07934

2

1.3

0.20

1.00

0.50

0.02

0.10

0

0.12

Small car

22.94

0.10323

0.12487

4

1.0

1.90

0.50

0.50

0.02

0.10

0

0.65

Medium car

22.94

0.10323

0.12487

4

1.0

1.90

0.50

0.50

0.02

0.10

0

0.65

Large car

22.94

0.10323

0.12487

4

1.0

1.90

0.50

0.50

0.02

0.10

0

0.65

Light delivery car

25.90

0.09143

0.09796

4

1.0

2.54

0.67

0.57

0.04

0.04

1.34

0.65

Light good vehicle

25.90

0.09143

0.09796

4

1.0

2.54

0.67

0.57

0.04

0.04

1.34

0.65

Four-wheel drive

25.90

0.09143

0.09796

4

1.0

2.50

0.58

0.50

0.02

0.10

0

0.65

Light truck

29.60

0.08000

0.07500

4

1.0

4.50

0.99

0.57

0.04

0.04

1.34

0.70

Medium truck

29.60

0.08000

0.11250

6

1.3

6.50

0.99

0.57

0.04

0.04

1.34

0.80

Heavy truck

38.85

0.06095

0.10884

10

1.3

13.00

1.10

0.57

0.04

0.04

1.34

0.90

Articulated truck

38.85

0.06095

0.19592

18

1.3

13.6

1.10

0.57

0.04

0.04

1.34

0.90

Mini bus

25.90

0.09143

0.09796

4

1.0

2.16

0.67

0.50

0.02

0.10

0

0.48

Light bus

29.60

0.08000

0.07500

4

1.0

2.50

0.99

0.50

0.02

0.10

0

0.48

Medium bus

38.85

0.06095

0.06531

6

1.3

4.50

0.99

0.57

0.04

0.04

1.34

0.70

Heavy bus

38.85

0.06095

0.10884

10

1.3

13.00

1.10

0.57

0.04

0.04

1.34

0.80

Coach

38.85

0.06095

0.10884

10

1.3

13.60

1.10

0.57

0.04

0.04

1.34

0.90

Note: values for motorcycle are taken from Bennett and Greenwood (2001); all other values are taken from Chatti and Zaabar
(2012).
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Table 4. Model parameters for atmospheric emission
Vehicle class

𝑪𝑷𝑭𝑯𝑪

𝐶𝑃𝐹𝐶𝑂

𝐶𝑃𝐹𝑁𝑂𝑋

𝐶𝑃𝐹𝑆𝑂2

𝐶𝑃𝐹𝑃𝑏

𝐶𝑃𝐹𝑷𝑴

Motorcycle

1.00000

1.00000

1.00000

1.00000

1.00000

1.00000

Small car

0.86454

0.86454

0.83311

1.00000

1.00000

1.00000

Medium car

0.85639

0.85639

0.82666

1.00000

1.00000

1.00000

Large car

0.85639

0.85639

0.82666

1.00000

1.00000

1.00000

Light delivery car

0.89675

0.89675

0.86369

1.00000

1.00000

1.00000

Light good vehicle

0.89675

0.89675

0.86369

1.00000

1.00000

1.00000

Four-wheel drive

0.93113

0.93113

0.87169

1.00000

1.00000

0.86641

Light truck

1.02273

1.02273

0.92301

1.00000

1.00000

0.96094

Medium truck

1.03200

1.03200

0.93544

1.00000

1.00000

0.97750

Heavy truck

1.04426

1.04426

0.97778

1.00000

1.00000

1.01536

Articulated truck

1.04483

1.04483

0.98937

1.00000

1.00000

1.02072

Mini bus

0.96722

0.96722

0.93339

1.00000

1.00000

1.00000

Light bus

0.96880

0.96880

0.88656

1.00000

1.00000

0.89813

Medium bus

1.02677

1.02677

0.92786

1.00000

1.00000

0.96769

Heavy bus

1.04294

1.04294

0.96631

1.00000

1.00000

1.00793

Coach

1.04306

1.04306

0.96704

1.00000

1.00000

1.00847

Note: values for motorcycle are taken from Bennett and Greenwood (2001); all other values are taken from Chatti and Zaabar
(2012).
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Table 5. Percentage of vehicle classes in the annual average daily traffic (data from Société de l'assurance
automobile du Québec (SAAQ 2012))
Vehicle class

𝒂

Motorcycle

3,572

Small car

10,949

Medium car

38,324

Large car

5,539

Light delivery car

11,016

Light good vehicle

15,775

Four-wheel drive

7,403

Light truck

6,835

Medium truck

0,178

Heavy truck

0,227

Articulated truck

0,063

Mini bus

0,03

Light bus

0,04

Medium bus

0,043

Heavy bus

0,002

Coach

0,002
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Table 6. Model parameters for concentration-response function
𝑪𝑹𝑭𝑷𝑴𝟐.𝟓

