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A B S T R A C T   

The carbon dioxide emissions generated during the life of flexible asphalt pavements are an important indicator 
of the sustainability of these infrastructures. The study aims at tentatively quantifying the CO2 released during 
production, construction and use stages of a road pavement, the analysis is performed adopting a Life Cycle 
Assessment approach. Each stage is structured based on data retrieved from an extensive literature review. 
Special focus is given to the use stage, which is usually only partially addressed. The study is achieved employing 
the “HERMES CO2” spreadsheet tool developed for the purpose and it is publicly available to maximize openness 
and the interaction with the user. As an illustrative application, the study then quantifies the generation of 
carbon dioxide for the three major categories of Norwegian highways referring to 1 km as functional unit with 
lifespan of 50 years. The analysis documents that the overall CO2 amount is approximately equal to 1 million 
metric tons, which is significantly related to the albedo and rolling resistance of the use stage. Overall, the 
research establishes a common methodology and analysis frame which is relevant to early planning of road 
pavements and can be refined further for specific case-studies.   

1. Introduction 

1.1. Background 

Pavement design and management decisions are commonly driven 
by technical, economic and safety aspects (Plati, 2019; Tarefder and 
Bateman, 2010). In recent years, in addition, more and more urban road 
and highway agencies have been increasingly interested in assessing the 
impacts of their decisions on the environment. Estimations of the carbon 
dioxide emissions generated during road life have already been 
requested during the tendering phase of some projects (Bryce et al., 
2017; Huang et al., 2009b). Even if different practices may be used in 
each country, this gives unambiguous signal to the industry about the 
direction of the tendering criteria in the long run (Anthonissen et al., 
2015). 

The asphalt sector faces several challenges that are expected to 

intensify; i.e., costs and availability of construction materials, increase 
in traffic volume and loads, demands for longer-lasting pavements and 
use of recycled materials (Santero et al., 2011a; Tatari et al., 2012). 
Globally, the pavement infrastructure is composed of approximately 
16.3 million kilometres and about 25 million kilometres of new roads 
are expected to be built by 2050 (Laurance et al., 2014; Plati, 2019). In 
Europe, the total production of Hot Mix Asphalt (HMA) and Warm Mix 
Asphalt (WMA) has been approximately equal to 300 million metric ton 
each year between 2008 and 2018 (EAPA, 2018). The amount of pro-
duced carbon dioxide CO2 can be related to the sustainability of pave-
ment infrastructures: evaluating the emissions generated during 
production, construction and use stages of a road life contributes to 
define the environmental burden. Worldwide, as environment and 
human beings are facing the brunt of pollution related to anthropogenic 
activities (Li et al., 2019; Lou et al., 2021a), several countries have 
reached a consensus on reducing CO2 emissions and pollution levels in 
general with international environmental agreements (Marchiori et al., 
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2017; Skelton, 2013; Wang, 2013). When it comes to the construction of 
transport infrastructures (Krantz et al., 2017; Liu et al., 2017), cross- 
country projects and consortia, such as “HERMES” (Anastasio et al., 
2019; JPI Urban Europe Management Board, 2019), have been launched 
in order to promote awareness around the issue and develop critical 
thinking and solutions to ensure the sustainability of road pavements. 

1.2. Pavement life cycle assessment and research objective 

Life Cycle Assessment (LCA) is a technique originally developed to 
characterize the environmental impacts associated with industrial 
products. It comprises the “compilation and evaluation of the inputs, 
outputs and the potential environmental impacts of a product 
throughout its life cycle” (CEN, 2006a; 2006b), intended as consecutive 
stages from material extraction to final disposal. 

There are four phases in a LCA study 1) goal and scope definition 2) 
inventory analysis 3) impact assessment 4) interpretation. Unlike pro-
cesses and services in other industries, LCA is still in the relatively early 
application in civil infrastructures (Inyim et al., 2016). The application 
of LCA to road pavements was initially performed in 1996 (Häkkinen 
and Mäkelä, 1996), 1998 (Horvath and Hendrickson, 1998) and 2001 
(Stripple, 2001). The existing literature shows a significant heteroge-
neity in the parameters adopted to perform LCAs (i.e. functional unit) 
and the inconsistencies often prevent any international comparison 
attempt (Hoxha et al., 2021; Jiang and Wu, 2019; Wang et al., 2021). 
Therefore, all inputs (i.e. material resources) and outputs (CO2 emis-
sions) are normalized in this research to a common frame to harmonize 
the inventory data for apples-to-apples comparison. 

The investigation encompasses production, construction and use 
stage of a road infrastructure; each stage is characterized based on the 
data retrieved from an extensive literature review. Life Cycle Inventory 
(LCI) is the central part of the LCA study and all the significant burdens 
(input and output) belonging to the road life are quantified and 
compiled. Special focus is given to the use stage, since this is usually 
partially addressed notwithstanding its tremendous importance (Araújo 
et al., 2014). The study has developed the “HERMES CO2” spreadsheet 
tool to evaluate CO2 emissions and it is publicly available (https://data. 
mendeley.com/datasets/xf5cvrkwps/3). 

Compared to other existing tools (Dos Santos et al., 2017), “HERMES 
CO2” maximizes openness and transparency of the analysis and the 
interaction allowed with the user. The current version of the spreadsheet 

implements a wide inventory database built from extensive literature 
review. On the other hand, the only environmental metric considered in 
this tool is the carbon dioxide CO2 emission; anyway, this is a very 
relevant parameter to define pollution and one of the most detrimental 
to human health (Huijbregts et al., 2000a; Huijbregts et al., 2000b). 

