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Disclaimers and Limitations
This report (‘Report’) has been prepared by WSP exclusively for Waka Kotahi New Zealand
Transport Agency (‘Client’) in relation to alternatives to bitumen (‘Purpose’) and in accordance with
the Independent Professional Advisors (IPA) Contract NO 17 – 286 dated 23rd March 2021. The
findings in this Report are based on literature collected by the project team. WSP accepts no
liability whatsoever for any reliance on or use of this Report, in whole or in part, for any use or
purpose other than the Purpose or any use or reliance on the Report by any third party.
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1

Introduction

This review investigates potential alternatives to petroleum bitumen for construction of road
surfacings in New Zealand. The review provides a high level overview of available materials and
materials in development. Factors considered, where information is available, include likely costs,
availability/supply, performance, limitations, environmental implications, and carbon footprint.
Bitumen is the residue remaining from the distillation of crude oil to make petrol, kerosene and
other petroleum products. Approximately 110 million tonnes of bitumen is produced annually
worldwide- most of which is used in road construction applications. About 150-170,000 tonnes is
used annually in New Zealand, and this is now all directly imported into New Zealand. However,
bitumen supply and price is closely tied to that of crude oil. Changes in Government policy
internationally in response to climate change effects are leading to growth of renewable (or
nuclear) power generation and the move to electric vehicles. These changes are likely to ultimately
result in reduced crude oil refining and hence bitumen production, leading to escalating prices.
An alternative material for road surfacing construction could help insulate New Zealand from
future price fluctuations. A locally produced bio-mass derived material may also help reduce the
carbon footprint of road construction with the surfacing becoming a mechanism for carbon
sequestration.
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2

Bitumen used for road construction

2.1

Sources and origins

Bitumen used for road construction is obtained as a by-product of the refining of crude oil
(petroleum). The crude oil is mixed with water to remove salts then heated to distil the lighter
fractions (petrol, kerosene etc.). Softer grades of bitumen (such as the 180-200 penetration grade
used for chip sealing in New Zealand) are produced as the residue from distillation at
temperatures up to 350 °C and at pressures of less than one mbar. Harder grades are produced by
air-blowing (oxidation) or by mixing with residue from solvent de-asphalting processes applied to
the vacuum residues (Speight, 1999).
Crude oil varies in composition depending on the geographical source but bitumen typically
comprises less than 15% of crude oil by weight.

2.2

New Zealand bitumen requirements and supply

New Zealand uses approximately 150,000-170,000 tonnes of bitumen annually for asphalt and
chip sealing. There are numerous other commercial uses for bitumen internationally (Hunter et al.,
2015) including sealants, and roofing products but manufacturing for these applications is
negligible in New Zealand and such products are imported already made up.
From the 1970’s up until the mid-1990’s all New Zealand bitumen was produced at the New
Zealand Refining Company (NZRC) Marsden Point Refinery and from a limited slate of middle
eastern crudes (in particular Safaniya). Semi-regular imports of bitumen began in the 1990’s of
bitumen from Venezuelan and Asian crude sources.
Until January 2021 about two thirds of the New Zealand bitumen supply was still manufactured at
Marsden Point. The refinery produced 180-200 and 40-50 penetration grades to meet the Waka
Kotahi New Zealand Transport Agency (WK-NZTA) M01 specification on behalf of Z Energy Ltd. The
two grades were then blended to produce the intermediate grades. The 180-200 grade was
produced by vacuum distillation and the 40-50 grade manufactured using air blowing and solvent
precipitated asphalt. The Marsden point refinery has now ceased production of bitumen which is
now imported (Z Energy is the main importer).

2.3

Implications of a bitumen supply shortfall

New Zealand has a combined bitumen storage capacity of about 120,000 tonnes (Prendergast,
2021). This constitutes about 9 months’ supply. In practice our effective capacity is less than this as
multiple grades of bitumen are required. Bitumen shipments require specialised freight vessels
and the import lead time is in the order of several months. The size of shipments (typically 520,000 tonnes) is limited by current storage and distribution capacity. A break in this supply chain
of even one or two shipments would thus have significant consequences for the contracting
industry. In the longer term obviously the performance of the network would also suffer from
reduced maintenance.

2.4 Decreasing global demand for crude oil
It is important to note that bitumen is effectively extracted from crude oil – not manufactured.
Numerous processes have been developed with the goal of producing lighter (more volatile) fuel
fractions from crude oil (e.g. cracking, hydrocracking) but there are no processes available to
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convert lighter fractions to usable roading grade bitumens. Based on US refinery production,
currently 75% of crude oil is used for transport and heating fuels (Administration, 2021).
If global demand for transport and heating fuels decreases significantly, as is predicted over the
next 30 years, the economics of oil refining will change which has important implications for
bitumen supply and cost.
In OECD countries demand is predicted to drop by 17% by 2045 (IEA, 2020). Even BP (BP, 2021)
and (OPEC, 2020) predict global demand to peak in 2030-2040 and decrease by 5-70% by 2050.
A reduction in crude oil demand and production is likely for several reasons: replacement of petrol
driven vehicles with electric vehicles, more use of renewable energy generation, reduction of single
use plastics and improved efficiency standards for internal combustion engines. At the same time
as oil production is predicted to decline, the demand for bitumen is projected to increase,
particularly in Asia. The most likely outcomes from this scenario are increased costs of production,
bitumen shortages, and a significant cost increase for bitumen in New Zealand.

