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Abstract. Asphalt mixtures properties can be enhanced by modifying it with additives. Even though the immediate 
benefits of using polymers and waxes to modify the binder properties are rather well documented, the effects of such 
modification over the lifetime of a road are seldom considered. To investigate this, a newly developed open technical 
life cycle assessment (LCA) framework was used to determine production energy and emission limits for the asphalt 
additives. The LCA framework is coupled to a calibrated mechanics based computational framework that predicts the 
in-time pavement performance. Limits for production energy of wax and polymers were determined for the hypothetical 
case studies to show how LCA tools can assist the additives manufacturers to modify their production procedures and 
help road authorities in setting ‘green’ limits to get a real benefit from the additives over the lifetime of a road. From the 
detailed case-studies, it was concluded that better understanding of materials will lead to enhanced pavement design and 
could help in the overall reduction of energy usage and emissions.
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Introduction 

By binding the aggregate skeleton together, bitumen pro-
vides the necessary stiffness and strength in asphalt mix-
tures to transfer the traffic loads. In addition to its strength, 
asphalt pavements also offer a damping ability due to 
the visco-elastic nature of the bitumen. As such, asphalt 
mixtures are uniquely qualified for providing an optimal 
driving comfort as well as flexible maintenance actions. 
Due to the depleting crude oil sources, asphalt binder 
prices have been increased rapidly in the past years and 
its overall supply is diminishing as refineries are modify-
ing and proposing methods to convert their heavy crudes 
to fuels. For this reason, on the one hand, it is important 
to optimize the lifetime and rheological properties of the 
binder to postpone distresses like cracking and rutting that 
diminish the lifetime of the asphalt pavements. On the 
other hand, it is important to start exploring novel materi-
als that are suitable for pavement construction, yet do not 
depend on the diminishing fossil resources. The first can 
partly be achieved by modification of the bitumen using 
additives such as polymers and waxes. The second can be 
achieved by imbedding alternative materials, such as bio-
mass based materials or reclaimed materials.

Larger distances for the materials transporta-
tion, consume the most process energy in a roads life 
cycle (Butt et al. 2014). However, for shorter transport  

distances, asphalt production comes at the top of the 
energy chain. It has been shown in several studies that the 
asphalt mixing phase is the most energy intensive process 
(Huang et al. 2009; Zapata, Gambatese 2005; Butt et al.  
2014). To date, the pavement industry is investigating 
how to lower the energy use and emissions, for example 
by converting from hot mix asphalt (HMA) to cold mix 
asphalt technology. But there has not been any major par-
adigm shift in the industries so far. Additives are added 
in the asphalt mixes for number of reasons that include 
lowering mixing and compacting temperatures, improv-
ing adhesion and increasing resistance against cracking 
and rutting. Polymer modification is known to have the 
potential to enhance the binder properties such that it 
becomes more resistant to higher and lower temperatures 
(Carpenter, VanDam 1987; Lewandowski 1994; Lu et al. 
1999; Von Quintus et al. 2007). On the other hand, work-
ing temperatures of polymer modified asphalt are much 
higher as compared to conventional HMA which means 
more energy will be consumed to mix and compact it. 
Working at higher temperatures also needs expertise and 
it becomes quite unpleasant for the workers. Therefore, 
waxes are sometimes added to reduce the viscosity of 
bitumen so it can be processed at lower temperatures 
(Hurley, Prowell 2006; Soenen et al. 2008; Edwards et al.  
2010). It is popular today in the asphalt industry to use 
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waxes to produce warm mix asphalt (WMA). The pros 
and cons of using polymers and waxes to modify the 
binder properties are well documented. The long-term 
effect of this modification over the entire life time of 
the pavement is, however, very seldom considered. In 
addition to this, it is not a common practice to report the 
energy consumption and emissions for the production of 
additives used in the asphalt industry. Therefore, to date, 
very little data is available for the production phase of 
additives, causing a gap in the knowledge of the long-
term benefit from the additives from a life cycle perspec-
tive. Considering the importance of such information, a 
mass-energy flow framework was recently developed 
which is able to calculate the energy consumption and 
Green House Gas (GHG) emissions during the produc-
tion phase of any material based on the electricity and 
fuel usage (Butt et al. 2014). 