2. Methodological assessment 

All the elements that are considered or not considered in this study 
are explicitly disclosed, according to the principles of reproducibility 
and comprehensiveness (Butt et al., 2015; Pennington et al., 2004; 
Rebitzer et al., 2004). 

The evaluation of carbon dioxide emissions generated during the life 
of an asphalt pavement is accomplished with the analysis performed 
employing the developed “HERMES CO2” spreadsheet. The intended 
audience is composed by road administrations, highway agencies and 
consultants. A process LCA approach is considered: compared to input/ 
output (I/O) modelling (Leontief, 1970), a major effort for compiling 
“all” data of the product system is required (Rebitzer et al., 2004). 
Functional unit and system boundaries are the most important param-
eters that affect the results (Suh et al., 2004). The length of the road 
referred to as functional unit and its lifespan can be specified in the 
spreadsheet. Dimensions and materials for each road layer may vary, 
these are treated as variable quantities to be defined by the user. The 
analysis structure of “HERMES CO2” spreadsheet is reported in Fig. 1: it 
includes twelve worksheets, each of them is identified by a 3- or 4-letter 
acronym. 

Currently, there are four other major tools suitable to offer an 
indicative quantification of CO2 emissions during the early planning of 
road infrastructures (Miliutenko et al., 2014), namely EFFEKT (NPRA, 
2018a), JOULESAVE (Kennedy, 2006), KLIMATKALKYL (Toller, 2018) 
and LICCER (Potting et al., 2013). Comparing all the five models as 
reported in Table 1, “HERMES CO2” also takes into consideration inputs 
that are seldom touched in a single tool by including use stage param-
eters such as lighting, albedo and rolling resistance (Santero and Hor-
vath, 2009; Trupia et al., 2017; Wang et al., 2012). The ultimate fate of 
the pavement connected to the End-Of-Life (EOL) stage is difficult to 
determine; therefore, “HERMES CO2” conservatively adopts a cutoff 
approach and assumes that the existing pavement does not receive any 
environmental benefits for its potential to produce recycled materials 
(Chong and Wang, 2017; Huang et al., 2013). 

Nomenclature 

A area 
C capacity of transport vehicle 
e Nepero’s number 
EFdsl emission factor diesel 
f lane distribution factor 
FC fuel consumption 
FCtr fuel consumption associated to material transport 
Ic fuel consumption indicator 
K coefficient of fuel consumption difference between empty 

and full vehicle 
LF load factor 
LF1 load factor 1 
LF2 load factor 2 
n road lifespan 
P power 
Pr productivity 
r yearly traffic increase 
R mean distance travelled by transport vehicle 
SC specific consumption 

t time 
α albedo 
δ grade of slope 
ρ density 
ρf density of fuel 
AADT Annual Average Daily Traffic 
AC Asphalt Concrete 
CDE Carbon Dioxide Emission 
CMH Ceramic Metal Halide 
DV Diesel Vehicle 
EM Earthwork Machine 
EOL End-Of-Life 
EV Electric Vehicle 
FCF Fuel Consumption Factor 
HMA Hot Mix Asphalt 
HV Hybrid Vehicle 
IRI International Roughness Index 
LCA Life Cycle Assessment 
LCI Life Cycle Inventory 
LED Light Emitting Diode 
SL Speed Limit  

D.M. Barbieri et al.                                                                                                                                                                                                                             

https://data.mendeley.com/datasets/xf5cvrkwps/3
https://data.mendeley.com/datasets/xf5cvrkwps/3


Transportation Research Interdisciplinary Perspectives 11 (2021) 100436

3

2.1. Production stage 

The production stage includes materials extraction and manufacture. 
For this purpose, a comprehensive literature review article has been 
referred to regarding Hot Mix Asphalt (HMA), gravel and sand (Thives 
and Ghisi, 2017). Natural gas and petroleum oil are combusted in plants, 
and they represent the main source of emissions. The kg CO2 equiv./ 
weight of HMA, gravel and sand are equal to 0.0238, 0.0027, 0.0023, 
respectively (Thives and Ghisi, 2017). The emissions associated with the 
production of fuels, process known as re-combustion, are not included. 

2.2. Construction stage 

There are several construction options that may need to be consid-
ered; therefore, the corresponding worksheets include a variety of in-
puts, i.e. dimensions and density of each layer. Moreover, it is possible to 
define the Earthwork Machines (EMs) according to different technical 
parameters. The worksheets CUT, FILL and SBGR are connected to 
creation of cut sections, creation of embankment sections and 
compression of subgrade, respectively; moreover, it is possible to take 
into consideration the presence of spreader and mixer applying potential 
stabilizing agents, which represents a relevant topic when it comes to 
create sustainable infrastructures (Barbieri et al., 2021b, 2020b; Jones, 
2017) especially when strong rock materials are not locally available 
due to the given geology (Adomako et al., 2021). Up to five types of soil 
layers and three types of excavators, loaders and trucks can be defined as 
well as the respective properties. The SBBS, BASE, BIND and WEAR 
worksheets consider the construction of subbase, base, binder and 
wearing layers, respectively. Dozers, compactor rollers, asphalt paver, 
seal coat agent spreader and trucks are the machineries involved in these 
operations (Huang, 2004; Thom, 2014). 

