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The global road network spans 16.3 million km [1], of which 5 million km is in the EU. These road
networks fulfil major economic and social goals by facilitating the movement of goods and people
throughout the EU, and are therefore of the utmost importance to the economic and social life of the
EU [2]. National governments invest heavily in their road networks, e.g., in 2014, EUR 53.33 billion was
invested in the development and maintenance of the EU road network [3]. Each year, the world produces
1.6 trillion tonnes of asphalt [4], of which 218 million tonnes is produced in the EU [5]. The average cost
of asphalt in the EU is EUR 200 per tonne. These figures show that the construction and maintenance
of road networks are a significant cost to the tax payer. These costs are set to rise further as the sources
of bitumen (a product of crude oil) diminish [6,7]. Improved road design and enhanced road materials
offer the road industry the potential for improved efficiency and financial savings. The challenge is to
develop road materials and construction methods which will improve the environmental cost and
reduce the economic cost of road construction. Unlike other construction materials, road materials
have developed minimally over the past 100 years [8], but since the 1970s, the focus has been on more
sustainable road construction materials, e.g., recycled asphalt pavements [9]. Recycling asphalt involves
removing old asphalt, and mixing it with new (fresh) aggregates, binder and/or rejuvenator [9,10].
The primary purpose of the recycling process is to restore the original molecular structure of the aged
bitumen in order to extend the lifespan of the asphalt pavement (road). The road lifespan is extended by
adjusting the properties of the asphalt mix, i.e., reducing its stiffness [11]. Some commercially available
rejuvenating agents include Modeseal R20, Reclamite, Paxole 1009, Cyclepave and ACF Iterlene 1000.
Two recent studies by Garcia et al. [12] and Su et al. [13] demonstrated that food by-products (i.e.,
vegetable oil) can also be used as rejuvenators and offer an alternative to crude oil. Other recent road
material innovations, i.e., warm asphalt mixtures, have had unanticipated environmental impacts, e.g.,
contaminating soil and groundwater [14]. There is growing pressure on the road industry to reduce its
environmental impact. Self-healing asphalt has potential in this regard, but it has not yet delivered in
terms of improved sustainability [15], or demonstrated its reduced cost and environmental impact [16].

Bitumen, which has traditionally been used as a binder within asphalt mix, is a product of crude
oil. The production of crude oil is in decline [7], and the environmental and financial costs of extraction
are on the increase [6,7]. There is a need to identify alternatives to bitumen—preferably cheaper and
more sustainable alternatives. Researchers have considered replacing bitumen with a plant-based
alternative [17], but diverting plants from food resources to asphalt would be unacceptable given
the increased pressure on food resources globally. Researchers [18,19] have studied the utilization
of waste cooking oil as a binder rejuvenator in the asphalt recycling process. Lignin, a by-product
of wood processing, was identified by Van Vliet et al. as a suitable source of biomass [20] for the
production of bitumen [21], but the uncertain future of wood processing plants makes this potentially
an unreliable/unsustainable material source.

Appl. Sci. 2020, 10, 8655; doi:10.3390/app10238655 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-0458-2007
http://www.mdpi.com/2076-3417/10/23/8655?type=check_update&version=1
http://dx.doi.org/10.3390/app10238655
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 8655 20f3

Microalgae have been considered as an alternative source of bio fuel [22], but also have potential
as an alternative bitumen or asphalt binder [23]. Audo et al. [23] 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 [24], making it suitable for bio-fuel but also
possibly as an asphalt binder source [23]. Maximum biocrude yields in the range of 40-50% have
been reported [23], though they are in an initial stage of development. The BioRePavation project [25]
demonstrated that microalgae oil can be used as an asphalt binder in the construction of new asphalt
mixtures and in the asphalt recycling process.

This is a promising development in terms of the improvement of the sustainability of microalgal
cultivation [26]. The high uptake capacity of microalgae for nitrate and phosphate, coupled with its
sustained photosynthetic activity, is the basis of its recognized potential in treating wastewater [27].
Pal et al. [28] have shown that this approach is especially relevant in arid areas, where food and water
resources are scarce and microalgae can play an indispensable role in nutrient and carbon recovery
from waste resources, as well as in the treatment/use of waste or other marginal water resources.
The microalgae obtains nutrition from the dissolved nitrogen and phosphorus found in the wastewater
(which would otherwise be a pollution threat) [29]. This process will convert the nutrients found
in wastewater into an environmentally friendly fertilizer. Microalgae that proliferate in wastewater
facilities are not suitable for human consumption [29], but are ideal for the production of products to be
implemented in road construction, such as asphalt binder and bitumen rejuvenators [23]. This presents
a unique opportunity to create a circular economy, whereby microalgae can be cultivated within the
wastewater treatment process and later processed to extract the oil from the algae. The oil can be
further used in the production of the asphalt bio-binder, and other co-products of the process can be
used as animal feed or land fertilizer. The utilization of bio-oils in bitumen and asphalt production
presents a timely opportunity for the asphalt industry to simultaneously improve its sustainability
record and reduce its negative impact on the environment.
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