Health outcome

𝐶𝑅𝐹𝑷𝑴𝟏𝟎

Low

Central

High

Low

Central

High

0.06542

0.12281

0.18033

0.00044

0.04123

0.05749

-

-

-

0.00100

0.04287

0.06280

Cardiac hospital admission

0.18699

0.24242

0.30070

0

0.13043

0.18033

Respiratory emergency visit

-

-

-

0.00100

0.04287

0.06280

Cardiac emergency visit

0.18699

0.24242

0.30070

0.06542

0.13043

0.18033

Restricted activity day

0,79200

0.90200

1.01300

0.04000

0.06000

0.09000

Asthma symptom day (total) per asthmatic

-

-

-

0.02000

0.03000

0.27000

Acute respiratory symptom day

-

-

-

0.00002

0.18300

0.27400

Bronchitis case (adult)

-

-

-

3.06000

6.12000

9.18000

Bronchitis case (child)

-

-

-

0.00002

0.00169

0.00238

Mortality
Respiratory hospital admission

Note: - denotes no available data; values are taken from Feng and Yang (2012); Kunzli et al. (2000); Lepeule et al. (2012);
Molemaker et al. (2012); Ostro (1994); Wordley et al. (1997); low estimates are the lowest of the low estimates among the
available data; central estimates are the highest estimates of the central estimates among the available data; high estimates are the
highest of the high estimates among the available data.
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Table 7. Model parameters for health outcome quantification (data from Bouchard and Smargiassi
(2008))
Health outcome

𝑁

Mortality

0.01034

Respiratory hospital admission

0.00164

Cardiac hospital admission

0.02282

Respiratory emergency visit

0.00822

Cardiac emergency visit

0.03003

Restricted activity day

1

Asthma symptom day (total) per asthmatic

60

Acute respiratory symptom day

1

Bronchitis case (adult)

1

Bronchitis case (child)

1
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Table 8. Model parameters for health outcome valuation
𝑈𝑉

Health outcome
Low

Central

High

5949471.81

12394732.93

16361047.47

Respiratory hospital admission

2740.80

3893.57

4635.21

Cardiac hospital admission

2740.80

4820.62

5933.06

Respiratory emergency visit

918.17

2970.40

3282.30

Cardiac emergency visit

3059.24

4078.98

5191.43

Restricted activity day

12.051

249.03

312.19

Asthma symptom day (total) per asthmatic

10.20

88.42

178.22

Acute respiratory symptom day

10.40

72.18

90.23

Bronchitis case (adult)

180698.14

395063.84

690619.12

Bronchitis case (child)

222.78

460.41

683.19

Mortality

Note: values are adjusted from Bickel et al. (2006); Hurley et al. (2005); Molemaker et al. (2012); Sawyer et al. (2007); Stieb et
al. (2002); low estimates are the lowest of the low estimates among the available data; central estimates are the highest estimates
of the central estimates among the available data; and high estimates are the highest of the high estimates among the available
data.

39

Table 9. Model parameters for biodiversity loss valuation (data from van Essen et al. 2011)
𝑈𝑉𝐵𝐿

Emission
Low

Central

High

NOx

299.04

1121.38

2242.76

SO2

74.76

224.28

448.55
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Table 10. Model parameters for daily traffic distribution (Quebec Ministry of Transportation (MTQ),
unpublished data, 2013)
Hour

Percentage of daily traffic

0-1

1.00

1-2

0.50

2-3

0.50

3-4

0.50

4-5

0.50

5-6

1.00

6-7

3.50

7-8

7.50

8-9

9.00

9-10

5.50

10-11

5.00

11-12

5.50

12-13

5.50

13-14

5.50

14-15

6.50

15-16

8.00

16-17

9.00

17-18

6.50

18-19

5.00

19-20

4.00

20-21

3.00

21-22

2.75

22-23

2.75

23-24

1.50
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Table 11. Model parameters for health outcome quantification and valuation
Health outcome (per 1000 adults exposed)

Myocardial infarction

𝒂

𝒃

𝑼𝑽
Low

Central

High

years of life lost

0.084

5.25

2269867.46

2299960.40

2424631.15

days in hospital

0.504

31.5

37525.78

44682.76

47390.80

Angina pectoris

days in hospital

0.168

10.5

19142.26

22939.07

24204.67

Hypertension

days in hospital

0.063

4.5

1902.31

2228.42

2391.47

Sleep disturbance

cases

0.62

43.2

975.54

975.54

1024.32

Note: 𝑎 and 𝑏 values are taken from Staatsen et al. (2004); 𝑈𝑉 values are adjusted from Bickel et al. (2006).
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Table 12. Model parameters for annoyance quantification and valuation
𝒂

𝒃

𝒄

𝑳

𝑼𝑽

Little annoyed

-0.0006235

0.05509

0.6693

32

56.59

Annoyed

0.0001795

0.02110

0.5353

37

130.013

Highly annoyed

0.0009868

-0.01436

0.5118

42

130.013

Annoyance level

Note: 𝑎, 𝑏, 𝑐, and 𝐿 values are taken from Miedema and Oudshoorn (2001); 𝑈𝑉 values are adjusted from Navrud et al. (2006).
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Table 13. Pavement age and corresponding pavement roughness
Pavement age (year)

Pavement roughness (m/km)

0

1.00

5

1.75

10

2.50

15

3.25

20

4.00

44

45

46

47

48
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