2.5 Carbon footprint
Bitumen production has a significant carbon footprint. Now that the NZRC refinery has stopped
bitumen production, all bitumen is imported to New Zealand as a refined product. This may then
be further modified by blending or addition of polymers or other additives to bring it “on-grade” in
terms of the NZTA M01 and M01-A specifications. The key steps are involved are:






Crude oil extraction and preparation for shipment
Crude oil transport to a refinery (may involve shipping and long-distance pipeline transfer)
Refining and processing into bitumen and storage
Transport to New Zealand by sea
Storage and possible further processing in New Zealand to produce an on-grade bitumen

The CO2e produced per tonne of bitumen will obviously vary depending on the crude oil source,
refinery location, ship capacity etc. New Zealand is at a disadvantage in that we are a very remote
and small market (limiting the size of shipping). A number of studies have been undertaken to
assess emissions from bitumen manufacture and which are discussed below, note that the figures
quoted are operational and do not include emissions resulting from construction of refinery and
other necessary infrastructure. Most of the energy needed in the supply chain is obtained by
burning diesel or other fossil fuels- little from renewable energy sources.
Downer (2013) undertook a carbon footprint study comparing the life-cycle emissions of hot cutback bitumen (i.e. with added kerosene) to that of bitumen emulsions in New Zealand. A figure of
438.5 kg CO2e per tonne was quoted for bitumen raw material acquisition, but this figure includes
a contribution for kerosene and adhesion agent (probably about 4% of the total mass). Although
not stated it is likely that the calculations carried out in 2013 assumed bitumen supply from the
NZRC refinery that was then shipped around New Zealand by sea. In the current situation
significant additional shipping distances may be involved in transporting crude oil to an overseas
refinery and thence to New Zealand so the actual figure is likely to be higher than that calculated.
Blaauw et al. have undertaken a study for bitumen used in South Africa (Blaauw et al., 2020).
Crude oil is shipped to South Africa and refined either at coastal refineries or piped to inland
refineries. Figures of 221.89 and 233.36 kg CO2e per tonne were reported inland and coastal plants
respectively.

©WSP New Zealand Limited 2021

4

Project Number: 5-21295.00
Bitumen Alternatives

The European Bitumen Association have produced a detailed study on CO2e produced for
bitumen supply in Europe. As in South Africa some crude oil is supplied by sea and some by
pipeline (from the former Soviet Union). An overall figure of 149.6 kg CO 2e per tonne was
calculated (this increased to 207.5 kg CO2e per tonne if emissions from infrastructure are
included).
In the US and Canada about 85% of crude oil refined is produced locally and of that about 44% is
from unconventional sources , mainly shale oil (Asphalt Institute and Thinkstep, 2019, US Energy
Information Administration, 2020).
A study conducted by the US Asphalt Institute (an industry organisation) calculated a value of 637
kg CO2e per ton. The bulk of this was due to crude oil extraction and was high due to the
significant amount of shale oil extracted. Extraction of non-conventional, synthetic crude oils
requires significant additional energy inputs compared to conventional sources, (Charpentier et al.,
2009).
Given that New Zealand uses about 160,000 tonnes of bitumen per annum and using the range of
the values above then the total CO2e emitted as a result would range from about 24 million tonnes
up to 100 million tonnes. To put this in perspective New Zealand’s total net CO2e emissions were
78 million tonnes in 2018 (Statistics NZ, 2020).
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3 Bitumen alternatives – requirements
Ideally, a material suitable as a complete, sustainable and secure replacement for imported
petroleum bitumen (or significant (>20%) partial replacement) would need to meet the following
requirements:


Result in similar or lower life-cycle costs than those achieved with bituminous surfacings.



Be able to be produced, preferably in New Zealand, in sufficient volume and with a
sustainable supply chain in the long-term (i.e. tens to hundreds of thousands of tonnes p.a.)



Have an equivalent or preferably lower carbon foot-print (i.e. it should not add to New
Zealand’s net CO2e emissions).



It should not leach or emit through volatilisation, environmentally harmful species.



It should be recyclable (i.e. reusable as a road surfacing binder).



Have similar or better physical properties and durability than bitumen. It must be water
insoluble, non-biodegradable over the life of the surfacing.



Be compatible with existing bitumen handling and surfacing construction plant.



Be non-toxic or hazardous to workers or the public over the entire life of the surfacing

©WSP New Zealand Limited 2021
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4 Bitumen modification at low concentrations
There is a very substantial literature dealing with addition of various virgin and recycled or waste
materials or natural products as a means of modifying the physical properties of bitumen and /or a
means of disposing of a given material.
Whilst potential benefits to physical properties or durability are sometimes demonstrated these
applications do not appear to offer a realistic path to development of a bitumen alternative in the
foreseeable future or even for substantial bitumen substitution, as the useable concentrations are
usually much less than 10%.
Examples are the use of coffee grounds (Zofka and Yut, 2012), cigarette butts ((Rahman et al.,
2020), cashew nut shell oil (Albrecht Supply Concepts, 2021), poppy capsule pulp oil (Gürer et al.,
2020), waste cooking oil (El-Shorbagy et al., 2019, Asli et al., 2012), Damar resin (Verma and
Chauhan, 2019), sargassum (Salazar-Cruz et al., 2021) and colophony (Putri et al., 2020). Many such
applications are aimed at disposing of waste from relatively small scale, geographically localised,
specialised industrial or agricultural processes and the probability of a suitable supply chain being
developed capable of delivering large volumes, is highly unlikely.
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5 Bitumen alternatives – non-renewable materials
5.1

Coal Tar

Coal tar is produced from the destructive distillation (carbonisation) of coal (in the absence of air).
It was widely used for road construction internationally and in New Zealand up until the 1970’s but
is typically more temperature sensitive than bitumen, making it less desirable for road surfacings
(Depree and Frobel, 2009, Road Research Laboratory, 1962). Internationally, coal tar still has
application in some specialist surfacings due to its resistance to fuels.
The chief drawback with possible greater use of coal tar for road surfacings is its toxicity. Coal tar is
carcinogenic due to high concentrations of polyaromatic hydrocarbons (Metre et al., 2009, Jang et
al., 2018). Polyaromatic hydrocarbons, phenolics and other harmful chemicals from coal tar road
surfacings are known to leach into the environment (Depree and Frobel, 2009).
Historically coal tar was produced largely as a by-product of the manufacture of coke and coal gas
for home heating and lighting, it is not currently manufactured in New Zealand and internationally
is no longer used to any extent for road construction. Globally about 20 million tonnes is still
manufactured annually, principally in China, for a variety of industrial applications.

