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Abstract

This paper demonstrates the sustainability of induction-healed agphalt miﬁ LROAD) by comparing
ures

the impacts this technology causes with those generated by as intained by conventional

practices such as mill and overlay. The functional unit selected is a 1 ne with an analysis period of 30

years, and the stages considered are production, constr Intehance, congestion, leaching and end-

of-life. Two case studies have been analysed to evalual uence of different traffic strategies on the

environmental impact of each maintenance altegna 3’ show the benefits of using the induction

technology at hot points where traffic jams occur.
Keywords
Life cycle assessment; LCA; Envir ental im ; Self-healing; Induction heating; Asphalt mixture;

1. Introduction

Road infrastructures nce in the daily life of millions of citizens by enabling their urban and

regional mobility oosting economic growth, creating jobs and facilitating commercial

relationships. | , the aggregates industry employs more than 200,000 people and the

verexceeds €15 billion (UEPG, 2017). However, maintaining reliable performance of

subsidence phenomena. Therefore, continuous construction and maintenance of roads are required to keep
the pavement infrastructure at a satisfactory service level. Nonetheless, this presents economic,
environmental and social impacts due to the high demand on natural resources, traffic disruption and
increased potential for accidents, reducing mobility and reliability within the road network while increasing

travel time.

According to the European Aggregates Association (UEPG, 2017), aggregates are the most extensively
consumed resource after water and air; more than 30,000 tons are necessary for the construction of 1 km
of road (around 1.35 billion tons per year). Furthermore, the use of fossil fuels is an additional example of
the major natural non-renewable resource needed for pavement construction. Approximately 13 million tons
of bitumen are produced every year for the construction and maintenance of paved roads (Eurobitume,
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2012). Along with environmental impact, these consumptions have an economic impact that should also be
considered. In this sense, the construction of 1 km of new road costs around $866,000 (€722,000) (World
Bank Group, 2000). Nevertheless, this figure does not take into consideration the cost of the delay that users
suffer during the roadworks, which is especially important in high trafficked roads; the UK Government
estimates this cost to be £4 billion per year (€4.5 billion) (UK Department for Transport, 2017).

Although these figures are already alarming, they are expected to increase further in the near future due to
the opening of freight corridors all around Europe. In fact, according to the prognosis European Road
Transport Research Advisory Council made for freight traffic in Germany (ERTRAC, 2011), the volume
transported on roads will increase by around 70% by 2030, thus affecting the existing roads, whose
structures were not designed to support such heavy loads. Therefore, there is a need to foster the utilization
of more durable, cost-effective and eco-friendly practices to reduce levels of maintenance i entions and

achieve longer service lives.

In this context, and based on the existing gaps extensively explained in (Ayar et al. ®016);, the REALROAD
project was carried out to further develop induction-healed asphalt mixture extend service life
resources and traffic

originally developed by
ticlwu ool fibres (used in the

) or even nanoparticles

TU Delft (Garcia et al., 2009) and relies on incorporating met
HEALROAD project), by-products (M Vila-Cortavitarte et al., 2
(Jeoffroy et al., 2016)(Jeoffroy et al., 2018) that can be induc hin the asphalt mixtures. When

incipient cracks appear in the wearing course, an indug i nerator (see Figure 1) passes over

closing them, extending the lifetime of roads B : 90% (at lab level) when only one healing

treatment is applied (Ajam et al., 2017) (
since more treatment cycles mightpe

Figure 1. Induction-heating machine used in the HEALROAD project. Source: SGS Intron (The Netherlands).

In order to achieve the main goal of the project, several activities were carried out at two levels. Firstly, the
mechanical performance and healing capacity of the asphalt mixes, the influence of the properties of the
bitumen, the type and amount of metallic particles and the air void content were assessed and optimized in

the laboratory. Then, the laboratory results were transferred to industry by up-scaling the asphalt mixture
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production and the construction of a pilot section in the German Federal Highway Research Institute
(duraBASt).