The carbon dioxide emissions generated by construction equipment 
are the main source of on-site environmental impact and they are mainly 
connected to the type of moved material, the inclination of terrain and 

the working time. Additional parameters not included in “HERMES 
CO2”, such as altitude, humidity, temperature, maintenance and 
worker’s ability, may contribute to a more thorough description of the 
emissions (Fu et al., 2012). Over a hundred pieces of equipment have 
been considered and classified into main types based on 10 000 h to 14 
000 h of working life expectancy for a diesel engine (Abolhasani et al., 
2008; Frey et al., 2010; Trani et al., 2016). The surveyed machineries are 
dozers, excavators, loaders, compaction rollers, freighting vehicles and 
asphalt pavers (Fig. 2 and Fig. 3). The carbon dioxide emissions CDE 
related to the fuel consumption required to perform 1 m3 of any activity 
can be obtained with (Heidari and Marr, 2015; Muresan et al., 2015; 
Trani et al., 2016) 

CDE
(

kg
m3

)

= FC
(

l
m3

)

∙EFdsl (1)  

where FC is the fuel consumed and EFdsl represents the emission factor 
for diesel, which is assumed to be 2.60 kg of CO2 per litre. The fuel 
consumption FC of a given piece of equipment can be calculated as 

FC
(

l
m3

)

= P(kW)∙SC
(

kg
kWh

)

∙LF∙
1

ρf

(
kg
l

)∙Pr
(

h
m3

)

(2)  

where P represents the power, SC is the specific consumption and de-
pends on the engine’s characteristic curve, LF stands for the load factor 
and refers to the instantaneous loading of the engine in relation to its 
maximum capacity (expressed as a percentage), ρf denotes the density of 
the fuel, assumed to be 0.85 kg/l, and Pr represents the productivity. LF 
can be expressed as a combination of two load factors LF1 and LF2 as 

LF =
LF1 + LF2

2
(3) 

the parameters LF1 and LF2 vary according to the considered piece of 
equipment as reported in Table 2. LF1 and LF2 are related to the soil 

Fig. 1. Stages considered for the evaluation of CO2 emissions:structure of the “HERMES CO2” spreadsheet.  

Table 1 
Comparison between existing tools that indicatively quantify CO2 emissions of road pavements.  

Module Tool PRD CUT FILL SUB SBBS BASE BIND WEAR MNTN LGT ALB ROLL EOL 

HERMES CO2 x x x x x x x x x x x x  
EFFEKT x x x x x x x x x x    
JOULESAVE x x x x x x x x      
KLIMATKALKYL x x x x x x x x x x    
LICCER x x x x x x x x x x   x  
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density ρ, the duration of the daily work schedule t expressed in minutes, 
the density in bank and density loose of the soil and the grade of the 
slope δ, which varies between 0◦ and 35◦ for geomaterials (Frey et al., 
2010; Trani et al., 2016). Fig. 4 reports different types of soil with 
density in bank and density loose. The fuel consumed by trucks and 
dumpers FCtr in the transport can be calculated as follows 

FCtr

(
l

m3

)

= K∙R(km)∙Ic
(

l
km

)

C(m3)
(4)  

where K is the coefficient of the difference between the fuel consump-
tion of an empty truck and a fully loaded one (K = 1.7), R is the mean 

Fig. 2. Power and fuel consumption of the construction equipment (Celauro et al., 2015; Trani et al., 2016).  

Fig. 3. Operating width, operating capacity and productivity of the construction equipment (Celauro et al., 2015; Trani et al., 2016).  

Table 2 
Load factors LF1 and LF2 for construction equipment (Caterpillar, 2017; 
Komatsu, 2009).  

Equipment LF1 LF2 

(− ) (− ) 

excavator 0.0339e0.0014ρ  0.2007e0.0262t  

loader, paver 0.05862e0.00101ρ  0.00868δ + 0.15333  

roller compactor 0.05173e0.00142ρ  0.21032δ0.43210   

Fig. 4. Density characterization of soils (Celauro et al., 2015).  
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distance travelled, Ic represents the fuel consumption indicator of the 
fully loaded truck and C is the capacity of the vehicle. Generally, 
reducing the travelled distance R by adopting materials that are locally 
available is an effective approach to reduce the pollutant emissions 
(Barbieri et al., 2021a; Barbieri et al., 2019a). Fuel consumptions of 
binding agent spreader, soil stabilizer pulvimixer and milling machine 
are also assessed according to Equation (4) based on the values reported 
in Fig. 2 (Celauro et al., 2015). 

2.3. Use stage 

The use stage is typically ignored in existing studies due to its inner 
complexity, thus probably representing “the most significant shortfall 
from a system boundary perspective” (Santero et al., 2011b). The road 
use stage has an enormous supremacy with respect to energy con-
sumption and gaseous emissions: the majority of such environmental 
loadings mainly come from the traffic vehicles during the life time 
(Araújo et al., 2014; Galatioto et al., 2015; Huang et al., 2009b; Inti 
et al., 2016). In the following subsections, the pavement-vehicle inter-
action is only considered in terms of roughness and not deflection nor 
texture since no findings universally agreed upon in the research com-
munity have been reached so far (Santero et al., 2011c; Xu et al., 2019). 
Moreover, it is important to highlight that the leachate generated from 
road pavements is not contemplated as previous research studies have 
reported a small amount of leaching of contaminants (Brandt and De 
Groot, 2001; Marion et al., 2005). Therefore, considering that “HERMES 
CO2” is mainly relevant to early planning of road pavements, the in-
clusion of leachate is not likely to remarkably affect the overall results. 