Due to the environmental and mechanical loading 
during its service life, asphalt pavements develop internal 
micro-damage which can lead to visible meso-scale dam-
age and significantly degrade its long-term performance. 
Asphalt mixtures have, however, a known tendency to 
be able to heal a certain portion of this micro-damage, 
enabling sometimes a reduction in this mechanical deg-
radation. Several researchers are working and developing 
models for better understanding and prediction of healing 
behavior of the binders (Kim, Little 1989; Little et al. 
1999; Bhasin et al. 2011; Darabi et al. 2012; Tan et al.  
2012). Unfortunately, very little fundamental understand-
ing of this healing behavior is currently available. In an 
earlier investigation, a hypothesis was developed that the 
healing capability of the bitumen is related to a wax-
induced phase separation process (Kringos et al. 2011). 
In this, bitumen from different crude sources were inves-
tigated under an Atomic Force Microscope (AFM) for 
their phase behavior. In the proposed model, the inter-
faces between the various phases in the bitumen are 
noted as the potential weakened zones, which upon phase 
movement could lead to a damage memory loss, resulting 
in the noted healing behavior as observed on meso-scale. 
Considering that, this model has suggested that waxes 
could play a significant role in the asphalt healing poten-
tial, the question could arise as to the long-term benefit 
of adding waxes to bitumen, especially considering the 
other connotation of increased risk of low temperature 
cracking when waxes are involved. 

It is therefore of increasing importance to be able 
to objectively measure and quantify the potential benefit 
of additives on the long term performance predictions of 
pavements due to enhanced knowledge of the mechani-
cal performance, such as discussed earlier. Considering 
also the important task that our infrastructure has to con-
tribute to enhancing our society’s sustainability, being 
able to judge the durability and environmentally friend-
liness linked to the long-term performance, having tools  
available that can assess pavements on a life cycle basis 
are of crucial importance.

Due to the depletion of resources and concerns of 
the climatic change, Life Cycle Assessment (LCA) for 
different products, systems and activities have increased 
in popularity among researchers for the past years. LCA 
studies can help to determine and minimize the energy 
consumption, use of resources and emissions to the envi-
ronment by giving a better understanding of the systems. 
LCAs can also propose different alternatives for dif-
ferent phases in a life cycle of the system. There have 
been studies that quantify the energy and emissions at 
different road phases during the roads life time (Häkki-
nen, Mäkelä 1996; Horvath, Hendrickson 1998; Stripple 
2001; Park et al. 2003). However, not much has been 
published in the road LCA studies that quantify energy 
and emissions of using different road additives. Also cur-
rently LCA has not yet been used in the road projects to 
put constraints when considering environmental aspects. 
This could partly be explained due to the lack of a tech-
nical tool that accurately represents all the aspects of 
the pavement sector. From a historical perspective, one 
could say that LCA application to engineering fields is 
still relatively new and lacks uniform guidelines (Du, 
Karoumi 2012). Another reason could be that some of 
the available tools are linked to rather simplified pave-
ment prediction response models that reduce the accu-
rateness of the LCA outcome. There is thus a need to 
develop LCA tools that more closely follow the aspects 
of design, construction and maintenance of a road. The 
above stated arguments were the reason for the authors 
to develop an improved open technical LCA framework 
specialized to the road project level (Butt et al. 2014). 
The framework is closely linked to an in-house devel-
oped calibrated mechanics based framework to assess the 
long-term mechanical performance as well as assist in 
the overall design. This new system is therefore allowing 
for an integrated holistic approach, taking into account 
the non-linear environmental-mechanical performance of 
the pavement as well as allowing for detailed calcula-
tions of the environmental impacts. 

This paper is presenting some of the details of the 
LCA framework and demonstrates its use for two case 
studies associated with the use of additives. The first case 
study that is presented is associated with a hypothetical 
self-healing capability of bitumen and the use of Mon-
tan wax followed by the second case study on polymer 
modification for crack resistance. Both cases are refer-
ring to the use of additives in asphalt pavement to opti-
mize its lifetime, since this presents a strong argument 
for how LCA can be used. In addition to presenting the 
technical LCA framework, the paper also aims at demon-
strating the importance of analyzing the long-term ben-
efits of such modification by including the energy and 
GHG emissions that are associated with their production 
and calculating the limits for production energies of the 
additives that can assist manufacturers to modify their  
production procedures and help road-authorities in set-
ting “green” limits.
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1. Principles and boundaries of the new technical 
life cycle assessment framework 

Life cycle assessment is a versatile tool to investigate the 
environmental aspect of a product, a service, a process or 
an activity by identifying and quantifying related input 
and output flows utilized by the system and its delivered 
functional output in a life cycle perspective (Baumann, 
Tillman 2004). Ideally, it includes all the processes from 
the cradle to the grave of a product. Studying the differ-
ent effects and the impacts on the environment during the 
different phases of a road’s lifetime enables the develop-
ment of the effective measures to reduce the resource use 
and the environmental loads. 