To analyse the sustainability of induction-healing technology, a life-cycle-assessment (LCA) has been
carried out following the standards 1SO 14040:2006 (ISO, 2006a) and 14044:2006 (1SO, 2006b), which
specify the requirements and guidelines that a proper analysis should follow. This methodology has
previously been used to determine the environmental performance of pavements, principally comparing rigid
and flexible layers (Hakkinen and Makela, 1996), (Horvath and Hendrickson, 1998), (Zapata and
Gambatese, 2005) but also studying more innovative solutions such as warm mix asphalts (Kucukvar et al.,
2014), (Vidal et al., 2013) or recycled materials (Marta Vila-Cortavitarte et al., 2018). In spite of this, no
records are available of its use in the evaluation of the induction-healing technology.

A LCA is commonly structured in four steps: goal and scope, inventory analysis (LCI), im ssessment
(LCIA) and interpretation of the results (where after an optional sensitivityenal \ clusi are
reached).

2. Goal and Scope

The goal of this LCA is to demonstrate the sustainability of induction-he al®mixtures developed

during the HEALROAD project by comparing the environmentalg hnology produces with

those generated by traditional mixtures rehabilitated by the mill overlay techrique. As the induction-

healing technology has only been developed for the wearing Gourse, t

layer, the rest of the pavement remaining unaltered.
For the analysis, a highway with 2 lanes per directj og al average daily traffic of 37,000 vehicles

has been considered, assuming 15% of heavy tr functional unit has been defined as a 1-km lane
with a width of 3.75 m and a porouQrf ayer thi s of 0.04 m. An analysis period of 30 years has
been assumed.

The selection of the system bouRdaries was*“based on the stages defined in the standard UNE-EN

15804:2012+A1:2003 (UNE-EN WHowever, congestion has been contemplated as an independent

as far as capacit‘ loss
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Figure 2. LCA boundaries.



106

107
108
109
110
111
112
113

114

115
116
117
118
119
120
121
122
123

124

125

126

127

128
129
130

3. Life Cycle Inventory

This stage involves the creation of a consistent database by collecting and quantifying the inputs and outputs
associated with the functional unit. In this sense, data regarding resources consumed and emissions
generated has been compiled from different sources. The production of electricity, the generation and
combustion of fuels and the emissions produced during transportation (processes shared by all stages) have
been obtained from the German database available in GaBi V8.1 and also from the National Renewable
Energy Laboratory database (“NREL,” 2012). The specific hypothesis and data sources used to form every
stage’s inventory are described next.

3.1. Production stage (A1-A3)

This stage includes the resource consumption and emissions generated during th action and

cellulose
. The
t nalysis can be

processing of the materials (bitumen, coarse and fine aggregates, filler, metallic particles

fibres), their transportation to the asphalt plant as well as the manufacturing dbthe haltymix

dosage (by weight), density and air void content of the porous asphalt mixtures

seen in Table 1, while the transportation distances assumed are shown in Table 2)lt shotlld be noted that a

er modified bitumen
(Qiu, 2012). However,
pes not compromise the

mechanical behaviour of the mixture because of the addition @f steel

Table 1. Porous asphalt, definition.
ASp ixture dosage (%owt.)

Details

H AD Conventional
Coarse and fine aggregates (%) \ 90.05
Bitumen (%) 4.90 493
Filler (%) 4.38 4.82
Metallic particles (%) 1.10 0.00
Cellulose fi 0.20 0.20
2,021 2,006

20.20% 20.20%

Table 2. Transport distances assumed for the production stage.

Material Transport distance
Coarse and fine aggregates 30 km

Bitumen 100 km

Filler 30 km

Metallic particles 100 km

Cellulose fibres 30 km

RAP 30 km

According to the National Asphalt Pavement Association (NAPA, 2016), the processing of RAP and its
transportation from the recovery centre to the asphalt plant should be included in this stage. However, the

German standards do not permit the use of RAP in porous asphalt wearing courses, which is the reason
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why the use of RAP has been studied in the sensitivity analysis. The data sources to create the inventory of

the production stage can be checked in Table 3.

Table 3. Sources of the production stage inventory.