2.3.1. Maintenance 
Maintenance operations refer to the creation of asphalt overlays 

(Huang et al., 2009a; Zhang et al., 2010) when the International 
Roughness Index (IRI) of the pavement becomes unacceptable. IRI is 
defined by the amplitude of motion of a standard vehicle suspension 
system as it travels along the road (Múčka, 2017; Paterson, 1986). The 
initial IRIini of the new pavement can be specified in “HERMES CO2”. 
The yearly increase in IRI can be also defined and this value ΔIRI is 
recommended to be comprised between 0.05 m/km and 0.15 m/km 
(Albuquerque and Núñez, 2011; Xu et al., 2019; Yu and Lu, 2012). When 
IRI reaches the specified maximum threshold value IRIfin, maintenance 
operations are performed and IRI value is re-set to its initial value IRIini 
(Bryce et al., 2014; Wang et al., 2020). An alternative approach to 
evaluate the need for road maintenance could also be developed based 
on rutting depth (Gulfam-E-Jannat et al., 2016). 

2.3.2. Lighting 
The two most common streetlight technologies are taken into 

consideration: one is based on Ceramic Metal Halide (CMH), one is 
based on Light Emitting Diode (LED) (Abdul Hadi et al., 2013). It is 
assumed that both CMH and LED bulbs are characterized by 60 000 h of 
operational life and that the electricity is supplied from a natural gas 
power plant. The hourly carbon dioxide emissions during operation of 
CMH-250 W and LED-180 W streetlights are 0.057 kg/h and 0.041 kg/h, 
respectively (Abdul Hadi et al., 2013). 

2.3.3. Albedo 
The albedo effect is the phenomenon related to the ratio of reflected 

radiation, which can be converted to a corresponding amount of CO2. 
Albedo ranges from 0 (complete absorption) to 1 (complete reflectance). 
As a surface covering, pavements can reflect a portion of the incoming 
solar radiation back into space. Pavement age and surface type are the 
most important parameters to be considered (Yu and Lu, 2014). The 
albedo of asphalt pavements increases with age as the road surface be-
comes clearer, in contrast with the concrete pavements, which are likely 
to darken with time. The fundamental function describing the rela-
tionship of solar radiative force RF and carbon dioxide emission CO2 is 

given as (Yu and Lu, 2014) 

CO2(kg) = α
0.01 ⋅ 1.087∙RF

(
W
m2

)

∙t∙A(m2)

0.217∙t − 44.78∙e− t
172.9 − 6.26∙e− t

18.51 − 0.22∙e− t
1.186 + 51.26

(5)  

where α is the albedo value, t is time expressed in years and A is the area. 
Albedo is connected to latitude coordinate, vegetation and cloud cover 
(Myhre and Myhre, 2003); for simplification, national codes typically 
assume a single, static value of albedo over the service life (Sen and 
Roesler, 2016). “HERMES CO2” does not explicitly take into account the 
urban heat island effect, but this phenomenon can be indicatively esti-
mated by selecting an appropriate value of α and radiative force RF 
(Akbari et al., 2001; Qin, 2015). 

2.3.4. Rolling resistance 
The rolling resistance describes the energy loss of the moving vehi-

cles associated to the surface properties of the pavement and can be 
efficiently correlated to IRI (Santero et al., 2011c; Wang et al., 2012; 
Yuan et al., 2015). It is important to emphasize that the rolling resis-
tance investigated here does not refer to the entire burden of fuel use, 
but rather just to the effect of pavement properties on the fuel economy 
of vehicle (Andre, 2005; Kim et al., 2015). Moreover, the impact of road 
texture on fuel consumption is not straightforward, the relationship 
heavily depends on engine rate; at low speed the mechanical friction is 
predominant, at higher speed the aerodynamic resistance plays a major 
role (Lepert and Brillet, 2009). Given the very limited number of studies 
that consider the effect of pavement roughness, its role is often 
approximated by linear or exponential models (Azarijafari et al., 2016; 
Inyim et al., 2016; Zhang et al., 2010). Fuel Consumption Factor FCF is 
used to describe the additional fuel consumption of vehicles according to 
different IRIs (Yu and Lu, 2012) 

FCF = 0.007377⋅IRI + 0.993 (6)  

FCF = 0.02163⋅IRI + 0.953 (7)  

where Equation (6) is for passenger cars, and Equation (7) is for trucks 
(FCF ≥ 1). 

The diesel fuel consumption for road trucks and light vehicles (Diesel 
Vehicles, DVs) is assumed to be 0.25 l/km (Trani et al., 2016) and 0.06 l/ 
km (Lopes et al., 2013), respectively. It is important to highlight that the 
worksheet also considers the possible presence of light Hybrid Vehicles 
(HVs) as well as light Electric Vehicles (EVs). The consumption of HVs is 
set to 0.04 l/km (Fontaras et al., 2008). In order to merely consider the 
amount of CO2 related to driving, no direct emissions are associated with 
EVs (Hawkins et al., 2012; Richardson, 2013). 

To forecast the Annual Average Daily Traffic (AADT) at a given year, 
the formulation implemented in “HERMES CO2” is 

AADT(t) = AADT(1)⋅f ∙
(1 + 0.01∙r)n

− 1
0.01∙r

(8)  

where AADT(1) refers to the initial value, r is the yearly traffic increase, 
n is the road lifespan and f is the lane distribution factor, which is equal 
to 1.00, 0.50, 0.45 or 0.40 for one-lane, two-lane, four-lane and six-lane 
road, respectively (Fwa and Li, 1995; Mallick and El-Korchi, 2013; 
Šliupas, 2006). The amount of diesel heavy, diesel light, hybrid and 
electric vehicles is specified by the spreadsheet user as four respective 
AADT values. 