5.2 Concrete
Internationally concrete is widely used to construct both road pavements and surfacings but
overall the percentage is still small compared to bituminous materials. In the US approximately
17% of the highway network has a concrete base but much of this has a bituminous surfacing
(Horvath and Hendrickson, 1998, Zapata and Gambatese, 2005). In New Zealand concrete has not
been used to any extent on the road network and the specialised plant and expertise required for
concrete road design and construction is largely absent in the sector.
Modern concrete road construction techniques include continuously reinforced concrete roads
which eliminate the noise/vibration and joint sealing problems of jointed surfaces. Concrete roads
are typically considered to be very expensive and disruptive to construct but have longer lifetimes
and reduced maintenance compared to asphalt pavements/surfacings. If that is the case then an
argument can be made that concrete roads may be more cost effective than asphalt mix (not chip
seal) in some cases (Infometrics, 2020). However, the relative merits of concrete roads in terms of
performance (e.g. maintenance of skid resistance) and lifetime are still the subject of debate and
performance on the New Zealand road network unknown. Studies in the US, provide contradictory
findings regarding comparative lifetimes of concrete and asphalt roadways (Zapata and
Gambatese, 2005).
Noise generation from concrete road surfacings is also traditionally seen as a drawback and would
be difficult to reconcile with the NZTA’s emphasis on the use of OGPA surfacings for noise
reduction (Gribble, 2018).
The CO2 emissions from Portland cement manufacture (and steel for reinforced concrete) are also
often seen as a disadvantage for concrete road construction. Carbon dioxide is produced both by
the chemical reaction to produce Portland cement and also by the fuel needed to produce the
heat required for the process. Values of about 500 to 1000 kg CO2e per tonne are typical for
cement manufacture internationally (Barcelo et al., 2014, Hammond and Jones, 2011). These values
are higher but not too dissimilar to those discussed above for bitumen.
In their Environmental Product Declaration, New Zealand’s largest concrete manufacturer Firth
Industries, state that the CO2e emissions for concrete manufacture ranges from 199 to 495 kg m-3
or about 83 to 206 kg per tonne (assuming a concrete density of about 2.4 tonnes m-3). An
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equivalent figure of 38 kg CO2e per tonne was reported for typical hot mix asphalt production (5%
bitumen) in New Zealand based on data provided by Fulton Hogan Ltd (Ball, 2010). The latter
figure is comparable to a more recent figure of 43 kg CO2e per tonne calculated from data
provided by Ma et al. (Ma et al., 2016) for a case study of highway in China (that utilised a
component of polymer modified binder with a higher carbon footprint than conventional
bitumen).
The carbon footprint of constructed roadways using concrete and asphalt mix have been
compared in a number of studies (Espinoza et al., 2019, Infometrics, 2020, Brown, 2009). Such
calculations depend on a wide range of factors beyond material inputs- principally pavement
design (layer thicknesses etc.) design life and maintenance assumptions. Although the production
of concrete produces significantly more CO2e per tonne, the results show in some cases concrete
roads can have a lower or equivalent carbon footprint than asphalt mix.
Potentially, options such as using fly ash or natural pozzolans from volcanic ash (readily available in
New Zealand) to partially replace cement or the use tyre derived fuel (TDF) from waste tyres (about
30% renewable natural rubber) exist to lower the carbon footprint of concrete (Thinkstep, 2019).
From a technical perspective, concrete is a practical alternative to bituminous road surfacings,
even if the relative merits in terms of performance in terms of noise and skid resistance are still the
subject of debate. The relative carbon footprint of the materials is difficult to assess without a more
detailed study of likely construction scenarios specific to New Zealand.

5.3 Sulphur
Globally, tens of millions of tonnes of elemental sulphur are produced annually. Most comes as a
by-product of crude oil refining and natural gas processing but substantial amounts are produced
during the smelting of metals.
Sulphur melts at about 115 °C and exists in various polymeric forms (allotropes). Its interaction and
reaction with bitumen is complex. Replacement of up to 10-40% of bitumen with sulphur
produces blends that have generally improved properties but suffer from phase separation and
(toxic) hydrogen sulphide gas generation at mixing temperatures (Petrossi et al., 1972, De Filippis et
al., 1998, Al-Dobouni et al., 2008, Gul et al., 2021, Gedik and Lav, 2016).
Sulphur has also been explored as a total replacement for bitumen in asphalt mixes. In order to
produce a workable product, the sulphur was plasticised by reaction with unsaturated
hydrocarbons such as dipentene. Successful field trials were conducted in the 1970’s using a
formulation (“Sulphlex”) with 70% sulphur and 30% plasticiser compounds (Sakib et al., 2021, Little,
1986).
The use of sulphur as a bitumen extender or as a total replacement for bitumen in asphalt mixes
has been investigated extensively since the 1970’s due to its generally low cost relative to bitumen;
currently about 20% that of bitumen (Sakib et al., 2021, Gedik and Lav, 2016). However, commercial
application of these technologies has been minimal. This is likely due to the practical problems
particularly with hydrogen sulphide generation. Shell produce a “Thiopave“ binder which is a
sulphur extended bitumen. Properties of that material have been discussed by (Urquhart, 2012,
Urquhart and Malone, 2013). Given that the bulk of sulphur production is as a by-product of fossil
fuel refining, the long-term supply and cost of sulphur is also uncertain.

5.4 Shale oil/oil sand bitumens
Large deposits of oil shale and “tar “sands exist world-wide. Hein et al. estimate that approximately
360 billion tonnes of recoverable oil exists (Hein, 2017). The Athabasca deposits in Canada being
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the most well-known and extensive (Masliyah et al., 2004). Such deposits consist of sedimentary
rock or sands impregnated with organic materials ranging from very heavy oils to kerogen (solid).
Open cast mining is used to extract the raw material and transport fuels and other products
equivalent to those from refining of petroleum can be recovered by various processes. The
characteristics of heavy bituminous fractions from these deposits or materials arising from
processing and refining of the oils as roading bitumens has been investigated by a number of
authors (Ishai et al., 1996, Thomas et al., 1996, Barrett et al., 1990, Petersen, 1988). Although
properties vary widely depending on the shale oil source, generally shale oil bitumens have been
found to be suitable as road surfacing bitumens either alone or as a blend with petroleum
bitumen. Bitumens derived from shale oil have long been used extensively in Russia and Estonia
for roading applications (Meshin and Purre, 1993).
Although New Zealand possesses deposits of shale oil in the South Island e.g. Orepuki on
Southland's south coast, the open cast mining of this material is unlikely to be environmentally
acceptable.
In a similar manner to petroleum, the economics of shale oil bitumen production are likely to be
adversely affected by an overall reduction in demand for fossil fuels.