Material/process LCI data source

(Jullien et al., 2012), (UNPG, 2011a),(UNPG, 2011b),(Stripple,
2001), (Mroueh et al., 2000), (RE-ROAD, 2012), (Huang,
2007), (Hakkinen and Makela, 1996), (Athena, 2005),
(Marceau et al., 2007), NREL database

Coarse and fine aggregate production

Bitumen production (Eurobitume, 2012)

Filler production GaBi V8.1

Metallic particle production GaBi V8.1

Cellulose fibre production GaBi V8.1

RAP processing (UNPG, 2011c)

Asphalt mixture manufacturing HEALROAD data
During the upscaling of the HEALROAD technology, the consumption of enegg facturing of the
asphalt mixture was measured in the plant. Results showed that 0.35 .40 MJ of electricity
and 266 MJ of natural gas were needed to produce a tonne of halt mixture e same values were used
for the production of the conventional mixture as, despite the spgc heatycapacity of the metallic

particles and therefore, the potential reduction in the engrgy ne for the manufacturing of the

HEALROAD mixture, the small amount of metal added i xpected to lead to significant differences.

3.2. Construction stage (A4-Ab)

The construction stage involves the transportation ;%

well as the paving and compaction Qe thick agphalt layer.
Data regarding diesel consumed by#the paver, vibratory roller and static roller was collected during the

upscaling stage of the HEALROAD preject. Around 1.56 MJ of energy per tonne of asphalt was consumed

ture from the asphalt plant to the roadworks as

and the distance that the asp r eds to be transported was assumed to be 30km.

3.3. Use stage

Only leaching, m an nd Congestion modules have been considered in the analysis due to the lack
of useful data to p pects like the roughness of the asphalt mixtures and also the variability of the
resu xistifg, rolling resistance models (Trupia et al., 2017).

e (B1). Leaching

To determiQe the potential leaching effect, both asphalt mixtures have been tested under the UNE-EN
12457-4:2002 test (UNE-EN, 2002), which is commonly used to assess the environmental behaviour of
granular waste materials. However, in the HEALROAD project the tests have been applied to the loose
asphalt mixtures in order to take into account the impermeability provided by the bitumen, which reduces

the amount of chemical elements released into water (Rosemary, 2004). After analysing the presence of 16
different metals in the leachate, only aluminium (Al), arsenic (As) and barium (Ba) (shown in Table 4) were
found to be not-null (Ajam et al., 2018).

Table 4. Leaching results per kg of asphalt mixture.
Mixture Al (mg/kQg) As (mg/kqg) Ba (mg/kg)

HEALROAD 0.21 0.02 4.90
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Conventional 0.20 0.05 5.39

Furthermore, during the analysis it was assumed that the mixture has leached the maximum possible at the
moment the wearing course is removed, which implies that the more often a layer is replaced, the more

leachates it produces.
3.3.2. Maintenance (B2)

Maintenance activities will depend on the mixture to be repaired as conventional asphalt mixtures will need
to be replaced through the mill and overlay technique, while the HEALROAD mixture will also be healed by
means of an induction-heating treatment. Therefore, the impacts of this stage are related to the two
maintenance actions. The induction-heating includes the impacts related to the diesel ¢ med by the
induction machine whereas traditional maintenance includes the impacts associated wij e milling of the
old asphalt layer, its transportation to the recovery centre, the production of mate’als, ir tr ortation to

the roadworks and the construction of the new layer.

Data provided by industrial partners within the HEALROAD project sho 41 litfes of diesel are

needed to remove a tonne of the old asphalt layer and in the absence @ fic information, this

consumption has been used for the two asphalt mixtures. On t er duction generator of 75
kVa required to heat two coils of 2 m length each consumes 2 s per hour. Wenetheless, it should be
noted that the vehicle used during the HEALROAD npilot ion is ot-entirely optimized prototype
designed to heal small sections and therefore, this con is expected to decrease in the future.

To define the maintenance schedule (Table 5), the e of a conventional porous asphalt should

be specified, which according to the many previoC
be estimated as 10 years. Moreovfds of the
e healin ent is applied (Ajam et al., 2017) (Gémez-Meijide et al.,

efiences of the HEALROAD industrial partner can
ROAD project at lab level highlight that 90% life
extension is possible when only on
2016). Nevertheless, a more cons tive ass ion has been made in the analysis by considering only a

50% life extension.

able 5. Maintenance schedule.

