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Abstract

The global road network spans 64.3million km and is of huge significance for the social and economic development. The level of investment in road
construction and maintenance is high, e.g. EU €44billion/year (2019), China €614.7billion/year (2019) and US €94billion/year (2019). Despite the level of
investment, there has been minimal investment in the development of new asphalt technologies, particularly when compared with R&D investment in
other industries, such as the automotive industry.

Despite the limited investment, there have been some innovations in asphalt technology. For the past 20 years, researchers have developed bio-inspired
asphalt technology, self-healing and bio-binders and have applied them to asphalt pavements. This research has emerged as a response to global warming
and the need to reduce both carbon emissions and reliance on oil in asphalt technology.

This paper charts the development of two bio-inspired technologies and considers their significance in relation to the need to reduce carbon emissions
and oil dependence (in line with the UN strategic goals, specifically: SDG 9, 11 and 12). This paper considers the potential benefits of bio-inspired
technologies and outlines the current barriers to their further development. This paper aims to begin a conversation with stakeholders on how to speed
up the acceptance of bio-inspired asphalt technologies and their adoption in road design, construction and maintenance. Or is it the case that we have
reached the end of the road for bio-inspired road construction materials?

Keywords: Bitumen; Asphalt; Bio-innovation; Self-healing asphalt; Biomass; Bio-bitumen/rejuvenator

1 Introduction iii. the opportunity to develop road materials and road
construction methods which can reduce the
environmental and the economic costs of road
construction.

The global road network spans 64.3million km [1], of which
6.25million km is in the EU(27), 6.8million km in the US,
5.2million km in China. Road networks are a major national
asset, fulfilling | key economic and social goals by facilitating
the movement of goods and people [2]. National
governments invest heavily in their road networks, e.g. in
2019, €44 billion was invested in the development and
maintenance of the EU road network [3], in the same year
China invested €614.7 billion and the US invested €94 billion
into their national road networks.

Unlike other construction materials, road materials have
barely evolved in 100 years [9], despite a focus (since the
1970s) on developing more sustainable materials for road
construction, e.g. recycled asphalt pavements [10]. Recycling
asphalt involves removing the old asphalt; and mixing it with
new (fresh) aggregates, binder and/or rejuvenator [10, 11].
The primary purpose of the recycling process is to restore the
original rheological properties of the aged bitumen in order to
extend the life of the asphalt pavement (road). The road
lifespan is extended by adjusting the properties of the asphalt
mix, i.e. reducing its stiffness [12]. Traditionally petroleum
based oils are used as aged asphalt bitumen rejuvenators.
However, recent studies [13-17] have demonstrated that
food by-products (i.e. vegetable oil) can also be used as an
asphalt rejuvenator. Though, diverting plants from potential

The world produces 1.6 trillion tonnes of asphalt annually [4],
of which 218 million tonnes is produced in the EU [5]. The
current cost of asphalt in the EU is €200 per tonne [6]. Road
construction and maintenance are a significant cost to tax
payers globally. These costs will increase as the sources of
bitumen (a product of crude oil) diminish [7, 8]. Improved
road design and alternative road materials offer the road

industry: food resources to asphalt production is unacceptable given
i an opportunity to develop alternatives to crude oil, the increased pressure on food resources globally. Biomass is
i. the potential to improve efficiency and generate a promising alternative material source [14]. It is a renewable
financial savings, bio-material source which can be linked to the circular

economy whereby industrial by-products and secondary
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materials, can be used in an alternative bio-

binder/rejuvenator production [14, 18].

There are two drivers of change; one is the need to develop
alternatives to bitumen (a crude oil biproduct) but also the
growing pressure on construction industry more generally
(including the road industry) to reduce its environmental
impact [19]. However researchers have shown [19] significant
resistance from the road industry to any change to its
traditional practices. Using the innovation to bring about
change will enable the asphalt industry to develop more
environmentally friendly materials, construction and
maintenance processes.