5.5 Peat
Peat consists of organic fibrous material in various stages of decomposition usually at the ground
level but often extending metres below the surface. Historically, once dried it has been used as a
heating fuel. It is possible to extract organic material from the peat (up to about 9% of the dry
weight) which has been investigated as a partial substitute for petroleum bitumen (Leahy et al.,
1990a). The extracted material is chemically very different from petroleum bitumen and has a high
concentration of waxy esters. These react during aging of the material suggesting that the
acceptable concentration of peat bitumen in petroleum bitumen would be less than 17% (Cavalier
and Chornet, 1978, Leahy et al., 1990b). Peat bitumen has not apparently been used commercially
as a bitumen substitute.
New Zealand has large areas of peatland- in particular in the Waikato. Peatland is generally highly
productive as agricultural land and open cast mining of New Zealand peatland for bitumen
production is a highly unlikely scenario.

5.6 Natural bitumen
Naturally occurring surface deposits of solid bituminous materials exist which are mined and used
for various applications. These materials are known by a variety names such as rock asphalt,
asphaltites and asphaltoids (Shepherd, 1964, Speight, 1999). They differ in terms of their chemical
composition and physical properties but are typically high softening point solids infused into/with
mineral material. The most significant for road surfacing applications are discussed below.
5.6.1

Asphaltites

Deposits of natural, solid, bituminous materials collectively known as asphaltites exist in a number
of locations, e.g. Gilsonite (USA and Iran), Grahamite (USA), Asbuton (Indonesia) and Selenizza
asphaltite (Albania). These materials are mined and processed into powders (see Figure 1).
Although chemically and rheologically distinct from refined bitumen they are compatible and are
usually used in small percentages as modifiers to stiffen soft grades of bitumen (Ameri et al., 2018,
Nciri et al., 2014, Hunter et al., 2015). They are too stiff to use as standalone surfacing binders.
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5.6.2

Lake Bitumen

As the name suggests this material is found in lakes formed by natural seeps. The largest is in
Trinidad has an area of about 35 ha, is 90 m deep and contains about 10 million tonnes of material
(see Figure 2). The bitumen is recovered using excavators and refined to remove water and large
particles of foreign matter. The finished product is too hard to use as a standalone surfacing binder
(it has about 36% mineral matter) and is used to stiffen softer grades of refined bitumen (Liao et al.,
2014, Hunter et al., 2015).

Figure 1: Gilsonite powder (source: Nicri et al.
2014)

Figure 2: Trinidad Lake Asphalt (source: Nicri et
al. 2014)
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6 Bitumen alternatives – renewable materials
The term bio-bitumen or bio-asphalt (in the US) is used very loosely in the technical and industry
literature. It is used to refer to bitumen to which a natural product of some type has been added
even in very low concentrations or alternatively a binder manufactured entirely or largely from
renewable materials. The renewable materials employed vary widely and are often poorly defined
in terms of their origins and properties. The properties of the resulting “bio-bitumen” also vary
wildly and they cannot be considered as a single entity.

6.1

Lignin

Lignin is a complex high molecular weight polymeric material found in plant material. Trees
typically contain 20-30% Lignin which acts to provide structural support to the plant.
Approximately 50-70 million tons of lignin are produced annually worldwide primarily as a byproduct of the pulp and paper industry (Khandelwal, 2019, Gosselink, 2011). A small proportion of
lignin (about 2%) is used in a wide variety of industrial applications such as coatings and plastics
but the bulk is used as a fuel (Tokede et al., 2020, Gosselink, 2011).
The chemical composition, molecular weight and structure and properties of lignin varies
depending on the plant source and the extraction process used. The latter include the Kraft,
sulphite, soda-anthraquinone and organosolv processes, such as Alcell and Organocell (Abdelaziz
et al., 2016). Most lignin is produced via the Kraft and sulphite processes. Kraft lignin is a nonfusable powder insoluble in organic solvents. The sulphite process gives rise to lignosulfanate
powders which are also insoluble in organic solvents (but are water soluble). Both the Kraft and
sulphite processes result in lignin with about 1-6% sulphur contents. The Organosolv type
processes use solvents to extract the lignin, the product is free of sulphur and is soluble in organic
solvents but is only produced in pilot scale quantities compared to the other products. Solvent
solubility is a key feature indicating the way in which lignin will interact with bitumen. Organosolve
lignins will also melt and flow on heating at bitumen handling temperatures (Vliet et al., 2016).
Lignin has been investigated widely as a bitumen modifier and extender over several decades
((Sundstrom et al., 1983, Vliet et al., 2016, Xie et al., 2017). Lignin is high in phenolic compounds
which have been shown to have some anti-oxidant effect when added to bitumen (Xu et al., 2017,
Pan et al., 2012, Arafat et al., 2019). Studies on bitumen blends with up to 25 % lignin show that the
lignin has a stiffening effect at high temperatures (Vliet et al., 2016). This may require an increase in
mixing and compaction temperature (Wu et al., 2021a) but could be offset by using a softer grade
of bitumen for blending. Lignin-bitumen blends have been shown to perform satisfactorily
although fatigue life may be adversely affected (Zhang et al., 2019, Xu et al., 2017, Norgbey et al.,
2020). Given the high molecular weight it is unlikely that lignin completely dissolves in bitumen
and is likely to be present as a separate phase with some swelling through absorption of bitumen
species. Van Vliet found that up to 25% of various lignin types could be simply blended with
bitumen without difficulty and modified the binder properties beneficially in a manner similar to
that seen with conventional polymer modification (Vliet et al., 2016).
Trials using bitumen in asphalt surfacings with 50% lignin have recently been constructed in the
Netherlands (Besamusca et al., 2020). Khandelwal (Khandelwal, 2019) conducted a detailed life
cycle assessment (LCA) to assess the CO2e emissions from use of a 50% lignin/bitumen binder in a
constructed porous asphalt surface in the Netherlands. A reduction of 10% in CO2e emissions
would be achieved compared to conventional bitumen porous asphalt even assuming natural gas
was used to replace the energy lost from not burning the lignin. The reduction would be about
75% if wood chip was used as a replacement fuel.
In New Zealand about 1 million dry tonnes of pulp are produced for sale annually (MPI, 2021) giving
potentially about 1.8 million tonnes of black liquor dry solids (MBIE, 2016), about 600,000 tonnes
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of which is lignin. This is substantially greater than New Zealand’s total bitumen demand. However
most of this material is used as a fuel to power the plant so if a significant amount of the lignin
was recovered and diverted to road construction an alternative fuel source would be needed.
In the study by van Vliet, various types of lignin were investigated and chemical modification of the
lignin to reduce the concentration of hydroxyl groups and increase hydrophobicity, resulted in
better compatibility with the bitumen (Vliet et al., 2016). Similar studies have been carried out by
(Xie et al., 2017). Although yet to be fully demonstrated, in principal following this approach
chemical modification may produce a thermoplastic material that could be used as a 100%
substitute for bitumen (Saito et al., 2012). Incorporation (encapsulation) of lignin in bitumen
removes to a large extent the problem of biodegradability by preventing contact with water but
this would need to be addressed in a 100% lignin based bitumen substitute.
The cost of technical Kraft lignin (i.e. relatively pure material) is about US$250 per tonne (about
NZ$360) in the US (Abbati de Assis et al., 2018, Culbertson, 2017).