OAD Conventional

Initial construction Initial construction

Induction healing

1 Mill and overlay
15 Mill and overlay

20 Induction healing Mill and overlay
25

30 Final milling Final milling

3.3.3. Congestion (B2%¥)

During maintenance work, the traffic flow of the road is affected by the closure of lanes, the reduction of their
width and the reduction of the speed, consequently increasing travel time and thereby, atmospheric
emissions. According to the UNE-EN 15804:2012+A1:2003 (UNE-EN, 2012) the impacts generated by this
phenomenon should be included in the maintenance module. However, in this study, it has been analysed

separately in order to appreciate its influence on the total impact.
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For the mill and overlay activities, the closure of the lane during one day (24 hours) has been assumed
(Caltrans, 2007) whereas for the induction-heating treatment, the early stage of the technology makes 8-
night closure necessary (based on the coil length and healing speed achieved so far). Nevertheless, the little
machinery needed to perform the healing and the ease of putting it aside enables the opening of the lane
during the more heavily trafficked hours.

Two different case studies have been analysed to take into account different traffic strategies during the mill
and overlay (see Figure 3). In the first strategy (S1) keeping all lanes open during maintenance is not
possible. Therefore, during the lane closure the adjacent lane width is reduced by 0.30 m to create a security
zone, reducing the speed from 120 km/h to 80 km/h at the same time without affecting the other direction of
the road. On the other hand, the second strategy (S2) enables the number of lanes to be maintained during
the layer replacement by using the hard shoulders when the lane that is being repaired iS¥€losed. In this
strategy, both directions of the roads are affected by a reduction of the width (from 3.7, to 35 m) and
speed (from 120 km/h to 80 km/h). Finally, the opening of the lane during the da&i e When orming the
induction-heating treatment of the HEALROAD mixture makes any alteration unn '\ therefore the
healing is performed by reducing the number of lanes in both cases.
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Strategy 1 & Induction healing Strategy 2

\\ Figure 3. Maintenance strategies diagram.
For all the rnaties, reduction in traffic capacity during the maintenance works and the potential
S

(MOVES) software (Table 7).

Table 6. Speed reduction and queue formation during roadworks.

Case 1l Case 2
Induction Mill and overlay Induction Mill and overlay
healing (s1) healing (S2)
Normal conditions speed (km/h) 120 120 120 120
Roadworks speed (km/h) 80 80 80 80
Traffic jam speed (km/h) 8 8 8 8
Reduction in the lanes number Yes Yes Yes No

Maximum queue length (km) - 3.8 - -
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Table 7. Variation in the emissions produced during a single maintenance action.

Case 1l Case 2
Induction healing Mill and overlay (S1) Induction healing  Mill and overlay (S2)
(8-night closure) (1-day closure) (8-night closure) (1-day closure)
COz2 eq (kg) -503.6 10,350.1 -503.6 -212.1
CO (ko) -57.2 3.1 -57.2 241

CHa (kg) -7.6E-02 3.2E-01 -7.6E-02

CeHs (kg) 2.2 E-02 9.8 E-02 2.2 E-02
NHz (kg) -1.6 E-01 3.6 E-01 -1.6 E-01
S02 (kg) -1.3 E-02 1.2 E-01 -1.3 E-02

NO (kg) -35 20.2
NO2 (kg) -4.8 E-01 2.4
VOC (kg) 3.4 E-01 6.4
PM2.5 (kg) -8.0 E-02 1.1
Energy (MJ) -7,082.6 14,1345.1

8 km/h when traffic jams are created implies an e in almost all of the atmospheric emissions.
Conversely, no congestion occurred e ing the millfapd overlay maintenance in the second case study
or during the healing treatment in cases. Sgyin these situations, the difference between worksite and

e need to reduce the vehicle speed from 120 km/h to 80 km/h.

ing maintenance works were lower than those produced under
e explained by the relationship between vehicle emissions and speed
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3.4. End-of-life Stage (C1-C2)

ortation of the RAP to the recovery
centre. Nevertheless, the processing of the RAP Rz ‘ ontemplated here. As explained above in
the production stage (A1-A3), the National avement Association (NAPA, 2016) recommends
considering the impact of crushinggand i NERRAP in the material supply stage. Therefore, this
analysis finishes with the arrival oka

4. Life Cycle Impact AssesSment

impact by using the
levels: midpoint
indicators are f e environmental problems, the endpoint ones correspond to the three areas

of protectiong¢dam to an health, damage to ecosystem diversity and damage to resource availability).

tothe ReCiPe V1.1 Report (RIVM, 2016), the two approaches are complementary since
the mi rs are more related to the environmental flows (implying less uncertainty) and endpoint
indicators \provide more information about the environmental relevance of the flows (which are less

uncertain).