This paper describes two bio-inspired technologies (self-
healing asphalt and bio-binders/rejuvenators), outlining the
benefits of each. The paper discusses some of the reasons for
the slow industry uptake of these two innovative and
disrupting technologies. The purpose is to initiate a discussion
within the asphalt industry/asphalt research community on
how obstacles to innovation take-up might be overcome to
ensure more rapid translation of innovative, environmentally
friendly technology into road design, construction and
maintenance.

2 Bio-inspired Solutions

Bio-innovations are inspired by the world around us. All of the
inventions are inspired by nature and have inspired
innovative, eco-solutions with a minimal environmental costs
[20]. Scientists and engineers worldwide are beginning to
consider bio-inspired solutions to some of our greatest
challenges. Two bio-inspired asphalt technologies are: (1)
Self-healing asphalt  Technology which mimics healing
within nature and (2) bio-oil utilisation which mimics a
circular (closed loop) system used by forests where biomass
from forest floor is used as source of nutrients for plants and
animals.

2.1 Bio-mimicking: Self-Healing

Technology

Asphalt

Self-healing technology seeks to enable material systems to
heal after damage and to extend or to renew the functionality
and life-time of the damaged part, system or device[21].
Fisher [21] defines the self-healing and self-repair of a
material or system as: “the ability to substantially return to an
initial, proper operating state or condition prior exposure to a
dynamic environment by making the necessary adjustments
to restore to normality and/or the ability to resist the
formation of irregularities and/or defects”. The repair should
be an automatic response to damage or failure. Fisher [21]
classifies repair into two categories:

Attributive repair — restoring the attributes of the system
to their original state, i.e. to full capacity.

Functional repair — restoring the function of the system.
If full functionality cannot be restored, this strategy will
use remaining resources maximise the available
functionality.

Attributive repair is the optimal solution. Living organisms
possess intrinsic self-healing properties, enabling them to

recover from damage or injuries sustained. This repair or
healing occurs with no external intervention. Some natural
self-healing composite systems - such as bones - go beyond
simple healing to continuous remodelling and strengthening
[22]. In relation to self-healing asphalt, RILEM (The
International Union of Laboratories and Experts in
Construction Materials, Systems and Structures) Technical
Committee TC 278-CHA (Crack-Healing of Asphalt Pavement
Materials) has classified the asphalt self-healing technology
into two categories [23]:

i Intrinsic (Self-)healing: asphalt self-healing behaviour
that is inherent to the material used and

ii. Extrinsic (Self-)healing: asphalt self-healing behaviour
that can be attributed to additives, such as:
conductive particles (iron fibres or powder) and
capsules and fibres encapsulating bitumen
rejuvenator, added to the asphalt to improve self-
healing capabilities, trigger crack-healing or prevent
crack propagation.

To date, researchers have tested four extrinsic self-healing
methods for asphalt pavements [24]:

i Induction heating; involves adding electrically
conductive fillers (steel fibres and steel wool) into the
asphalt mix and initiates healing by sending an
alternating current through the coil. When the
conductive asphalt specimen is placed beneath the
coil for 3-5 minutes, the electromagnetic field induces
currents flowing along the conductive loops within
the asphalt formed by steel fibres [25]. The current
causes the conductive particles - steel fibres or iron
powder - within the asphalt to heat, the heat softens
the bitumen allowing it to flow, thereby sealing the
cracks and repairing the damaged asphalt [24, 26-28].

ii. Microwave heating; creates high-energy wavelengths
which react with the conductive particles in the
asphalt. As with induction heating, microwave
heating causes the conductive particles ( steel fibres)
embedded in the bitumen mix, to heat up. The heat
causes the aged bitumen to soften, allowing it to flow
and repair the micro crack damage. Laboratory
studies have shown that this method can repair test
specimen damage within 3 minutes [29-31] of
heating. The microwave method requires fewer
conductive fibres to achieve the temperature
required for healing to occur.