6.2 Thermolytic process oils (pyrolysis, hydrothermal liquefaction)
Wood (or other plant material) when heated to above 400°C in the absence of oxygen, breaks
down to form an oil. The process is known as pyrolysis. Numerous variants of this technique exist
such as hydrothermal liquefaction which is a related high temperature, high pressure process for
conversion of high-moisture content biomass ((Jarvis et al., 2017, Dimitriadis and Bezergianni, 2017).
Other Internationally commercially operated plants exist to manufacture pyrolysis oils which have
a variety of industrial uses but primarily as transport or heating fuels or chemical feedstocks
(Mohan et al., 2006). These applications have also been the focus of most of the research in the
field. In New Zealand small plants have operated occasionally but not at any scale, for example
pyrolysis was used to process timber waste following the Christchurch earthquake to avoid
sending it to landfill.
6.2.1

Woody biomass

Typically, depending on the feedstock and conditions used, fast pyrolysis processes using plant
biomass produce about 40-60% organic oil, 15-25% char (see below) and about 25-35% water and
fixed gases, e.g. carbon monoxide, carbon dioxide etc. (Bridgwater, 2012, Czernik and Bridgwater,
2004, Salehi et al., 2011) Pyrolysis oils are highly acidic and complex mixtures of low viscosity, but
usually contain a sub-fraction of polymerised high viscosity tar material, confusingly this is
sometimes referred to as “pyrolytic lignin” as some of it derives from lignin degradation products,
though its origin and chemical composition bear little relation to true lignin.
Research over the past 40 years has demonstrated pyrolysis oils can be further treated to produce
viscous materials similar in appearance to bitumen and with properties potentially suitable for
road construction (Butte et al., 1980). Wood pyrolysis is an attractive route for a sustainable
replacement for bitumen because of the large amount of waste plant material potentially
available (e.g. from pine plantation leavings, sawdust). Researchers have published work on the use
of wood pyrolysis oils as extenders or complete substitutes for bitumen in asphalt mixes (Raouf
and Williams, 2010a, Raouf and Williams, 2010b, Peralta et al., 2012, Yang et al., 2015). Zhang et al.
(2018b) found for example that up to 15% of a sawdust pyrolysis bio-oil produced a satisfactory
bitumen (but only after addition of SBS polymer). Work on the properties of pyrolysis oil modified
bitumens has recently been reviewed by Su et al. (2018) and Wang et al. (2020a). The published
data appears promising but there are as yet no commercially available products. A field trial of a
bicycle path was constructed in 2010 using a 6% pyrolysis oil concentration in bitumen (ISU, 2010)
but no other trials appear to have to been carried out and progress has not been reported.
Chemically, because the ‘bio-bitumens’ and bio-oils produced by pyrolysis are derived mainly from
cellulose, hemicellulose and lignin (the major components of wood) they are very high in oxygen
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(about 30-40 wt%) and are not very stable at high bitumen handling and application
temperatures (Zhang et al., 2018a). When mixed with conventional bitumens the bio-bitumen
materials are not completely soluble in petroleum bitumen and on cooling exist as suspended
particulates. These characteristics are not necessarily detrimental in asphalt mixes made with a
mixture of bitumen and bio-bitumen, but excessive hardening is undesirable if bio-bitumen is the
only component of the binder.
Pyrolysis oil fractions potentially useful for bitumen substitution constitute only a small fraction of
the pyrolysis products produced. Pyrolysis of plant biomass as a process to produce bitumen alone
would be a highly inefficient process. Additional research is needed to determine if conditions can
be manipulated to maximise useful product formation.
6.2.2

Low oxygen content feedstocks

The pyrolysis of animal manure and in particular swine manure has also been investigated as a
means of making a bitumen alternative (Fini et al., 2012, Fini et al., 2011, Liu et al., 2020, Wang et al.,
2020b, Wang et al., 2021, Pahlavan et al., 2021, Hosseinnezhad et al., 2019). The chemical
compounds in swine manure (e.g. fats), have a much lower percentage of oxygen than plant
materials and so are less likely to suffer from the stability (polymerisation), problems exhibited by
wood derived pyrolysis oils. Similarly the pyrolysis of municipal waste was found to give a high
viscosity, waxy, oil, suitable as a partial bitumen substitute but only in 11% yield (Yang et al., 2018).
6.2.3

Bio-char and charcoal

Bio-char is produced during the pyrolysis of woody biomass at temperatures of 400-500 °C. It is a
solid non-fusible powder of complex and poorly understood structure. The particle size of bio-char
is similar to that of the pyrolyised biomass it is dervied from but can be easily crushed to a fine
dust.
Research has been conducted on adding bio-char to bitumen at low concentration as a partial
substutute (Zhang et al., 2018a). Zhao et al. found that 4%-10% bio-char with a particle size of less
than 150 microns had a benefical effect on the high temperature deformation of bitumen without
significant adverse effects on fatigue resistance (Zhao et al., 2014). Similar results were obtained by
using a 6% loading (Hu et al., 2021). At 5% concentration bio-char was found to have some effect
on oxidation resitance of bitumen under UV radiation (Rajib et al., 2021). Renaldo et al. (2015) also
found that resistance to oxidation (Rolling Thin Film Oven procedure) was improved at 6% biochar concentration.
Charcoal is similar to bio-char in that it is produced by wood pyrolysis but carried out at much
lower temperatures and over longer times. Charcoal has also been investigated as a bitumen
modifier at concentrations up to 15% with beneficial effects (Chebil et al., 2000).