A LCA framework for asphalt roads was recently 
developed by Butt et al. (2014) that consider the energy 
consumption and GHG emissions produced in the lifetime 
of the road (Fig. 1). The LCA framework takes the result-
ing design from the pavement design model as an input 
and processes it to quantify the energy, raw materials and 
emissions for the construction, maintenance and the end 
of life of the asphalt pavement. Certain system boundaries 
were assumed in the development of the framework. First 
of all, the study is limited to a project level. Thus, the road 
location is assumed to have been pre-determined and the 
land area use for some other purpose doesn’t apply. This 
boundary has been imposed to focus the use of this LCA 
on the optimization of the pavements, rather than the opti-
mization of land use. Furthermore, the thickness of the 
asphalt layer was assumed to be constant along the length 
of the road, and fuel and electric energies were accumu-
lated separately. This latter assumption was necessary as 
electricity is a secondary energy source, which could only 
be added to the total energy if the electricity production 
energy and efficiency are known. The raw materials con-
sidered for the framework are bitumen, aggregates and 
additives. The fuel consumption of the traffic and related 
emissions has not been considered as the study was lim-
ited to the project only. However, at the network level, it 
becomes highly relevant to consider the energy and emis-
sions from traffic for decision support in LCA.

2. Pavement design 

A calibrated mechanics based design tool is used to get 
the design thicknesses for both case studies. The model 
has been calibrated for Swedish conditions (Gullberg 
et al. 2012). The analysis and design framework pre-
sented by Gullberg et al. (2012) is an extension of 
the earlier work by Birgisson et al. (2006), in which 
a framework for a pavement design against fracture 
based on the principles of viscoelastic fracture mechan-
ics was developed. In this approach, each mix is eval-
uated based on its dissipated creep strain energy limit 
(DCSElim), which is a measure of how much damage 
mixture can tolerate before a non-healable macro-crack 
forms. Hence, DCSElim acts as a threshold between 
healable micro-cracks and non-healable macro-cracks. 
This is a threshold that has proven to be fundamental 
and independent of the mode of loading (Zhang et al. 
2001).

3. Case studies 

In this paper, the LCA framework is demonstrated via 
two case studies, Case Study A and B, to quantify the 
energy and GHG emissions during the life time of the 
pavement. The pavement has been designed for 20 
years using the calibrated mechanics based pavement 
design procedure described above for both case stud-
ies. The wearing course was assumed to be 50 mm 
thick above the structural course. The thickness for the 
structural course changes with the change of pavement 
design thickness depending on what material properties 
were taken as an input for the system. Energy consump-
tion data for the asphalt production was acquired from 
Skanska, one of the larger Swedish contractors. Energy 
consumption data per tonne of material, electricity mix, 
fuel and emissions used by Stripple (2001) were used 
for the analysis. In the following, first the two Case 
studies are described, after which the results of the anal-
yses and the outcomes and limitations are discussed in  
detail.

Fig. 1. Life cycle assessment framework for asphalt roads
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3.1. Case Study A
The base layer of the pavement analyzed in Case A is 80 mm  
thick over a 420 mm granular sub-base layer. The wearing 
course consists of a densely graded asphalt mixture (ABT 
11) with a maximum aggregate size of 11 mm. The asphalt 
concrete structural layer is assumed to be an asphalt-bound 
base mixture (AG 22) with a maximum aggregate size of 
22 mm. For the Case Study A (Butt et al. 2012a), three dif-
ferent variants are considered in which the bitumen phase 
is slight varied. The consequences of these variations are 
then calculated using the LCA framework:

 – The first variant (named Case A1) is based on bitu-
men with an unknown healing capacity, which can 
therefore not be accounted for in the design; 

 – The second variant (named Case A2) is based on 
the assumption that the same bitumen as in case A1 
is used, but now the intrinsic healing mechanism is 
known and can be accounted for without the need 
for any additional modification. This healing capac-
ity is assumed to give a “free” 10% increase of the 
pavement lifetime when compared to the case A1;

 – The third variant (named Case A3) is based on the 
modification of the bitumen with respect to case 
A1 by adding 4% Montan wax to the bitumen. It is 
thereby assumed that the modification gives the same 
effect as of case A2 but the bitumen does not have 
natural healing tendency. This gave the pavement an 
added 10% increase of the lifetime, similar to case A2.
The added benefits in terms of reduced energy and 

GHG emissions based on bitumen with intrinsic healing 
capacity can then be quantified by comparing case A1 
and case A2. The comparison between case A1 and case 
A3 enables balancing the pros and cons of extra energy 
and emissions due to the wax modification of the bitu-
men with the added lifetime benefits.