Table 8. Environmental categories for the LCA study.

Categories UNITS
ReCiPe 1.08 Midpoint (H)

ALO Agricultural land occupation m2a
CcC Climate change kg CO2 eq.
FD Fossil depletion kg oil eq.
FET Freshwater ecotoxicity kg 1,4 DB eq.
FE Freshwater eutrophication kg P eq.
HT Human toxicity kg 1,4-DB eq.
IR lonising radiation U235 eq.

MET Marine ecotoxicity kg 1,4-DB eq.
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ME Marine eutrophication kg N eq.

oD Ozone depletion kg CFC-11 eq.

PMF Particulate matter formation kg PM10 eq.

POF Photochemical oxidant formation kg NMVOC eq.

TA Terrestrial acidification kg SO2 eq.

TET Terrestrial ecotoxicity kg 1,4-DB eq.

ULO Urban land occupation m2a

WD Water depletion m3

MD Metal depletion kg Fe eq.
ReCiPe 1.08 Endpoint (H)

HH Damage to Human Health DALY

ED Damage to Ecosystem Diversity Species.yr

RA Damage to Resource Availability $

Table 9 presents the results of the cradle-to-grave analysis performed on HE“RO
mixtures when used in the two case studies previously described (with and without

the mill and overlay treatment).

co tional

of lampes during

Table 9. Environmental category results for 0 ca. d.
MIDPOINT CATEGOR
Environmental HEALROAD mix  Conventional OAD mix  Conventional mix
category Case 1 Ca Case 2 Case 2
ALO [m2a] 4,549.5 3,365.5 3,193.2
CC [kg CO2 eq.] 56,380.6 43,578.9 48,040.3
FD [kg oil eq.] 17,8761 14,034.7 15,987. 6
FET [kg 1,4 DB eq.] 59.6 87.5
FE [kg P eq.] 0.8 0.5 0.7
HT [kg 1,4-DB eq.] 9,954.5 6,226.4 9,449.7
IR [U235 eq.] 1,085.8 1,002.8 1,028.4
MET [kg 1,4-D ] 29.5 17.4 23.8
ME [kg N 16.8 13.0 10.7
oD le 2.8E-08 3.3E-08 2.3E-08
PM 98.1 99.2 90.2
POF [kgWMVOC eq.] 234.2 290.3 216.8
TA [kg SO2 eq.] 177.8 194.8 158.2
TET [kg 1,4-DB eq.] 1.2 1.6 1.1 1.5
ULO [m2a] 7.5 8.0 7.4 7.9
WD [m3] 26,825.1 28,526.0 26,011.1 26,899.1
MD [kg Fe eq.] 4,122.6 100.0 4,115.6 86.0
ENDPOINT CATEGORIES
HH [DALY] 1.1E-01 1.4E-01 9.1E-02 9.7E-02
ED [Species.yr] 5.3E-04 6.9E-04 4.1E-04 4.4E-04
RA [$] 3,244.4 3,911.9 2,610.1 2,644.1
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255 The relationship (in percentage) between the midpoint impacts produced by HEALROAD and conventional
256 mixtures in each of the case studies analysed can be seen in Figure 5 and Figure 6. The better performance
257 of the HEALROAD mixture in 12 and 10 of the 17 impacts analysed in the case 1 and 2, respectively, can
258 be observed. Freshwater ecotoxicity and human health are especially reduced by using HEALROAD
259 mixtures because of the less leachate and material produced in the maintenance stage. However, the
260 emissions caused during the processing of metal and the consumption of diesel in the healing treatment
261 make the conventional mixture a much better option as far as ozone depletion and photochemical oxidant
262 formation are concerned. More importantly, metal depletion is the impact causing the greatest differences
263 between the two alternatives as, while the HEALROAD mixture incorporates metal particles in its
264 composition, traditional techniques only require metal for the production of electricity. x
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When analysing the endpoint impacts (Figure 7), HEALROAD mixture is always the best option in the first
case study due to the more advantageous results of induction technology in two of the most representative
stages (maintenance and congestion). However, the difference between the two alternatives is not so
important in the second case study. In this scenario, maintenance is still the stage that contributes most to
the total impact, but congestion is negative because of the benefits of reducing the speed during the
maintenance work when no traffic jams are created (see Figure 4). On the other hand, construction and end-
of-life stages are barely meaningful in the two cases analysed, contributing around 4.0% and 1.8% to the
total impact; and leaching, which only affects the damage to human health impact, supposes less than 1.9%.