6.3 Tall oil pitch and other pine resins
Tall oil pitch, is a stiff, brown, sticky, water insoluble resin, extracted from pine trees as a by-product
of pulp and paper manufacture. The material consists mainly of a complex mixture of
hydrocarbons, sterols with small amounts resin acids and fatty acids (Drew and Propst, 1981). These
are very weak organic acids and the material is not corrosive.
Research has demonstrated that tall oil pitch is generally satisfactory, up to about 20%, as a
potential material for partial bitumen replacement. (Ball et al., 1993, Bearsley and Haverkamp,
2007a, Bearsley and Haverkamp, 2007b, Peltonen, 1992, Wu et al., 2004). Dust suppressant and
stabilisation products for road surfacings based on tall oil pitch are also commercially available.
The viscosity of tall oil pitch is usually lower than that of normal bitumen grades and it cannot be
used as a complete bitumen substitute without modification to improve its rheology. A
commercially available product (Biophalt) made by Eiffage Construction in France consists of tall
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oil pitch, other natural resins and up to 20% petrochemical based polymer (Pouget and Loup,
2013, del Barco Carrión et al., 2017). As with the Vegecol, Floraphalte and Sequoia products,
discussed below, Biophalt is intended as a colourable binder for cycle ways and pedestrian areas
rather than normal road construction.
There is considerable potential for development of new tall oil pitch based products for road
surfacing applications but the quantities available world-wide are limited relative to the volume of
bitumen used. Globally about 1.2 M tonnes is produced annually (Konwar et al., 2018, Abraham and
Höfer, 2012). In New Zealand tall oil pitch is produced by Lawter (NZ) Ltd in Tauranga.
Approximately half of the New Zealand production is used as a fuel and the rest is sold for various
industrial applications. Annual production is only about 3000 tonnes and is limited by the volume
of wood pulp manufactured in New Zealand (Villella, 2020).
Various other types of wood resins and fatty acid fractions are produced during manufacture of
wood turpentine and other products. In many cases these have been investigated as bitumen
modifiers but only at concentrations of a few percent (e.g. Grilli et al. (2019), Verma and Chauhan
(2019), Putri et al. (2020)). Espinosa et al. (2021) studied an unspecified “pine wood resin” and
“terpolymer” composite binder as a complete bitumen substitute. Laboratory results were
promising and a full scale highway field trial of a dense grade asphalt mix was constructed. The
bio-bitumen asphalt performance was good after three years of monitoring.

6.4 Microalgae
Microalgae, specially grown in large scale tanks are being actively investigated as a source of
hydrocarbon transport fuels and bitumen alternatives (Qari et al., 2017). The fatty acids or other
metabolites produced by the algae can be modified by various processes into thermoplastic
materials with suitable rheological properties for extending or replacing bitumen (Audo et al., 2011,
Chailleux et al., 2015, Audo et al., 2015). Development of these binders is still at the research stage.

6.5 Polymerised vegetable oils and related products
Vegetable oils such as soybean or sunflower oil have long been used in small quantities to modify
the properties of bitumen (Chen et al., 2014, Hugener et al., 2014, Seidel and Haddock, 2012, Król et
al., 2016). Cooking oils have also been investigated (El-Shorbagy et al., 2019, Asli et al., 2012, Gong et
al., 2016, Sun et al., 2016a, Sun et al., 2016b). Azahar et al. investigated the effects of incorporation
into bitumen of up to 8% concentration of residues from the conversion of waste cooking oil to
bio-diesel (Azahar et al., 2016).
In New Zealand vegetable oils (e.g. soyabean oil) have been used in the commercial manufacture
of sealing grade binders by simple blending of imported harder grades of bitumen with the oils
but only at levels of up to 5-8% by weight. The resulting products were stable and met all
requirements of the New Zealand bitumen specification. Similarly tung oil at up to 8% has been
investigated as a means of rejuvenating the properties of aged bitumen (Yan et al., 2021, Yan et al.,
2020).
The viscosity of vegetable oils is much lower than that of bitumen so that polymerisation or other
treatment is required if the oil is to be used as partial or full replacement for bitumen. Vegetable
oils are relatively easy to polymerise and have long been used in paints and other products for this
reason (e.g. linseed oil putty). Polymerised waste cooking oils (typically canola or soyabean oil),
have been investigated as a bitumen extender at 30% and 60% concentration (Wen et al., 2013).
At the concentrations used the resulting bitumen and asphalt mix properties were adversely
affected.
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Li et al. added 20% concentration of (mainly) esterified fatty acids solvent extracted from an
unspecified seaweed species to an SBS polymer bitumen (Li et al., 2021). The seaweed extracted
material resulted in improved binder properties through its swelling of the SBS phase.
Polymerised vegetable oils form an important component in most of the commercially available
products which are discussed below.
Polymeric materials with rheological properties similar to those of bitumen produced from low
molecular weight ethyl acrylate, methyl acrylate and butyl acrylate monomers have been
synthesised (Airey et al., 2008, Airey et al., 2011, Airey et al., 2016). The authors believe that in the
future these monomers could potentially be sourced from renewable triglyceride oils and
carbohydrate sources. The materials produced were found promising as partial or in some cases
complete substitutes for bitumen.