Researchers have demonstrated that the induction
and microwave heating methods are efficient
methods for healing asphalt damage, (3 to 5 minutes)
in comparison to rejuvenation [32, 33]. However, a
challenge with both methods is that the heating
process (both induction and microwave) ages the
bitumen, causing binder brittleness and the
premature failure of the asphalt.

iii. The rejuvenation method was developed to address
the challenge of bitumen ageing caused by induction
and microwave heating. Rejuvenation involves adding
an encapsulated healing agent (rejuvenator) into the
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asphalt mix to restore the original bitumen
properties[34]. When micro-cracks form within the
pavement, they encounter a capsule. The fracture
energy at the tip of the propagating crack opens the
capsule, releasing the healing agent which then
diffuses within the bitumen to seal the crack [35-37].
The rejuvenator encapsulation approach represents a
more favourable method of asphalt self-healing as it
enables the aged bitumen to return to its original
chemical, physical and mechanical properties.
However, there are limitations with this method of
self-healing because the healing rate is slow and
healing efficiency low [33, 38].

Hybrid self-healing systems, provides a solution to the
challenges associated with induction, microwave and
encapsulated rejuvenation. The hybrid self-healing
technology combines induction heating and
encapsulated rejuvenation [33]. In this process,
induction heating is used to repair the asphalt
damage (and the cracks) while rejuvenation is used to
replenish the aged asphalt binder (bitumen). For the
asphalt pavement with an hybrid self-healing system
when pavement damage occurs, induction heating
is used to close the cracks. After several cycles of
healing, the asphalt binder (bitumen) will oxidise and
become brittle, rendering further induction heating
ineffective. At this point rejuvenator is released from
the capsule core passively, via crack propagation
which will open the capsule and release the
rejuvenator into the asphalt or thermally by applying
the induction heat > 80°C which will cause alginate in
the capsule to disintegrate and release the
rejuvenator. Xu et al. [35] demonstrated that a hybrid
healing system improves the healing efficiency
allowing for rapid damage repair and a simultaneous
rejuvenation of the aged asphalt. However, a
challenge with this approach is that the bituminous
mix must be adjusted to accommodate  both
capsules and steel fibres. A solution to this challenge
lies in combining the induction and rejuvenation into
one product. The author (Tabakovi¢ et al. [39]) has
developed a novel extrinsic self-healing asphalt
technology: Conductive Alginate Capsules
Encapsulating Bitumen Rejuvenator (oil), which
reinforce the asphalt pavement by improving its
tensile and compressive strength and enhancing its
autonomous healing properties via induction heating.
The concept combines two existing self-healing
asphalt technologies: i) rejuvenator encapsulation
and ii) induction heating to create a self-healing
system which provides rapid and effective asphalt
pavement repair. Initial results [39] demonstrated
that capsules have sufficient thermal and mechanical
strength to survive the asphalt mixing process and
also that it sufficiently heals the asphalt bitumen
damage. Initial results also demonstrated that the
capsules can improve the mechanical properties of
the asphalt mix in terms of improving tensile strength
and stiffness. With a capsule content of 20% in pure

bitumen, the mix strength of the material increases to
118%. Whereas for mortar bituminous mixtures
(bitumen + fine aggregates — sand), the mix strength
of the material increases by up to 67%. However, the
system does not demonstrate a good healing
response for the full asphalt mix. Although the system
is still under development, it is necessary to
determine the optimal amount of capsules in the mix
to initiate induction healing while not diminishing the
mechanical and physical properties of the asphalt mix.
Wan et al. [31, 40] developed a calcium
alginate/nano-Fes0;,  composite  capsules  for
controlled rejuvenator oil release using microwave
heating. Wan et al. have shown that Fe;0, alginate
capsules encapsulating rejuvenator can successfully
be inserted into an asphalt mix and that they
distribute evenly throughout the asphalt mix. Wan et
al. showed that capsules demonstrated superior
levels of healing with microwave heating due to the
combined effect of thermal induction and rejuvenator
healing. Wen et al. have shown that hybrid FesO4
Calcium alginate capsules encapsulating rejuvenator
have a higher self-healing capacity (8.6%) when
compared to the mix containing pure calcium alginate
capsules encapsulating rejuvenator and 19.3% in
comparison to standard asphalt mix. The asphalt mix
containing 2% of the capsules achieved up to 87.2%
healing after 40 seconds healing time.