The design lifetime of the case A1 pavement is 20 
years. An added lifetime of 10% would thus indicate an 
extra 2 years of remaining pavement life, leading to a 
functional lifetime of 22 years as for case A2 and A3. 
Considering the current warranty system in the EU, in 
which pavements are designed for a given lifetime and 
any unexpected damages will result in penalties for the 
contractor during this period; the extra lifetime is here 
incorporated into the design life by keeping the 20 years 
as the maximum service life. Thus, a pavement sup-
posed to have a service life of 20 years could in fact be 
designed for 18 years (i.e. 90% of the service life) when 
the healing capacity gives an added lifetime of 10%. All 
three cases are assumed to be exposed to 7.5 million 
Equivalent Single Axle Loads (ESAL’s). The asphalt mix 
design is the same for all three cases, in which the AG 22 
binder course had a binder content of 4.5% and 95.5% 
aggregates and the ABT 11 wearing course has a binder 
content of 6% and 94% aggregates. In Cases A1 and A2, 
the binder has a PG 58-22 (binder 70/100) whereas in 
case A3, 4% Montan wax by weight of bitumen is added 
which results in PG 64-22.

The functional unit defined for this case study is the 
construction of 1 km long and 3.5 m wide asphalt pavement 
for the nominal design life. Asphalt production data for 
the electricity and heating oil is determined to be 9.8 kWh  
and 6.8 liter per tonne of produced asphalt, respectively. 
The distance to transfer the bitumen to the asphalt mix 
plant is assumed to be 100 km, whereas the transfer of the 
asphalt mixtures to the construction site is taken as 50 km.  
The aggregate quarry site and the asphalt mix plant are 
hereby assumed to be closely located, 5 km from each 
other. Data for the wax production is missing in the cur-
rent literatures so a method was developed to estimate it 
(Butt et al. 2012a). The fuel versus asphalt mixing tem-
perature curve was deducted from the relationship devel-
oped by D’Angelo et al. (2008), Figure 2a. A reduction in 
the mixing temperature due to the addition of wax in the 
bitumen was calculated based on the rotational viscosity 
data taken from Das et al. (2012), Figure 2b. By com-
bining these two functions, a direct relationship between 
the binder viscosity and the fuel consumption was estab-
lished (Fig. 2). Reduction in the fuel consumption when 
preparing wax modified asphalt mixtures can easily be 
estimated. By using this method, the addition of 4% Mon-
tan wax resulted in a PG grade change from PG 58-22 
to PG 64-22, and a reduction of almost 6 °C in average 
mixing temperature was found. From Figure 2, the reduc-
tion in temperature was used to determine an estimated 
reduction in fuel usage for the production of wax modi-
fied asphalt mixture, which was determined to be 0.6 liter 
per tonne asphalt produced. As a result, 6.2 liters fuel was 
used per tonne wax modified asphalt production in the 
asphalt plant.

3.2. Case Study B

The design of the pavement section used in Case B (Butt 
et al. 2012b) is based on the work by Almqvist (2011). 
The base layer is 178 mm thick whereas the sub-base 
1.0 m lying on top of the bedrock. The design is done 

Fig. 2. Fuel reduction based on reduction in viscosity due to 
wax modification of the binder (Butt et al. 2012a)
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for a mean temperature of 5 °C which corresponds to the 
Swedish climate zone 3. The design ESALs are assumed 
to be 1 million.

It was observed from the literature that a small per-
centage of polymer not only provides resistance against 
cracking but also allows reduction of the asphalt layer 
thicknesses. For example, it has been observed that Sty-
rene-Butadiene-Styrene (SBS) polymer enhances the 
properties of the asphalt mixtures against rutting and 
cracking (Romeo et al. 2010; Ping, Xiao 2011). This 
decrease in thickness itself saves energy and reduces 
emissions associated with the material reduction, but the 
polymer production and transportation emissions should 
then be included to allow for a calculation of the real sav-
ing of the resources, energy or emissions. The following 
three variants are analyzed in this case study: 

 – The first variant (named Case B1) is based on an 
asphalt mixture with no polymer modification;

 – The second variant (named Case B2) is based on a 
modification of the asphalt with respect to case B1 
by adding 3.5% SBS polymer to the bitumen. It was 
observed from IDT results of asphalt mixtures that 
the DCSElim changed from 3.57 (for unmodified 
asphalt mixture) to 5.34 kJ/m3 (for 3.5% SBS modi-
fied asphalt mixture) (Romeo et al. 2010). Hence, an 
increase in DCSElim of almost 50% was achieved. 
This result is assumed in this Case. 