3. Application of “HERMES CO2” tool 

3.1. Functional unit and system boundary 

As illustrated in section 2, the “HERMES CO2” tool is developed 
based on an extensive literature review and, therefore, it can be applied 
to a wide range of various road projects in different locations. In this 
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work, “HERMES CO2” is employed considering the context of Norwegian 
road pavements. The goal of this application is to indicatively evaluate 
the carbon dioxide emissions generated during the life of a typical 
Asphalt Concrete (AC) highway pavement (NPRA, 2018b) and highlight 
the most pollutant stages. 

In this regard, the three layouts of road pavement corresponding to 
the three dimensioning classes of Norwegian highways are taken into 
consideration (NPRA, 2019). They are classified as H1, H5 and H3 based 
on their Annual Average Daily Traffic (AADT) and Speed Limit (SL): 
AADTH1 < 6 000 < AADTH5 < 12 000 < AADTH3 and SLH1 = 80 km/h, 
SLH5 = 90 km/h, SLH3 = 110 km/h. Fig. 5 depicts the three layouts of the 
highway classes H1, H5 and H3 as well as three examples of corre-
sponding road pavements located along highways E39 Lyngdal- 
Flekkefjord (Barbieri et al., 2017), E6 Trondheim-Stjørdal (Hanson, 
2012) and E16 Bærum-Sandvika (Mijena, 2019). 

This application refers to 1 km as functional unit and 50 years as 
lifespan. The materials and the geometry of the considered road pave-
ments are reported in Table 3, they are typical values in the Norwegian 
context (NPRA, 2019, 2018b). The subgrade is composed of rocks and is 
non-frost susceptible. The base and subbase layers comprise gravel 
which is spread and compacted by means of medium dozer and light 
smooth drum roller, respectively. The binder and wearing courses are 
created using medium asphalt paver, tandem vibratory roller, tack coat 
spreader and seal coat spreader. The transport distance for all the ma-
terials included in the study is assumed to be 20 km, this is a reasonable 
estimation as using local materials has proved to be a good practice to 
limit the generation of CO2 in the country (Barbieri et al., 2020a, 
2019b). 

The lighting poles are assumed to function 12 h a day throughout the 
year using LED bulbs, and the distance between two poles is set to 50 m. 
Regarding the roughness of the pavement, the following values are 
adopted: IRIini = 2 m/km, ΔIRI = 0.10 m/km and IRIfin = 4 m/km 
(NPRA, 2014a, 2014b). In this study, maintenance operations comprise 
the removal of the existing top layer (wearing + binder) and its recon-
struction. The following machineries are used: milling machine, 
compactor rollers, asphalt paver, seal coat agent spreader and trucks. As 
in the case of the initial road construction, the material transport dis-
tance is assumed to be 20 km. 

When it comes to the albedo, this study adopts a constant static value 
of α = 0.15; this is a conservative estimate, since fresh asphalt is 
generally characterised by α = 0.05–0.10. Anyway, the variability in α is 
significant only during the first or two years after road construction 
(Richard et al., 2015; Sen and Roesler, 2016). Pavements generally have 
lower albedos than their surrounding areas. Dobos assessed the albedo 
values for several types of surfaces and documented that the mean value 
of the earth system is 0.36 (Dobos, 2014). Therefore, in this study, the 
difference between asphalt pavement and the surrounding area is Δα =
0.21. Mean RF value is assumed to be 1.54 W/m2 for 0.01 change in 
albedo (Yu and Lu, 2014). 

The AADT referring to light vehicles AADTlight as well as the values of 
lane distribution factors f are reported in Table 4 (NPRA, 2020), the 
yearly increase in traffic is r = 1% (NPRA, 2018b). The AADT referring 
to heavy vehicles AADTheavy is considered to be 5% of AADTlight (Sta-
tistics Norway, 2021). Initially, only the presence of DVs is considered. 

Fig. 5. The three dimensioning classes of Norwegian highways, dimensions in m (Google Maps, 2021; NPRA, 2019).  

Table 3 
Materials and geometry of the analysed road pavements.  

Layer Material Thickness (cm) Width (m) 

H1 H5 H3 

wearing AC 4 9  12.5 23 
binder AC 4 9  12.5 23 
base gravel 30 9  12.5 23 
subbase gravel 30 12  15.5 26 
subgrade rock – 15  18.5 29  

Table 4 
Estimated values of AADTlight and lane distribution factor f for each highway 
dimensioning class.  

Highway dimensioning class H1 H5 H3 

AADTlight 6 000 12 000 20 000 
f 0.50 0.50 0.45  
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3.2. Results and discussion 

The carbon dioxide emissions related to the production, construction 
and use stages for the analysed highway pavements are reported in 
Fig. 6a in logarithmic scale. The overall amount of generated CO2 is 
comprised between three hundred thousand and one million metric 
tons. It is apparent that production stage and construction stage are 
characterized by the same order of magnitude (100 t) as better depicted 
in Fig. 6b and are noticeably connected to a tiny portion of the total 
amount. On the other hand, the use stage, which is seldom touched in 
literature, contributes tremendously to the overall emissions (more than 
99%) and this finding is in good agreement with previous studies 
(Araújo et al., 2014; Santero et al., 2011c). In this regard, Fig. 6c details 
the impact of all the modules comprised in the use stage. The lighting 
module is characterized by the same order of magnitude of the pro-
duction stage or the construction stage, while albedo and rolling resis-
tance modules heavily impact the results as they determine more than 

99% of the emissions related to the use stage. Fig. 6d reports that the 
light vehicles and heavy vehicles are responsible for approximately 85% 
and 15% of the emissions, respectively, related to the rolling resistance 
module. 