6.6 Commercially available products
There are a number of commercially available bio-bitumen products on the market consisting
wholly or largely of renewable plant materials, in particular vegetable oils.
6.6.1

Vegecol

Vegecol is the brand name of a bitumen alternative product manufactured by Colas in France
(Colas, 2021). Chemically the product is manufactured from unspecified constituents of vegetable
origin (Ballie and Delcroix, 2008), mainly a resin obtained from pine trees and an oil obtained from
oleaginous plants (Colas, 2021). The product does not contain petrochemical derived materials. As
the product cures with time (the viscosity increases) it is likely that the product is based on
vegetable oils that polymerise through autoxidation.
It is a low carbon product, requiring lower manufacturing temperatures for warm asphalt mixes,
lowering greenhouse gas emissions compared to conventional hot-mix asphalt. It is also a carbon
sink, as it is more than 80% plant-based and plants fix a greater amount of carbon during their
growth than is used to manufacture the binder.
Vegecol is semi-transparent and has found some application in specialist coloured asphalt
surfacings for cycle ways and pedestrian areas. To date Vegecol has only been used in asphalt mix
applications not chip sealing (Colas, 2021), and has recently been applied as an asphalt mix for
school footpaths in Vedène, France. By 2007 it was reported that 450 projects had been
completed using nearly 2700 tonnes of material (Croteau et al., 2009). Few studies on the
properties of asphalt mix have been reported. Good early life performance has been reported but
with some concerns over premature hardening which could result in cracking (Chailleux et al.,
2015).
Vegecol has properties similar to that of New Zealand 130-150 and 180-200 penetration grade
bitumens, a detailed report on the physical properties of the material and its potential application
in Australia has been conducted (Urquhart, 2012, Urquhart and Malone, 2013). The authors of those
studies concluded that although Vegecol could potentially be used for chip sealing, that would
not currently be possible given that the manufacturers control use of the material and require
input into the design of potential applications. Design requirements for surfacings using Vegecol
would preclude use in chip seals.
6.6.2

Floraphalte

Floraphalte is a colourless vegetable oil and natural resin based binder similar to Vegecol and
made by Shell in Europe (Shell, 2016). Flouraphalte contains at least 90% renewable plant based
material and a (petrochemical based), polymer compound. The properties of the binder in asphalt
mix have been reported (Pouget and Loup, 2013), and, as for Vegecol, early life performance is
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predicted to be satisfactory but continued curing has been highlighted as a potential problem
(Chailleux et al., 2015).
The physical properties of the material (Shell, 2016, Urquhart and Malone, 2013), are such that it
would probably meet the NZTA specification for 130-150 grade bitumen used in chip seals
(penetration of 100-150 and viscosity at 60° of about 120 Pas). It is however marketed as a binder
for asphalt mixes used on cycle ways, parks and pedestrian areas, it is not designed for use in road
surfacings.
6.6.3

Sequoia

This is another vegetable oil and natural resin based binder manufactured by Eurovia in France
that also contains 5-10% of polymer (Chailleux et al., 2015, Eurovia, 2021). It has a penetration range
of 110-140, so has a consistency similar to that of a 130-150 NZTA penetration grade bitumen. As
with Vegecol and Floraphalte the intended application of Sequoia is for coloured asphalt
surfacings in cycle ways, pedestrian areas and other low stress applications - not general road
surfacing.
6.6.4

Eco-BiopaveTM GEO 320

Eco-paveTM is a product made from non-petroleum renewable natural waste material
manufactured from low molecular weight waste and biomass materials including lignin, cellulose,
sugar, molasses, vinasses, natural tree and gum resins, natural latex rubber and vegetable oils
(Newman et al., 2012). It is designed for footpaths, driveways, bicycle paths, tennis courts, car parks,
roads and highways. It is available in many colours including high-visibility and light-reflective
pavements. However, it is unclear as to whether this product is still currently in production.
6.6.5

Instant Asphalt

“Instant asphalt” from Albrecht Industries in South Africa is a 2-part product consisting of
asphaltene-containing powder and a liquid “maltene” phase produced from waste cashew nut
shells (Albrecht Supply Concepts, 2021). The materials can be transported to site, then mixed and
heated, removing the need for heating in transport and lowering its carbon footprint and
greenhouse gas emissions. This enables the material also to be used in remote locations that are
not easily accessible (Albrecht Supply Concepts, 2021).
6.6.6

Sumac Eco

A French product, Surmac Eco, uses vegetable oils to form a polymer matrix in bitumen to
improve its properties (Latexfalt, 2016).
6.6.7

Biophalt

A French company, Eiffage Route, market a product called “Biophalt” (Lahouazi, 2021). This is an
asphalt mix product consisting of about 30% recycled asphalt pavement (RAP) with an organic
binder from the pulp and paper industry (possibly tall oil pitch) and polymers. The product is
designed for use as a petroleum bitumen substitute in roadways. Testing with the material
showed that satisfactory, and in some cases improved, asphalt mix properties could be obtained
(del Barco Carrión et al., 2017, del Barco Carrión et al., 2019).
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7

Recycled materials

7.1

Waste tyre rubber

Approximately 74,000 tonnes of waste tyres are generated in New Zealand annually (3R Group
Ltd, 2020) Internationally rubber from waste tyres has been used to modify bitumen properties
using concentrations of up to 25% which constitutes a significant partial bitumen substitution. The
issues surrounding the use of waste tyre rubber in road surfacings in New Zealand have been
discussed in detail in a recent NZTA report (Wu et al., 2021b). A key technical obstacle to uptake of
the technology has arisen given NZTA’s decision to mandate the use of bitumen emulsions for
chip sealing work on the State Highway network (WK-NZTA, 2021) Currently technologies for
emulsification of waste tyre rubber modified bitumen are still in the developmental stages and it
can currently only be hot-applied, which would prevent widespread use in chip sealing
applications in New Zealand.

7.2

Plastics

The addition of waste, post-consumer plastics to bitumen has received much attention in recent
years (Austroads, 2019). A number of commercial products are marketed such as “Plastiphalt” by
Fulton Hogan Ltd in New Zealand (Fulton Hogan, 2021). Downer Ltd also manufacture a
“Reconophalt” asphalt mix containing waste plastics (Downer, 2019).
In road surfacing research, application levels of up to 15% waste plastic or higher are often
explored (Wu, 2021) but levels of only up to 5% of the binder are typically used in commercial
products (Wu, 2021, Mishra and Gupta, 2018, Austroads, 2020). Levels of 6-8% of the binder are
specified in Indian guidelines (IRC, 2013). Given the costs associated with sorting waste plastics and
the relatively low levels of plastics used, adoption is normally justified based on improving
engineering properties rather than benefits from material substitution.
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8 Recycled bitumen
8.1

Asphalt mix

Large tonnages of asphalt mix (and the bitumen it contains) is recycled both in New Zealand and
internationally. The NZTA M10 specification allows up to 15% recycled asphalt pavement (RAP) as a
matter of course and higher levels on application. The substitution of bitumen in the new asphalt
mix is often not quite 15% as not all bitumen in the RAP is considered active (i.e. it has hardened
too much through oxidation). Rejuvenating oils (usually petrochemically derived) are also usually
added at 5-10 wt% of the binder to soften the aged bitumen. Recent reviews of best practice and
mix design procedures are available (Austroads, 2015, Austroads, 2016, NAPA, 2012).
The practical limit for RAP content in hot mix asphalt is usually about 40 to 50% due to mixing
constraints and the need to heat large quantities of ambient temperature RAP (i.e. without direct
contact with the flame). However new generation asphalt plants with High Recycling Technology
(HRT), are now capable of handling 80-90% RAP.