 – The third variant (named Case B3) is based on the 
modification of the bitumen with respect to case B1 
by adding 3.5% of some unknown additive (poly-
mer) to the bitumen. It is thereby assumed that the 
modification gives an increase in the DCSElim of 
almost 100%. Though this seems rather extreme, 
new materials are being developed to be used in 
the road industry and there may be materials in the 
future that will give much improved road perfor-
mance and better designs. So this assumption is 
based on a parametric study to show the potential 
of the developed LCA framework as well as point 
out the missing information to date.
The thicknesses of the asphalt layers according to 

the pavement design are shown in Table 1. It is hereby 
assumed that both the wearing and the structural course 
contain the same asphalt mix design of 5.2% binder content 
and 94.8% aggregates. The construction site and the bitu-
men and aggregates storage sites are considered to be 25, 
75 and 35 km from the asphalt plant, respectively. The pol-
ymer modification makes the asphalt mixture more viscous 

resulting in an increase in the mixing and compacting tem-
peratures (around 200 °C) when compared to unmodified 
asphalt mixture (around 170 °C). It is thereby assumed that 
an increase of 17% in the fuel consumption was required 
for the polymer modification of the asphalt mixture. The 
functional unit (FU) defined for the study was the construc-
tion of 1 km of asphalt pavement for a nominal design life. 
Lane width was selected to be 4 m wide.

The comparison of case B1 with case B2 and B3 
gives insight into the added benefits in terms of reduced 
energy and GHG emissions when polymer is added to the 
asphalt against crack resistance.

4. Results

Based on all the assumptions and available data, the open 
technical LCA framework was used to calculate the energy 
consumption and emissions for the variants of both case 
studies. The limits of the energy use and emissions for 
the production of wax and polymer upon which the addi-
tives would still lead to a positive LCA effect are also cal-
culated. This can help the producers of such additives to 
consider the energy and emissions values for optimizing 
and improving their production techniques. It is however, 
important for the additive producers to report the produc-
tion energies of the additives in order to understand the real 
benefit of using such additives in a life cycle perspective of 
the roads. As mentioned earlier, a simplified way, based on 
mass-energy flow system can be used to define the produc-
tion systems and quantify the energy and emissions.

4.1. Results from Case Study A
Tables 2 and 3 summarize the results of the LCA analy-
sis. Parameters a, b and c are the unknown energy values 
(in GJ) which are associated with the electric, fuel and 
transportation energies for the wax, respectively. Param-
eters d and e are CO2-eq values (in tonnes) for wax pro-
duction and transportation. For case A2, the accounted 
healing capability of the binder resulted in an increase of 
10% predicted life time which led to 22 GJ (or 3%) less 
energy consumption and almost 1.5 tonnes (or 3%) less 
CO2-eq emissions per functional unit when comparing to 
case A1. When comparing case A3 with case A1, almost 
53 GJ (or 7.2%) energy and 4 tonnes CO2-eq (or 8.2%) 
were saved, without taking the production and transpor-
tation energy of the wax into account. In a life cycle 
perspective, however, it is important that these should in 
fact be part of the calculations.

Table 1. Asphalt pavement layer thicknesses for different cases (B)

Cases Description Assumed increase in 
DCSElim (%)

Structural Course 
Thickness (mm)

Total asphalt 
pavement Thickness 

(mm)
B1 Unmodified asphalt 0 100 150
B2 3.5% SBS modified asphalt 50 69 119
B3 3.5% unknown polymer modified asphalt 100 36 86
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Wax production and transportation
Table 4 shows the limits of the wax production and 
transportation energies. According to the case studies, 
the bitumen modification is beneficial from an energy 
point of view if the total sum of the energy and GHG 
emissions spent on wax production and transportation are 
less than 53 GJ and 4 tonnes CO2-eq when comparing to 
the case of non-healing bitumen. When compared to the 
bitumen with intrinsic healing capacity, i.e. case A2, the 
total energy and GHG emissions spent on the wax should 
be less than 30 GJ and 3 tonnes CO2-eq to be beneficial.

4.2. Results from Case Study B
The results of the LCA analysis are summarized in Table 5  
and Table 6. Parameters f, g, h are the unknown energy 
values (in GJ) for the SBS whereas i, j, k are energy values  

Table 4. Beneficial bitumen modification boundaries w.r.t. energy and emissions allocation for Case Study A comparison

Comparision
Energy spent on wax (GJ/FU) Case A3 vs Case A1 Case A3 vs Case A2
ETE Electricity used a <16.4 <9.5
Fuel consumption b <30.9 <17.98
Transportation Energy c <4.97 <2.89
Total Wax Energy <52 <30
GHGs Emissions (tonnes/FU)
Wax production d <3.72 <2.37
Wax Transportation e <0.24 <0.15
Total Process Emissions <3.96 <2.52

a, b, c parameters from Table 2 and d, e from Table 3.