The idea of the extrinsic self-healing for asphalt pavements
(roads) stems from the concept of the “forever open road”,
motivated by the need to avoid the traffic disruption (and
associated risk of accidents) caused by road maintenance
activities on busy roads. A challenge for the road industry
is how to ensure the safety of road construction workers
during the pandemic (keeping them safe from COVID-19 as
well as from road traffic). How can road construction
workers/crews maintain social distancing from each other
and from vehicle, cyclist and pedestrian traffic [41] while also
remaining safe from oncoming traffic. In the UK, 175 crashes
per month are caused by drivers driving into road-work sites
[42]. The USA Centre for Construction Research and Training
(CPWR) reported 1,230 fatalities and 324,000 work zone
injuries of road construction workers between 2009 and 2018
[43]. These figures show that current methods of road
maintenance involve risk and danger for road maintenance
workers/crews. Extrinsic self-healing asphalt technology has
the potential to reduce the need for road maintenance,
thereby reducing risk to road maintenance workers while
simultaneously reducing the environmental impact of road
construction. It is estimated that extrinsic self-healing asphalt
technology could reduce energy consumption and CO,
emissions by 30% over the lifetime of the road [44]. Extrinsic
self-healing asphalt technology has potential to address
several of the technical, economic, environmental and safety
challenges currently facing the road industry.
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2.2 Bio-utilisation: Use of bio oils as bitumen
additives and rejuvenators

Bitumen has traditionally been used as a binder in asphalt
mixes and is a product of crude oil. The production of crude
oil is in decline [8] and the environmental and financial costs
of extraction are constantly increasing [7, 8]. There is a need
to identify alternatives to bitumen, preferably cheap and
sustainable alternatives. An asphalt binder generated from
biological sources (Bio-binder) offer an environmentally
friendly and economically viable alternative to asphalt
bitumen. Consideration has been given to plant based
alternatives to bitumen [17], using tall oil, rapeseed oil,
soybean oil, sunflower oil, corn oil, used cooking oil, castor oil
residues and organic oils. These products are generally
mixtures of fatty acids (and esters) [45], Table 1 list some of
the plant based oils and their content.

Table 1. Vegetable oils and their content [45].

Type Content

Sunflower oil palmitin, stearin, olein and linoleic acids

Soybean oil Unsaturated fat (triglycerides are the
polyunsaturates alpha-linolenic acid and
linoleic acid), saturated fat (oleic acid),
monounsaturated fat (stearic acid and
palmitic acid)

Palm oil palmitin and olein

Castor oil (from
Ricinus plant)

Cashew nut oil (ol
from the peel of the
nut of the cashew

triglyceride of ricinoleic acid

phenol derivatives with long side chains
(anacardic acids, cardol and cardanol)

tree)
Cotton seed oil linoleic acid and olein
Linseed oil linoleic and linolenic acid and, to a lesser

extent, olein

The addition of plant based oil products as a rejuvenator
results in a lower viscosity of the resultant binder blend.
Several studies have highlighted that these rejuvenators can
restore the original properties of bitumen, while also being
eco-sustainable [17]. There are no many commercially
available plant based asphalt bitumen rejuvenators, some of
the commercially available plant based asphalt rejuvenators
(see Table 2). It is important to note that all bio-genetic
organism, including plants, fall under strict Nagoya
regulations which specify how the genetic material can and
should be shared between regions [46].
Table 2. Commercially available plant based aged bitumen
rejuvenators [45].

Product Name

Rheofalt HP-AM

ReJUVNS

RePLAY 18

Hydrogreen S™

Anova 1817 Rejuvenator

Biorestor

Producer

Ventraco Chemie

Sripath Technologies, LLC
BioSpan Technologies Inc.

PVS Meridian Technologies Inc.
Cargill Industrial Specialities
BioBased Spray Systems LLC

Researchers [47-49] have studied vegetable oil encapsulated
rejuvenator within calcium alginate capsule as an extrinsic
self-healing system. The studies reported good healing
efficiency of the asphalt samples using vegetable oil, but also
that it failed to outperform petroleum based rejuvenator.