Considering that the very large part of the carbon dioxide emissions 
is actually related to albedo and rolling resistance, some further con-
siderations are made referring to the dimensioning class H3 by per-
forming a parametric analysis which involves “ALB” and “ROLL” 
worksheets. Fig. 7 depicts the role played by albedo α and radiative force 
RF and indicates that a careful evaluation of these two parameters is 
essential to obtain a precise estimate of the generated amount of CO2. 
The results show that, even if there is a sensible variation in the emis-
sions quantity, the order of magnitude is the same (10 000 t) for all the 
considered values of α (0.05, 0.08, 0.10, 0.13, 0.15) and RF (1.00, 1.25, 
1.50, 1.75, 2.00 W/m2), which is in good agreement with previous 
research (Sen and Roesler, 2016). 

The emissions related to the rolling resistance represent the largest 

Fig. 6. Quantity of generated CO2 emissions related to all the stages (a), related to production and construction stages (b), related to use stage with subdivision 
between maintenance, lighting, albedo and rolling resistance modules (c) and related to rolling resistance module with subdivision between heavy and light vehicles 
(d). Results evaluated for each highway dimensioning class H1, H5 and H3. 
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part of the overall amount; therefore, it is relevant to understand how 
this outcome can change when also taking the presence of HVs and EVs 
into consideration. With particular reference to the Norwegian context, 
sustainability is a key-value for all the societal sectors (NPRA, 2018c; 
Samferdselsdepartementet, 2018; Teknologirådet, 2012) and, when it 
comes to transport, the country’s ambitious policy to reach carbon 
neutrality in the very near future largely relies on the growing electric 
vehicle market (Ćetković and Skjærseth, 2019; Sovacool et al., 2018). 
Fig. 8 displays along the horizontal axes the quantity of HVs and EVs 
expressed as a percentage (0.00, 0.25, 0.50, 0.75, 1.00) of the total 
AADTlight including light DVs, HVs and EVs. Three values of traffic 
volume (AADTlight = 10 000, AADTlight = 20 000, AADTlight = 30 000) 
and three values of yearly increase in roughness (ΔIRI = 0.05, ΔIRI =
0.10, ΔIRI = 0.15) are considered. A linear relationship is found be-
tween the amount of generated CO2 and the percentage of DVs, HVs, 
EVs. In example, the carbon dioxide quantity associated to AADTlight 
composed by 100% DVs is halved when referring to an AADTlight 
comprising 50% DVs and 50% EVs or reduced by 17% when referring to 
an AADTlight encompassing 50% DVs and 50% HVs. Therefore, the 
presence of HVs and EVs proves to be a very effective way to reduce the 
amount of emissions generated by rolling resistance. As an input for a 

future upgrade of the “HERMES CO2” tool, it is worth mentioning that 
further benefits in terms of reduction of CO2 emissions can be achieved 
when considering electric trucks (Liimatainen et al., 2019). Fig. 8 also 
depicts the emissions connected to two different acceptable maximum 
IRI (IRIfin = 3, IRIfin = 4) entailing two different frequencies of main-
tenance operations; in this case, no significant variations in the CO2 
emissions are found and this agrees well with other studies (Kim et al., 
2015; Zhang et al., 2010). 

4. Limitations and conclusions 

The study has dealt with the indicative assessment of carbon dioxide 
emissions connected to the life of an asphalt pavement considering its 
production, construction and use stages. “HERMES CO2” tool is a pub-
licly available spreadsheet which has been developed for the purpose 
and its structure is based on data gathered from an extensive literature 
review. Considering the several LCA tools that are currently available in 
the road sector, just a few are designed to perform considerations at 
early phases. In particular, “HERMES CO2” gives focus to the use stage, 
which is usually only partially addressed in the other tools relevant to 
early planning of road pavements. As “HERMES CO2” can be applied to 
various road projects located in different places and countries, this study 
has indicatively calculated the CO2 emissions related to the life of three 
types of Norwegian highway pavements to illustrate the potential of the 
developed tool. 

The fact that all the data employed in this study have been derived 
from previous investigations represents a natural limitation; hence, the 
quantitative results obtained here should be considered indicative only 
and highlight the most critical stages in terms of CO2 generation. 
Moreover, specific testing campaigns to measure accurately the values 
of relevant parameters such as albedo or rolling resistance should be 
performed associated with a specific case-study. 

Notwithstanding these limitations, three major conclusions can be 
drawn:  

(1) “HERMES CO2” is an effective tool which can indicatively assess 
the CO2 emissions related to the life of an asphalt pavement. 

Fig. 7. Influence of albedo α and radiative force RF on CO2 emissions.  

Fig. 8. Influence of the presence of Hybrid Vehicles (HVs) and Electric Vehicles (EVs) on CO2 emissions related to rolling resistance, results displayed for two 
different road maintenance frequencies (IRIfin = 3, IRIfin = 4). 
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“HERMES CO2” is particularly relevant to early planning of road 
infrastructures and, differently from the other existing tools, also 
considers the use stage.  