Table  3. Greenhouse Gases (GHGs) for Case Study A per FU produced during different processes in the construction of the 
asphalt pavement

Emissions to air 
(tonnes/FU)

CASE A1 CASE A2 CASE A3
CO2 N2O CH4 CO2 N2O CH4 CO2 N2O CH4

Bitumen 
production 10.83 6.64E-06 2.21E-06 10.52 6.45E-06 2.15E-06 10.10 6.19E-06 2.06E-06

Wax production – – – – – – d΄ d΄΄ d΄΄΄

Aggregate 
Production 1.70 4.32E-05 4.57E-06 1.65 4.18E-05 4.43E-06 1.65 4.18E-05 4.43E-06

Asphalt 
Production 24.26 5.07E-04 2.15E-05 23.50 4.91E-04 2.08E-05 21.44 4.49E-04 1.95E-05

Paving 0.61 1.24E-05 3.86E-07 0.61 1.24E-05 3.86E-07 0.61 1.24E-05 3.86E-07
Compacting 0.36 7.28E-06 2.27E-07 0.36 7.28E-06 2.27E-07 0.36 7.28E-06 2.27E-07
Transportation 10.13 2.05E-04 6.41E-06 9.82 1.99E-04 6.22E-06 9.79 1.98E-04 6.19E-06
Wax 
Transportation – – – – – – e΄ e΄΄ e΄΄΄

∑ 47.90 7.81E-04 3.53E-05 46.46 7.58E-04 3.42E-05 43.95 7.15E-04 3.28E-05
CO2-eq 48.13 46.69 44.17 + d + e

d is CO2-eq from the wax production/FU.  
e is CO2-eq from the wax transportation/FU.

(in GJ) for the unknown polymer which are associated 
with the electric, fuel and transportation energies, respec-
tively. Parameters l, m, n and o are CO2-eq values (in 
tonnes) for the polymer production and transportation. 
For case B2, SBS polymer modification of the asphalt 
led to an increase of 50% DCSElim which resulted in a 
decrease of the structural course by 31% assuming the 
same service life of the pavement. For the calculation of 
case B3, it was assumed that 3.5% of an unknown pol-
ymer was added in the asphalt which would increase 
the DCSElim to 100% which lead to a decrease of 64% 
w.r.t. case 1 and a further decrease of almost 50% w.r.t. 
case B2. From Table 5, it can be seen that the total used 
energy therefore reduces from 830 GJ (case B1) to 700 GJ  
(case B2) to 508 GJ (case B3). From Table 6, it can be seen 
that the total CO2-eq reduces from 55 to 47 to 34 tonnes, 
respectively. These values, however, still do not include the 



604 A. A. Butt et al. Considering the benefits of asphalt modification using a new technical life cycle assessment framework
Ta

bl
e 

5.
 P

ro
ce

ss
 e

ne
rg

y 
fo

r C
as

e 
St

ud
y 

B
 p

er
 F

U
 fo

r d
iff

er
en

t s
ta

ge
s 

in
 th

e 
co

ns
tru

ct
io

n 
of

 th
e 

as
ph

al
t p

av
em

en
t

En
er

gy
C

on
su

m
ed

Ite
m

En
er

gy
C

on
su

m
ed

 p
er

to
n 

of
 m

at
er

ia
l 

(M
J/

to
n)

C
as

e 
B

1
C

as
e 

B
2

C
as

e 
B

3
To

ta
l 

En
er

gy
co

ns
um

ed
 

(G
J)

∑
En

er
gy

(G
J)

ET
E

(G
J)

 
%

 E
ne

rg
y 

co
ns

um
ed

To
ta

l
En

er
gy

co
ns

um
ed

(G
J)

∑
En

er
gy

(G
J)

ET
E

(G
J)

%
 E

ne
rg

y
co

ns
um

ed

To
ta

l
En

er
gy

co
ns

um
ed

(G
J)

∑
En

er
gy

(G
J)

ET
E

(G
J)

 
co

ns
um

ed

%
 E

ne
rg

y 
co

ns
um

ed

El
ec

tri
ci

ty

B
itu

m
en

 P
ro

du
ct

io
n

25
2

18
.8

7

99
22

0

5.
07

%
14

.4
5

78
17

3

4.
60

%
10

.4
4

56
12

5

4.
58

%
Po

ly
m

er
 P

ro
du

ct
io

n
–

–
–

f
–

i
–

A
gg

re
ga

te
 

Pr
od

uc
tio

n
21

.1
9

28
.9

3
7.

78
%

22
.9

5
7.

31
%

16
.5

8
7.