Despite promising results from several studies using plant-
based oils as rejuvenator [17, 47, 49, 50] diverting plants from
potential food resources to asphalt production is
unacceptable given the increased pressure on food resources
globally. Biomass is a promising alternative material source. It
is a renewable bio-material source which can be linked to the
circular economy whereby industrial by-products and
secondary materials, can be used in an alternative bio-
binder/rejuvenator production.

Waste Cooking Oil (WCO) holds promise as an alternative
source of rejuvenator [51, 52], which is readily available [26],
more than 18 million tons of WCO is produced annually
worldwide. WCO is considered to have detrimental effects on
the environment by altering the oxygen levels of water due to
the formation of an impermeable layer on the water surface.
Moreover, during the degradation of WCO, toxic compounds
are released which may be ingested by aquatic animals and
thus potentially re-enter the human food chain [53].
Utilisation of the WCO in roads construction, as aged bitumen
rejuvenator, has been studied as an environmental and
economic solution to the WCO disposal [14]. Zargar et al. [54]
studied behaviour of the WCO rejuvenated bitumen and
compared with virgin bitumen after using the rolling thin film
oven ageing process. They reported that 3-4% WCO content
can rejuvenate the aged bitumen of group 40/50 to meet all
the physical and rheological tests to a level that is comparable
with the original 80/100 bitumen. They further concluded
that WCO rejuvenated bitumen has less tendency to short-
term ageing, correlated to physical, rheological and chemical
ratio, compare with virgin bitumen. These findings highlight
WCO as potential replacement for standard petroleum based
aged bitumen rejuvenators. To reduce the potential
environmental impact on human and animal health and to
avoid competition with oils from food sources, WCO presents
its self as an ideal material to potentially replace petroleum
based bitumen rejuvenating oils.

Lignin, by-product of wood processing, was identified by van
Vliet et al. as a suitable source of biomass [55] for the
production of bio-bitumen blends [56]. Van Vliet et al. [56]
studied the performance of lignin on rheological properties of
the bitumen binders (70/100 pen). Van Vliet et al. concluded
increasing the amount of lignin has a significant effect on the
rheological behaviour of the blend, compared to fresh
bitumen. Van Vliet et al. reported that lignin-bitumen blends,
containing 25% of lignin can increase the bitumen stiffness,
resulting in polymer like behaviour of the asphalt binder. This
indicates that lignin could be used as bio-polymer modifier in
bitumen blends, instead of using the petroleum based
polymer modifiers. Currently the road authorities in the
Netherlands, in collaboration with road and material research
centres (Circular Biobased Delta, Utrecht University,
Wageningen University, H4A) are running pilot trials which
replace petroleum bitumen with lignin-bitumen blends [57].
Eiffage, a French based company, have successfully
developed a commercially available rejuvenator based on the
pine wood by-product, named Recytal[58, 59], which is very
effective replacement for petroleum based rejuvenators in
the asphalt recycling process, both hot and cold.
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Microalgae have been considered as an alternative source of
bio-fuel [60], but also have potential as an alternative
bitumen or asphalt binder [61]. Audo et al. [61] have
demonstrated that microalgae can be converted into crude
oil, which is an ideal material for the production of bio-binder.
The bio-oil produced has an equivalent energy value to fossil
fuels [62], making it suitable for bio-fuel but also possibly as
an asphalt binder source [61]. Maximum biocrude yields in
the range of 40%—-50% have been reported [61], though they
are at an initial stage of development. The BioRePavation
project [63] demonstrated that microalgae oil can be used as
asphalt binder in the construction of new asphalt mixtures
and in the asphalt recycling process. The additional
sustainability benefit of microalgae utilisation for production
of aged bitumen rejuvenator is that the microalgae cultivation
can be linked with the water purification process, where
microalgae is cultivated in the water purification system. After
processing the microalgae biomass (oil extraction) residue,
from the biomass processing, could be used as animal
feedstock or land fertiliser, while oil is utilised in the roads
construction.