Damage to human health Damage to ecosystem Damage to resource

[DALY] diversity [species.yr] availability [$]
0.15 0.0008 4,500

0.135 0.0007 4,000
0.12
0.0006 3,500
0.105 . _ 3,000 l
—_— 0.0005
0.09 _— —
_ — 2,500

0.075 0.0004
2,000
0.06 0.0003
1,500
0.045
0.0002 1,000
0.03 ’
0.0001
0.015 500
0 = = 0 —_— o — —
-0.015 -0.0001 -500
H C H C H C H C H C H C
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
Production stage Construction stage Leaching Maintenance m Congestion M End-of-life stage

Figure 7. R e 0. Imp}ategory. Total impact.

Considering that using induct y is more beneficial in the first case study (when the number of

' erlay actions), this scenario has been more deeply studied trying to
the results. With this aim, the contribution of every process to the endpoint

lanes is reduced d
achieve a better

impacts of each has n analysed (Figure 8, Figure 9, Figure 10).

Asphalt mixttige manufac is the main cause of the impact generated during the production stage due to
gy required to heat the aggregates and bitumen, its influence on the three endpoint
rin the conventional asphalt mixture (49.0%, 62.0% and 64.9%) than in the HEALROAD

the gr

impact
%, 53.3% and 49.0%). Asphalt production is followed by the production of metallic particles in
two of the three impacts, this meaning 11.5%, 14.2% and 24.5% in the damage to human health, to
ecosystem diversity and to resource availability, respectively, despite accounting for 1.1% in the asphalt

mixture dosage.

Furthermore, the diesel consumed during paving and compacting surpasses the diesel required for
transporting the asphalt mixture by around 52.2%, a more balanced situation being observed in the end-of-

life stage.

Larger differences can be observed between the two asphalt mixtures in the maintenance stage. The
additional mill and overlay treatment needed by conventional technology requires the consumption of more
material and energy. This explains why the production of asphalt mixture (39.2%, 49.2% and 54.0%) and
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bitumen (20.6%, 13.0 and 17.3%) contribute more to the impact. On the other hand, induction technology
still requires the replacement of the asphalt layer in year 15, which is around 67% of the total maintenance.

Finally, the congestion produced during two induction-healing treatments (each requiring 8-night closures)
means -11.4% of the total HEALROAD congestion. This negative figure implies a reduction in the impact
generated during the conventional maintenance and it is caused by both the MOVES’ emission model and
the speed reduction used in this analysis.
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Figure 9. Process contribution to the Damage to ecosystems diversity impact. Case 1.
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5. Sensitivity analysis

The variability of the LCA results when certain parameters an be analysed by means of a

sensitivity analysis. To this end, three different scena taken into account: 1) the further
development of the technology has been contemp
treatment (varying the diesel consumption of the vehicle as well as its speed); 2) a change in the
standards has been simulated by udy| e addit
reliability of the results has been p

environmental impacts.

5.1. Efficienc ealing treatment

nsidering the speed and diesel consumption of the induction-heating
machine used i LROAD project, which is a prototype and therefore, is expected to be more efficient

o take into account the expected function, both variables (consumption and speed)

is reduced Between 0% and 40%. Metal depletion is the least sensitive midpoint impact to consumption
changes, its reduction being less than 1% in all scenarios. On the other hand, photochemical oxidant
formation can be reduced between 5% and 19%. However, the small variability of the midpoint impacts that
most affect the three areas of protection (climate change in the damage to human health and in the
ecosystem diversity impacts and fossil depletion in the resource availability impact) leads to a reduction

between 1% and 8% in the endpoint impacts.