28
%

A
sp

ha
lt 

Pr
od

uc
tio

n
35

.2
8

50
.8

0
13

.6
6%

40
.3

0
12

.8
3%

29
.1

3
12

.7
9%

Fu
el

B
itu

m
en

 P
ro

du
ct

io
n

10
60

79
.3

7

61
0

61
0

9.
57

%
60

.7
7

52
7

52
7

8.
68

%
43

.9
1

38
3

38
3

8.
65

%
Po

ly
m

er
 P

ro
du

ct
io

n
–

–
–

g
–

j
–

A
gg

re
ga

te
 

Pr
od

uc
tio

n
16

.9
9

23
.1

9
2.

80
%

18
.4

0
2.

63
%

13
.3

0
2.

62
%

A
sp

ha
lt 

Pr
od

uc
tio

n
24

2/
(2

81
 fo

r 
ca

se
 B

2-
B

3)
34

8.
48

42
.0

1%
32

1.
18

45
.8

6%
23

2.
11

45
.7

0%

B
itu

m
en

 
tra

ns
po

rte
d*

 to
 th

e 
as

ph
al

t p
la

nt
9.

57
1.

15
%

7.
33

1.
05

%
5.

30
1.

04
%

Po
ly

m
er

 
tra

ns
po

rte
d*

 to
 th

e 
as

ph
al

t p
la

nt
–

–
h

–
k

–

A
gg

re
ga

te
tra

ns
po

rte
d*

 to
 th

e
81

.4
6

9.
82

%
64

.6
2

9.
23

%
46

.7
0

9.
20

%
as

ph
al

t p
la

nt

A
sp

ha
lt 

tra
ns

po
rte

d*
 to

 th
e 

co
ns

tru
ct

io
n 

si
te

61
.3

7
7.

40
%

48
.6

9
6.

95
%

35
.1

9
6.

93
%

La
yi

ng
 A

sp
ha

lt
3.

86
0.

47
%

3.
86

0.
55

%
3.

86
0.

76
%

C
om

pa
ct

in
g 

A
sp

ha
lt

2.
27

0.
27

%
2.

27
0.

32
%

2.
27

0.
45

%

To
ta

l P
ro

ce
ss

 E
ne

rg
y 

=
83

0
70

0 
+ 

(2
.2

3 
x 

f) 
+ 

g 
+ 

h
50

8 
+ 

(2
.2

3 
x 

i) 
+ 

j +
 k

ET
E 

(E
qu

iv
al

en
t T

he
rm

al
 E

ne
rg

y)
 fa

ct
or

 fo
r e

le
ct

ric
ity

 is
 2

.2
3 

M
J

* 
Tr

an
sp

or
ta

tio
n 

di
st

an
ce

s 
w

er
e 

do
ub

le
d 

in
 th

e 
ca

lc
ul

at
io

n 
as

 lo
ad

ed
 tr

uc
ks

 a
re

 e
m

pt
y 

on
 re

tu
rn

. 
f E

le
ct

ric
 e

ne
rg

y 
re

qu
ire

d 
to

 p
ro

du
ce

 S
B

S 
in

 G
J. 

g 
Fu

el
 e

ne
rg

y 
re

qu
ire

d 
to

 p
ro

du
ce

 S
B

S 
in

 G
J. 

h 
Tr

an
sp

or
ta

tio
n 

fu
el

 e
ne

rg
y 

re
qu

ire
d 

to
 tr

an
sp

or
t S

B
S 

in
 G

J. 
i E

le
ct

ric
 e

ne
rg

y 
re

qu
ire

d 
to

 tr
an

sp
or

t u
nk

no
w

n 
po

ly
m

er
 in

 G
J. 

j F
ue

l e
ne

rg
y 

re
qu

ire
d 

to
 p

ro
du

ce
 u

nk
no

w
n 

po
ly

m
er

 in
 G

J. 
k 

Tr
an

sp
or

t f
ue

l e
ne

rg
y 

re
qu

ire
d 

to
 tr

an
sp

or
t u

nk
no

w
n 

po
ly

m
er

 in
 G

J.



Journal of Civil Engineering and Management, 2016, 22(5): 597–607 605

production energy and emissions of the polymers. For this 
reason, in the following the thresholds are determined for 
these.

Polymer production and transportation
The polymers production and transportation energies 
were not included in case B2 and B3, which should be 
considered to make an objective judgment of the long 
term effect of the modification. For this reason, in the fol-
lowing the thresholds of the energy and emission limits 
are determined for the polymer production and transpor-
tation based on the study’s cases results (Table 7).