Swine Manure derived bio-binder can solve the dual problems
of environmental pollution caused by the accumulation of
solid swine waste and replacement petroleum bitumen by
sustainable asphalt bitumen binder. Heavy metals found in
animal waste can lead to heavy metals leaching into the soil.
Improper treatment of swine manure may also result in air
pollution by toxic gases (foul odour), soil and water
contamination, which can have a significantly negative effect
on the environment [64]. Wang et al. [64] studied the
swine-manure-derived bio-binder. They concluded that the
bio binder derived from the swine-manure-derived improves
low temperature cracking of an asphalt mix.

In order to extract the oil from any of these alternative
biomaterials (that can be used in asphalt production),
biomass processing thermal and/or chemical is required, such
as rapid pyrolysis, esterification or hydrothermalliquefaction
(HTL), flash pyrolysis and co-pyrolysis, [14, 61, 65-69].

There are two major routes for the chemical processing of
biomass bio-oils: (i) thermo-chemical and (ii) biochemical. The
advantage of thermochemical processes is that the biomass
can decompose within a few minutes. Thermochemical
techniques include “pyrolysis, gasification, hydrothermal”
processes (“hydrothermal gasification, hydrothermal
liquefaction, hydrothermal carbonization”) and supercritical
oxidation. Fermentation, anaerobic digestion and composting
are involved in biochemical processes [70]. The biochemical
method, however, takes longer to convert biomass, because
bacteria and enzymes are needed as catalysts [14]. Bio-oils, in
general, have higher oxygen content, viscosity and density in
comparison to regular asphalt binder, and this can lead to
low heating value, immiscibility with conventional fuels and
instability during storage [14]. This challenge can be
addressed by processing the bio-oil using techniques like co-
pyrolysis and hydro-treating catalytic processes effective in
reducing the oxygen content and removal of heavy metals
[14].

The use of bio-oils in asphalt production offers an opportunity
for the asphalt industryto  reduce its negative impact on the
environment. Introducing bio-binders into the asphalt
pavement production process could reduce the carbon
footprint of the asphalt industry. The utilisation of waste
biomass, including waste vegetable oils and lignin offer the
asphalt industry a source of alternative bio-based asphalt
binder and an alternative to crude oil. Replacing petroleum
based oils (bitumen) with oils from biomass in asphalt
production would make asphalt production part of the
circular economy, which is one of the key aims in the EU
Circular Economy Action Plan for a cleaner and more
competitive Europe [71].

3 Barriers to bio-innovative technology scale up

Researchers have demonstrated the performance levels of
bio-inspired technology. Both self-healing asphalt technology
and bio-binder/rejuvenator technology can be easily adapted
into the current asphalt production process. However,
despite the clear technical, environmental and social impetus
for adopting these innovative technologies, there is little
urgency from the asphalt industry. The barriers to adoption
include:

i Self-healing technology:

- Equipment deficit: although laboratory and on-site
results [24, 72-74] demonstrate the clear benefits of
induction/microwave and hybrid healing, industry
cannot adopt these technologies until induction or
microwave vehicles are widely available. The
induction or microwave vehicles required must
enable asphalt repair while vehicle is in motion if
they are to remove the need for road closures. One
company (EpionAsphalt [75]) is in the process of
developing such an induction vehicle.

- Production cost: when considering microcapsule
rejuvenation, two issues arise the first is the
efficiency of the healing process [36, 38] and the
second is the cost of microcapsule production. The
author (A.T.) has received quotes from two
European microcapsule producers who estimate
that the cost of calcium alginate microcapsule
encapsulating bitumen rejuvenator production at
€110/kg and €180/kg of dry capsules including
rejuvenator. Such high costs could only be justified
if the efficiency of self-healing using microcapsules
were to be higher than commercial value of the
product.

ii. Bio-binder/rejuvenators, there are two issues with
biomass utilisation:

- Supply chain issues: The EU is currently phasing out
fossil fuels (coal, peat, gas etc.) in energy
production. Going forward, traditional power plants
will be converted to biomass. This presents a
challenge to the prospect of biomass oil production.
The EU currently imports biomass (wood) from US
to supply its demand for powerplant biomass [76,
77]. Although WCO has shown promising results as
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a bitumen rejuvenator, the quality of the product is
variable, which impacts on the quality of the bio-
rejuvenator. The key challenge with bio-binders,
then is ensuring a guaranteed supply of good
quality raw material.