(2) Based on the illustrative application of “HERMES CO2” to the 
calculation of CO2 emissions related to Norwegian highways, it is 
possible to infer that the use stage is associated to tremendous 
emissions and that the albedo effect and the rolling resistance are 
the main responsible.  

(3) The rolling resistance plays a predominant role in the generation 
of carbon dioxide emissions because it affects each vehicle using 
the pavement. The presence of Hybrid Vehicles (HVs) and Elec-
tric Vehicles (EVs) can significantly reduce these emissions. 

As recommendations for future research, the development of 
“HERMES CO2” tool should target the following objectives: (i) more 
accurate quantification of the phenomena generating tremendous but 
vague amount of environmental burdens (i.e., albedo, rolling resistance 
and pavement-vehicle interaction), (ii) consideration of uncertainties 
for the input quantities, which can be in turn incorporated in Monte 
Carlo simulations (Yu et al., 2018), (iii) dynamic representations of data 
and creation of a temporal Life Cycle Inventory (LCI) (Azarijafari et al., 
2016; Pinsonnault et al., 2014), (iv) inclusion of the most recent tech-
nologies currently in experimental phase, i.e. self-healing asphalt mastic 
(Liu et al., 2013; Lou et al., 2021b; Lou et al., 2021c), energy harvesting 
(Guo and Lu, 2017; Roshani et al., 2016) and electric road systems 
(Jelica et al., 2018; Taljegård et al., 2019). 
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Häkkinen, T., Mäkelä, K., 1996. Environmental adaption of concrete: Environmental 
impact of concrete and asphalt pavements. Espoo. 

Hanson, S., 2012. Kalksementstabilisering ved E6 Trondheim – Stjørdal, parsell 
Trondheim dagsone vest. Norwegian University of Science and Technology. 

Hawkins, T.R., Gausen, O.M., Strømman, A.H., 2012. Environmental impacts of hybrid 
and electric vehicles—a review. Int. J. Life Cycle Assess. 17, 997–1014. https://doi. 
org/10.1007/s11367-012-0440-9. 

Heidari, B., Marr, L.C., 2015. Real-time emissions from construction equipment 
compared with model predictions. J. Air Waste Manag. Assoc. 65, 115–125. https:// 
doi.org/10.1080/10962247.2014.978485. 

Horvath, A., Hendrickson, C., 1998. Comparison of environmental implications of 
asphalt and steel-reinforced concrete pavements. Transp. Res. Rec. J. Transp. Res. 
Board 1626, 105–113. https://doi.org/10.3141/1626-13. 

Hoxha, E., Vignisdottir, H.R., Barbieri, D.M., Wang, F., Bohne, R.A., Kristensen, T., 
Passer, A., 2021. Life cycle assessment of roads: Exploring research trends and 
harmonization challenges. Sci. Total Environ. 759, 143506 https://doi.org/ 
10.1016/j.scitotenv.2020.143506. 

Huang, Y., Bird, R., Bell, M., 2009a. A comparative study of the emissions by road 
maintenance works and the disrupted traffic using life cycle assessment and micro- 
simulation. Transp. Res. Part D Transp. Environ. 14, 197–204. https://doi.org/ 
10.1016/j.trd.2008.12.003. 

Huang, Y., Bird, R., Heidrich, O., 2009b. Development of a life cycle assessment tool for 
construction and maintenance of asphalt pavements. J. Clean. Prod. 17, 283–296. 
https://doi.org/10.1016/j.jclepro.2008.06.005. 

Huang, Y., Spray, A., Parry, T., 2013. Sensitivity analysis of methodological choices in 
road pavement LCA. Int. J. Life Cycle Assess. 18, 93–101. https://doi.org/10.1007/ 
s11367-012-0450-7. 

Huang, Y.H., 2004. Pavement Analysis and Design, second. ed. Upper Saddle River. 
Huijbregts, M A J, Thissen, U., Guin, J.B., Jager, T., Kalf, D., Meent, D. Van De, Ragas, A. 

M.J., Sleeswijk, A.W., Reijnders, L., 2000. Priority assessment of toxic substances in 
life cycle assessment. Part I: calculation of toxicity potentials for 181 substances with 
the nested multi-media fate, exposure and effects model USES-LCA. Chemosphere 
41, 541–573. https://doi.org/https://doi.org/10.1016/S0045-6535(00)00030-8. 

Huijbregts, Mark A J, Thissen, U., Jager, T., van de Meent, D., Ragas, A.M.J., 2000b. 
Priority assessment of toxic substances in life cycle assessment. Part II: assessing 
parameter uncertainty and human variability in the calculation of toxicity potentials. 
Chemosphere 41, 575–588. https://doi.org/10.1016/S0045-6535(00)00031-X. 

Inti, S., Martin, S.A., Tandon, V., 2016. Necessity of including maintenance traffic delay 
emissions in life cycle assessment of pavements. Procedia Eng. 145, 972–979. 
https://doi.org/10.1016/j.proeng.2016.04.126. 

Inyim, P., Pereyra, J., Bienvenu, M., Mostafavi, A., 2016. Environmental assessment of 
pavement infrastructure: a systematic review. J. Environ. Manage. 176, 128–138. 
https://doi.org/10.1016/j.jenvman.2016.03.042. 

Jelica, D., Taljegård, M., Thorson, L., Johnsson, F., 2018. Hourly electricity demand from 
an electric road system – A Swedish case study. Appl. Energy 228, 141–148. https:// 
doi.org/10.1016/j.apenergy.2018.06.047. 