Regarding the speed increase, the target is to be able to heal one km of a road in a night (supposing an 8-
hour shift). The impacts generated under this hypothesis have also been studied (Figure 12) showing an
increase in their values. As explained above, reducing the vehicles’ speed from 120 km/h to 80 km/h without
creating traffic jams is beneficial for the environment since it reduces the atmospheric emissions (Figure 4).
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Therefore, under this specific conditions, the more the induction treatment last, the better for the

environment.
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5.2. Use of reclaimed asphalt pavement (RAP)

Currently, the use of RAP across Europe is basically limited to the binder and base courses, allowing the
use of a certain percentage of this material in the wearing course, but principally in asphalt concrete mixtures.
However, the dissemination of the circular economy philosophy together with the good results achieved at
laboratory level in different European projects (like DURABROADS) make it possible to foresee a future
change of this outlook for porous mixtures. In fact, the recyclability of HEALROAD mixtures was studied
within the project, with very promising results from the mechanical and healing viewpoints. With this in mind,
the changeability of the environmental impact when varying the amount of RAP between 0% and 40% in the
HEALROAD mixture was analysed.
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Figure 13 shows that higher reductions in the midpoint impacts can be achieved by the addition of RAP
rather than modifying the induction-heating machine efficiency. For instance, the reduction in the metal
depletion impact is proportional to the amount of material saved, therefore, a 40% decrease can be
observed. Similar results are obtained in the terrestrial ecotoxicity and urban land occupation impacts, which
can decrease 32% and 37% respectively. Nonetheless, as occurred above when varying the diesel
consumption of the induction vehicle, climate change and fossil fuel depletion (the impacts that contribute
most to the three areas of protection) are barely affected. Consequently, less noticeable improvements can
be observed in the endpoint impacts, which are reduced 10%, 8% and 11%, respectively.
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5.3. CML 2001 (January 201 date) characterization method
When performing an LCA, re change depending on the method used to calculate the impacts. For

that reason, the LC lated using the CML 2001 (January 2016 update) characterization

method in order t ck istency of the results obtained above. The impacts analysed by this method
are shown in Table Altheugh both methods (ReCiPe and CML) were developed by the University of

certaip, hyp@theses considered when calculating the characterization factors may affect the final

this is the different units used to measure the impacts, which affect the conversion
of the e into impacts. Another example is that, while ReCiPe assumes the average European

itions, CML considers that the sun always shines (PE International, 2014).

Table 10. CML 2001 (January 2016 update) environmental categories.

Categories UNITS
ADP elements  Abiotic Depletion (elements) [kg Sb eq.]
ADP fossil Abiotic Depletion (fossil) [MJ]
AP Acidification Potential [kg SO2 eq.]
EP Eutrophication Potential [kg Phosphate eq.]
FAETP Freshwater Aquatic Ecotoxicity Pot. [kg DCB eq.]
GWP Global Warming Potential (GWP 100 years) [kg CO2 eq.]
HTP Human Toxicity Potential [kg DCB eq.]
MAETP Marine Aquatic Ecotoxicity Pot. [kg DCB eq.]
ODP Ozone Layer Depletion Potential [kg R11 eq.]

POCP Photochem. Ozone Creation Potential [kg Ethene eq.]



374

375
376
377
378
379
380
381
382
383

384
385
386
387
388
389
390
391
392

393
394

TETP Terrestric Ecotoxicity Potential [kg DCB eq.]

The relationship between the impacts produced by the two asphalt mixtures studied here (HEALROAD and
conventional) for the first case study can be seen in Figure 14. Similar global results are obtained to those
of the ReCiPe method, since induction-healing technology is beneficial for the environment in 8 of the 11
impacts analysed. Under this CML method, differences are not appreciated as important as those found
when using ReCiPe as the metal consumption is included in the “ADP elements” with the rest of the
resources consumed. Besides, the correlation between the two mixtures regarding freshwater ecotoxicity,
global warming potential, marine ecotoxicity and ozone depletion remains similar to those obtained with
ReCiPe. Nonetheless, the benefits of using HEALROAD technology are reduced under this method as far
as human health is concerned due to the intrinsic characteristics of the calculations.