- High energy use: Biomass processing requires a high
amount of energy (thermal and chemical) for oil
extraction [78]. However, Steele et al. [78] have
shown that wood bio-oil production using pyrolysis
method results in lower sustainability costs (in
terms of energy and emissions [78]). It could be
argued that plant and microalgae carbon dioxide
absorption during the cultivation process, thereby
compensating for the energy used and CO; released
during the processing stage [79].

- Cost: Despite the positive environmental benefits to
be derived from the adoption of this technology,
economic factors continue to be a key barrier to
change in the asphalt industry. Oil based bitumen
currently costs between €0.314 - €0.506/kg [80],
whereas the cost of bio-oils is much higher. Based
on ASAP [81] costings, where a suitable, EU sourced
supply of microalgae was sourced, the cost of the
biomass ranged from between 20 €/kg — for
Spirulina (5% lipid content) to 240 €/kg — for
Nannochloropsis paste (40%-50% dry weight lipid
content). If the further processing costs of the
biomass are factored in, the market value would
exceed performance and environmental benefits of
the bio-bitumen.

Although research has shown us the potential of bio-inspired
technologies to revolutionise the asphalt industry, there is
little motivation within the asphalt industry to realise their
potential. Encouraging the asphalt industry to explore and
implement environmentally-friendly alternatives to crude oil
will require incentives and encouragement from policy
makers at EU and national levels and should form part of
wider climate and enterprise initiatives. It is clear that without
incentives/encouragement, the asphalt industry will not
embrace bio-innovation or environmentally friendly
alternatives to crude oil.

4 Discussion

So, is this the end of the road for the bio-inspired road
construction materials and technologies? Possibly!

But we should not ignore the potential benefits of self-healing
and bio-binder based technologies. Research has shown that
these technologies can improve the physical and mechanical
performance of asphalt pavements (roads) and that they can
reduce the environmental cost of road construction and
maintenance.

So before we walk away from these innovations, we should
consider whether some of the barriers are surmountable.

In relation to extrinsic self-healing, although the vehicles to
facilitate induction/microwave are not yet readily available,
this only prevents its use in full road maintenance, self-healing
technology could easily be adopted for asphalt joint repair

and/or pothole patching. The high cost of capsule production
could be addressed by enabling the creation of lower quality
raw materials, i.e. approving raw materials for industrial
consumption rather than using food and medicine grade
materials.

In relation to bio-binder/rejuvenators the challenges
associated with the biomass supply chain could be addressed
via regulated cultivation of the biomass, particularly
microalgae. Microalgae biomass production can be
developed specifically for industrial use, thereby ensuring a
secure supply of the biomass necessary for the bio-
rejuvenator production.

The second bio-binder challenge relates to the high cost of the
microalgae biomass production. The costs presented above
refers to the highest quality biomass, cultivated for human
consumption (e.g. for use in food and cosmetics). Although
the price of these biomass, at €16 for 0.1kg of oil [82] are
commercially unviable for the asphalt industry. However, if
microalgae cultivation were to be connected to the water
purification process (which will result in lower quality product
but high lipid yield), the price of the microalgae oil would
reduce substantially. Richardson et al. [83] demonstrated that
by scaling up microalgae production, the price of the oil could
be reduced to between 0.44€/kg — 2.84€/kg. They also
estimated that the price of biodiesel made from algae oil is
0.62 €/1, which is lower than current price of regular diesel
(1.6 €/1) [84]. Thilakaratne et al. [85] reported similar findings,
where the cost of microalgae biofuel produced using pyrolysis
would reduce costs to between €1.3/] and €1.6/l. These
findings can be applied to the bio-bitumen and bio-
rejuvenator production. Instead of diverting the oil to the
biofuel production, it could be diverted to the bio-
binder/rejuvenator production. These reduced prices of the
bio-bitumen/rejuvenators would render it a feasible
replacement for petroleum based bitumen and rejuvenators.