It was determined that for a polymer modification that 
increases the DCSElim to 100%, the total sum of the energy 
and GHG emissions spent on polymer production and 
transportation should be less than 322 GJ/FU and 21 tonnes 
CO2-eq/FU when comparing with the unmodified asphalt 
case for the modification to be beneficial from an energy 

and emissions point of view. When compared to the SBS 
polymer modified asphalt, i.e. case B2, the total energy and 
GHG emissions spent on the SBS should be less than 129 
GJ and 8 tonnes CO2-eq to be beneficial per FU.

Conclusions and recommendations

From the parametric case studies, it can be concluded 
that better understanding of the binder provides basis for 
better pavement design optimization, hence reducing the 
energy consumption and emissions. Limits in terms of 
energy and emissions for the production of the wax and 
polymers were also found which, when applied to addi-
tional cases, could help the additive producers to improve 
their manufacturing processes making them efficient 
enough to be beneficial from a pavement life cycle point 
of view. In other words: positive effects obtained due to 
the use of additives are only beneficial when the energy 

Table 6. Greenhouse Gases (GHGs) for Case study B per FU produced during different processes in the construction of the 
asphalt pavement

Emissions to air 
(tonnes)

CASE B1 CASE B2 CASE B3

CO2 N2O CH4 CO2 N2O CH4 CO2 N2O CH4

Bitumen 
production 12.95 7.94E-06 2.64E-06 9.92 6.08E-06 2.02E-06 7.17 4.39E-06 1.46E-06

Polymer 
production – – – l΄ l΄΄ l΄΄΄ n΄ n΄΄ n΄΄΄

Aggregate 
production 1.94 4.93E-05 5.21E-06 1.54 3.91E-05 4.13E-06 1.11 2.82E-05 2.99E-06

Asphalt 
production 27.72 5.79E-04 2.45E-05 25.53 5.31E-04 2.17E-05 18.45 3.84E-04 1.57E-05

Paving 0.31 6.18E-06 1.93E-07 0.31 6.18E-06 1.93E-07 0.31 6.18E-06 1.93E-07
Compacting 0.18 3.64E-06 1.14E-07 0.18 3.64E-06 1.14E-07 0.18 3.64E-06 1.14E-07
Transportation 12.04 2.44E-04 7.62E-06 9.53 1.93E-04 6.03E-06 6.89 1.39E-04 4.36E-06
Polymer 
transportation – – – m΄ m΄΄ m΄΄΄ o΄ o΄΄ o΄΄

∑ 55.14 8.90E-04 4.03E-05 47.00 7.79E-04 3.42E-05 34.10 5.66E-04 2.48E-05
CO2-eq 55.41 47.23 + l + m 34.27 + n + o

Table 7. Beneficial bitumen modification boundaries w.r.t. energy and emissions allocation for Case study B

Energy spent on polymer (GJ/FU) Case B1 Vs Case B2 Case B1 Vs Case B3

ETE Electricity used/FU f, i <40.5 <103
Fuel consumption/FU g, j <78 <195

Transportation Energy/FU h, k <9.5 <24

Total Polymer Energy/FU <129 <322
GHGs Emissions (tonnes)
Polymer production/FU l, n <8 <20.5

Polymer Transportation/FU m, o <0.3 <0.7

Total Process Emissions <8.3 <21.2
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and emissions are lower in comparison to the unmodi-
fied asphalt when considering the life cycle of a road. 
In the case of polymers, it’s a question in itself whether 
polymer modification is environmental beneficial when 
compared to the performance benefits. This could be 
addressed using the LCA framework by comparing the 
polymer modified and unmodified asphalt pavements 
designed for the same life span with a condition of hav-
ing production data of the polymer used.

From the case studies, asphalt production was iden-
tified as the most energy intensive process (Tables 2 and 
5) and it also emitted most GHG emissions (Tables 3 and 
6). Therefore, binder self-healing capability and the use 
of additives like polymers and waxes should be further 
studied in order to determine the benefits which could be 
achieved in terms of the resource consumption, energy and 
emissions by lowering the energy utilization in the asphalt 
mix plant. Wax may be lowering the mixing and compact-
ing temperatures on one hand but there might be quite an 
amount of energy utilized or emissions produced during 
its production, ending up as a loss in the overall system. It 
is not possible to make the infrastructure sector more envi-
ronmentally conscious unless we have a tool that takes all 
the associated aspects into consideration. Otherwise, new 
technologies that, for example, may reduce CO2 emissions 
on one end and may reduce the pavement sustainability on 
the other, thus resulting in an overall situation that is not 
beneficial from an environmental perspective. The devel-
oped LCA tool could become imbedded inside the ‘nor-
mal’ pavement design, procurement, built and maintain 
routine and thus provide a useful tool for material sup-
pliers, contractors as well as road authorities to assess the 
sustainability of various choices.
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