Jiang, R., Wu, P., 2019. Estimation of environmental impacts of roads through life cycle 
assessment: A critical review and future directions. Transp. Res. Part D Transp. 
Environ. 77, 148–163. https://doi.org/10.1016/j.trd.2019.10.010. 

Jones, D., 2017. Guidelines for the selection, specification, and application of chemical 
dust control and stabilization treatments on unpaved roads. 

JPI Urban Europe Management Board, 2019. HERMES | JPI Urban Europe [WWW 
Document]. accessed 7.23.19. https://jpi-urbaneurope.eu/project/hermes/. 

Kennedy, E., 2006. Integration of the measurement of energy usage into road design. 
Kim, H.C., Wallington, T.J., Sullivan, J.L., Keoleian, G.A., 2015. Life cycle assessment of 

vehicle lightweighting: novel mathematical methods to estimate use-phase fuel 
consumption. Environ. Sci. Technol. 49, 10209–10216. https://doi.org/10.1021/ 
acs.est.5b01655. 

Komatsu, 2009. Specifications and application handbook. Tokyo. 
Krantz, J., Lu, W., Johansson, T., Olofsson, T., 2017. Analysis of alternative road 

construction staging approaches to reduce carbon dioxide emissions. J. Clean. Prod. 
143, 980–988. https://doi.org/10.1016/j.jclepro.2016.12.023. 

Laurance, W.F., Clements, G.R., Sloan, S., O’Connell, C.S., Mueller, N.D., Goosem, M., 
Venter, O., Edwards, D.P., Phalan, B., Balmford, A., Van Der Ree, R., Arrea, I.B., 
2014. A global strategy for road building. Nature 513, 229–232. https://doi.org/ 
10.1038/nature13717. 

Leontief, W., 1970. Environmental repercussions and the economic structure 
aninput–output approach. Rev. Econ. Stat. 52, 262–271. 

Lepert, P., Brillet, F., 2009. The overall effects of road works on global warming gas 
emissions. Transp. Res. Part D Transp. Environ. 14, 576–584. https://doi.org/ 
10.1016/j.trd.2009.08.002. 

Li, Han, X., Jin, M., Zhang, X., Wang, S., 2019. Globally analysing spatiotemporal trends 
of anthropogenic PM2.5 concentration and population’s PM2.5 exposure from 1998 
to 2016. Environ. Int. 128, 46–62. https://doi.org/10.1016/j.envint.2019.04.026. 

Liimatainen, H., van Vliet, O., Aplyn, D., 2019. The potential of electric trucks – an 
international commodity-level analysis. Appl. Energy 236, 804–814. https://doi. 
org/10.1016/j.apenergy.2018.12.017. 

Liu, Q., Wu, S., Schlangen, E., 2013. Induction heating of mastic asphalt for crack 
control. Constr. Build. Mater. 41, 345–351. https://doi.org/10.1016/j. 
conbuildmat.2012.11.075. 

Liu, Y., Wang, Y., Li, D., 2017. Estimation and uncertainty analysis on carbon dioxide 
emissions from construction phase of real highway projects in China. J. Clean. Prod. 
144, 337–346. https://doi.org/10.1016/j.jclepro.2017.01.015. 

Lopes, M., Serrano, L., Ribeiro, I., Cascão, P., Pires, N., Rafael, S., Tarelho, L., 
Monteiro, A., Nunes, T., Evtyugina, M., Nielsen, O.J., Gameiro da Silva, M., 
Miranda, A.I., Borrego, C., 2013. Emissions characterization from EURO 5 diesel/ 
biodiesel passenger car operating under the new European driving cycle. Atmos. 
Environ. 84, 339–348. https://doi.org/10.1016/j.atmosenv.2013.11.071. 

Lou, B., Barbieri, D.M., Passavanti, M., Hui, C., Gupta, A., Hoff, I., Lessa, D.A., Sikka, G., 
Chang, K., Fang, K., Lam, L., Maharaj, B., Ghasemi, N., Qiao, Y., Adomako, S., 
Foroutan Mirhosseini, A., Naik, B., Banerjee, A., Wang, F., Tucker, A., Liu, Z., 
Wijayaratna, K., Naseri, S., Yu, L., Chen, H., Shu, B., Goswami, S., Peprah, P., 
Hessami, A., Abbas, M., Agarwal, N., 2021a. Air pollution perception in ten countries 
during the COVID-19 pandemic. Ambio. https://doi.org/https://doi.org/10.1007/ 
s13280-021-01574-2. 

Lou, B., Sha, A., Barbieri, D.M., Liu, Z., Zhang, F., 2021b. Microwave heating properties 
of steel slag asphalt mixture using a coupled electromagnetic and heat transfer 
model. Constr. Build. Mater. 291, 123248 https://doi.org/10.1016/j. 
conbuildmat.2021.123248. 

Lou, B., Sha, A., Barbieri, D.M., Liu, Z., Zhang, F., Jiang, W., 2021c. Improved microwave 
heating uniformity and self-healing properties of steel slag asphalt containing ferrite 
filler. Mater. Struct. 7, 1–14. https://doi.org/10.1617/s11527-020-01577-7. 

Mallick, R.B., El-Korchi, T., 2013. Pavement engineering. Principles and practice, second. 
ed. CRC Press, Boca Raton.  

Marchiori, C., Dietz, S., Tavoni, A., 2017. Domestic politics and the formation of 
international environmental agreements. J. Environ. Econ. Manage. 81, 115–131. 
https://doi.org/10.1016/j.jeem.2016.09.009. 
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