Although not yet commercially viable, these two technologies
provide an opportunity for the asphalt industry to begin to
evolve from a heavily oil reliant (or dirty industry) towards
becoming a smart, low carbon industry which embraces the
circular economy.

To date the road/asphalt industry has not embraced
technological innovation and has been hesitant to bring this
technology from the lab to the road-site. It is understandable
that the asphalt industry (as all industry) is motivated
primarily in financial/economic terms and market
competitiveness [86]. But there is clearly a role for policy
incentives connected to environmental goals to encourage
take up of new technology.

Porter and van der Linde [87] have highlighted the synergies
that exist between industrial competitiveness and
environmental preservation. They argue that the imposition
of adequate environmental norms and standards will
encourage companies to adopt innovations. These
innovations will generate environmental benefits, they may
also reduce costs add value to their products and processes in
other ways, thereby improving competitiveness. So if road
owners (overwhelmingly the national government and/or
local authorities) begin to demand innovative, more
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sustainable and environmentally friendly technologies in their
road building and road maintenance processes (and build it
into their tenders), this is likely to be sufficient motivation for
change by the asphalt/road industry.

It is also clear that the discipline of Civil Engineering needs
to evolve if it is to keep pace with and lead innovation in
asphalt road materials, particularly in relation to
environmental concerns. As Griffiths explains [88], the
answers to the big global questions cannot be found within
single traditional disciplines, such as biology or politics. Civil
Engineering must reach out to other disciplines to teach the
next generation of engineers the relevance of sustainable
practice and the need for environmentally friendly innovation
in road construction.

In the future, road material development and the roads
design process must seek inter-disciplinary inspiration and
collaboration and embrace insights from physics, chemistry
and biology, among others. Again, the discipline and industry
could learn from researchers, particularly those funded by EC
Marie Curie/ERC schemes, who naturally work across
disciplinary, geographic boundaries to solve environmental
and engineering challenges. At present, clinging to the ‘way
we have always done things’ is holding the asphalt industry
and the civil engineering discipline back from realising the full
potential of disruptive and innovative bio-materials.

5 Conclusions

In most countries, the road networks are among the most
valuable, most significant and most overlooked components
of national infrastructure. Industrial concerns around pricing
should not be the sole determinant and driver of innovation
in the road construction industry, particularly because roads
are built primarily with public money [3, 89]. If innovations in
asphalt technology can reduce the environmental impact of
roads, improve road safety and reduce the level of traffic
disruption caused by road maintenance, perhaps should be
motivation enough for the adaption, or at least trial, of bio-
inspired asphalt technologies.

For this to happen, road owners (overwhelmingly national
governments and/or local authorities) should factor in
environmental/social impact and/or a willingness to embrace
innovation when awarding lucrative contracts for road
construction and maintenance. As in many sectors, we cannot
simply wait for the asphalt/road industry to decide to adopt
bio-technology, as businesses are profit-focussed [86, 87].
However, as statutory bodies with a remit for environmental
and societal protection alongside the remit for road network
development and maintenance, national governments and
road owners are ideally placed to look beyond the immediate
financial cost of the road projects and begin to incentivise the
use of innovative and more sustainable road paving and
maintenance.

The transition to the bio-innovative technology must be
systemic, deep and transformative, but we cannot expect
industry to lead it. The transition must be led by government
statutory bodies, i.e. road owners, in synergy with industry
and researchers. Transition must be fast, disruptive and has
to be fair, in order to address current societal challenges, such

as the UN STG, and climate change goals. It will require an
alignment and cooperation of all stakeholders at all levels —
researchers, asphalt industry, asphalt industry organisations,
national and regional governments and UN. The bleak
alternative is that we accept defeat and admit that this is the
end of the road for bio-inspired roads.
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