On the other hand, to appreciate the relative importance of each impact, result%weed ofmalized by
dividing the scores by a reference situation’s scores. In this analysis, the impact prodtce thel8 member

states of the European Union in 2000 was used. In Figure 15, the large contri heWarine Aquatic
Ecotoxicity Potential can be observed, which is advantageous for the HEA ixture, the importance
of the rest of the impacts being almost one order of magnitude smaller.

the negative figure of the photochemical ozone creation potenti the ¢

pollution is being reduced, what was not observed with ReCiPeWLhis is caused by nitrogen monoxide
emission, which, according to CML is beneficial for air qualitys wl

affect it (PE International, 2014). ﬁ
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Figure 14. CML 2001 Jan 16. Total impact — Case 1.
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396 Figure 15. CML 2001 Jan 16. Total impact (Normalised, h

397 After the normalization of the impacts, they have been weighted to add the
, BEES, NOGEPA and
y adapting them to the

398 does not propose any weighting factor, a mean of those recom ed'th
399 BREE (Huppes and Van Oers, 2011) (Abbe and Hamilton, 2 been used
400 categories contemplated by the CML method (see Table 11).

401 Table 11. Weight .
Impacts

Weighting factors

Abiotic Depletion (elements) 8.0

Abiotic DepletloNss 7.7
Acidification Pot 6.3

8.7

toxicity Pot. 4.2

dtential (GWP 100 years) 27.8

Potential 14.5

a uatic Ecotoxicity Pot. 4.8
Ozope Layer Depletion Potential 7.4
otochem. Ozone Creation Potential 6.6
Terrestric Ecotoxicity Potential 4.0

402

403 Once weighted (Figure 16) and in agreement with the results obtained with the ReCiPe method, induction-
404 healing technology is still the best option causing 20.7% less impact than the conventional mixture.
405 Nevertheless, the importance of each stage has changed. Under the ReCiPe method, congestion was one
406 of the most important stages together with maintenance, leaching being negligible in two of the three
407 endpoint categories. However, according to the CML method, leaching is the most important aspect to be
408 considered as far as the conventional mixture is concerned, being in the second position in the HEALROAD
409 mixture. The reason for this change is the aforementioned importance of the Marine Aquatic Ecotoxicity
410 Potential, in which leaching contributes 69.2% and 60.7% in conventional and HEALROAD mixtures,
411 respectively.
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6 Conclusions ,

In this study, the environmental sustainability of induction he techpolagy was assessed. A 30-year life-

cycle assessment was performed on two different case i nd without reduction of lanes during
I

the mill and overlay treatment) where induction-heali

was compared with a conventional

mixture traditionally maintained.

After the analysis of 6 stages of the road life under th e characterization method and the development
of a sensitivity analysis to take into aégounb.changes in technology, standards and calculation methods,

the following conclusions can be dr

etter results when maintaining the traffic capacity of the road is
ues are generated. In this analysis, only the environmental effect of
traffic jams since economic and social costs were beyond the scope of the study.
e In the fi as nalysed, results indicate that the use of HEALROAD asphalt mixes is

17 midpoint impact categories. The benefits associated with service life

reduced maintenance outweigh the negative impacts generated by the production

in the three endpoint impacts.

greatest benefit of the technology is related to the reduction of the number of maintenance
actions and the minimization of negative effects on traffic during roadworks.

e Theinduction-healing treatments needed during the 30-year analysis period makes up around 30%
of the total maintenance. Nonetheless, the induction equipment used was designed for research
purposes and therefore, improvements in the energy and time efficiency of the treatment are
expected during its upscaling.

o Under the ReCiPe method, the leaching effect is nearly negligible when compared with the rest of
the stages, contributing less than 1.9% in the two cases and mixtures analysed. Nevertheless,
when calculated with CML, the release of contaminants during the service life of the asphalt layer
ends up being one of the most important aspects, contributing 27.1% and 35.3% in the HEALROAD
and conventional mixtures respectively.
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e The influence on the results of the possible future improvement of induction technology has been
analysed both in terms of reducing the diesel consumption of current equipment (between 0% and
40%) and reducing the time needed for the treatment. In the former, reductions between 1% and
8% in the endpoint impact categories were found, while in the latter, an average 1% increase was
achieved.

e Congestion module results, and therefore, total results can be altered in case of modifying the
emission model or the vehicles’ average speed considered in the analysis.

e Adding RAP to the mixture leads to reductions in certain midpoint impacts which are proportional
to the amount of material saved. However, these benefits are attenuated in the endpoint impact
categories, with reductions not exceeding 11%.
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