8.2 Chip seals recycling
New Zealand has approximately 65,000 km of sealed roads (MoT, 2021) and the bulk of the 150170,000 tonnes of bitumen used annually is used to maintain them (there are some other minor
industrial applications for bitumen). New Zealand is somewhat atypical to other countries in our
practice of developing multiple seal layers sometimes over decades. Seals with 5-7 or more layers
are not uncommon. Over time it is often noted that the lives of subsequent layers shorten as the
top-layer seals begin to flush within only a few years, well below the theoretical design life. These
layers are deemed “unstable” and the only treatment is either an overlay of base course or milling
and disposal of the seal layers. Alternatively sometimes the seal layer is broken up and mixed with
the underlying pavement, then recompacted (Gray and Hart, 2003, Harrow, 2008). These
treatments all result in a lost opportunity to reuse the bitumen.
As 88% of the sealed road network is chip seal, then assuming a 5m wide carriageway and 3 layers
of single coat chip seal surface (at 1.5 L/m2 residual application rate) there is 1,128,600,000 L of
bitumen (1.1 million tonnes) already in the country’s road assets. This equates to $846 million worth
of bitumen (assuming a $750 per metric tonne of bitumen) as part of the road asset inventory.
There appear to be considerable potential benefits from the recycling of this bitumen but this is
not an area of current research.
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9 Summary and conclusions
The relative merits of the most promising potential bitumen alternatives for road surfacing materials are summarised in Table 1.

Table 1: Qualitative comparison of promising potential alternatives to bitumen for road surfacings in New Zealand (: applies, : strongly applies, 
does not apply, ?: unknown / maybe)
Material

Usable
without
chemical
modification

Progressed
beyond
laboratory
or testing
stage

Potentially could
be locally sourced
& in sufficient
volumes







Tall oil pitch

a



Lignin

a

Thermolysis oils

Proprietary
vegetable oil
based binders

Cement
(concrete)

Raw material
commercially
available & with
established
manufacturing
infrastructure

Satisfactory
engineering
performance
demonstrated

Compatible
with existing
NZ surfacing
construction
plant and
methods

Offers
short
term
solution

Likely
carbon
footprint
relative to
bituminous
surfacings

Renewable
resource with
long term
sustainability
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(a) Modification required if to be used as a complete substitute for bitumen. (b) As a partial bitumen substitute. (c) Depends strongly on project scale.
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9.1

Shorter term solutions

In the immediate term the only alternatives to importing bitumen for road surfacings are to use
concrete or to recycle bitumen already in the road network and in particular chip seals.
9.1.1

Concrete

Currently the only existing, practical alternative to bitumen for road surfacings is to use concrete.
Concrete road technology in terms of materials and construction plant is well established and has
a long track record but still accounts for only a small proportion of road construction world- wide.
The pros and cons of concrete road in terms of engineering properties (useful life, skid resistance),
user experience (noise, delays), economics and environmental effects are still the subject of much
debate. Only a few kilometres of concrete roads have been constructed in New Zealand (and
mainly as pavements below a bituminous surfacing) and a move in this direction would require
significant investments in plant and training by the road contracting industry. A large-scale change
from bituminous surfacings to concrete would not be a seamless transition but require a complete
step-change in the way our roads are designed, constructed and specified. Concrete may also only
be economically viable for highly trafficked roads (e.g. motorways) whereas the bulk of our sealed
road network is low trafficked and often narrow and windy and with flexible unbound pavements.
The cost effectiveness of concrete roads obviously depends strongly on the ultimate cost of
bitumen.
The carbon footprint of concrete roads has been studied at length and in some cases use of
concrete would not result in significant increases in carbon footprint relative to alternative asphalt
mix solutions. This is unlikely to be the case though for the bulk of New Zealand’s lightly trafficked
chip seal network. Ultimately the carbon footprint of the constructed concrete road
surfacing/pavement depends very strongly on the assumed life of the surfacing and other
maintenance requirements which in the New Zealand context, remain speculative.
9.1.2

RAP and recycled chip seals

Techniques for recycling asphalt mix are well established in New Zealand. The proportion of
recycled material is generally 15-20% but internationally there is much research aimed at
increasing the percentages used. Most bitumen in New Zealand though is used in chip seals, for
which there is currently no existing recycling technology. The options and research needs to
enable the recycling of chip seals is currently the subject of a separate NZTA study.
Ultimately any recycling system is limited by the fact that it is unlikely to be 100% efficient (i.e.
there will be material losses) and there will be a limit to the number of recycling- cycles that are
possible before material properties degrade.

9.2 Longer term solutions
A binder developed from a renewable, biomass resource is the best long term alternative to use of
petroleum bitumen. This also offers potential to significantly reduce the carbon footprint of road
construction and even provide net benefits through carbon sequestration in the road surfacing.
The two most promising options based on current research are discussed below.
9.2.1

Vegetable oil based binders

A number of commercially available binders based largely on vegetable oils are available
and are discussed above. These materials have been in existence for some time but have not
gained any significant traction in general road surface construction. They are currently
produced in only very small tonnages and occupy a niche market largely as clear binders for

©WSP New Zealand Limited 2021

21

Project Number: 5-21295.00
Bitumen Alternatives

coloured surfacings, cycle ways etc. The long term potential for these materials is difficult to
assess without more information of their performance, durability and suitability for
significant scaling up of production.
A reservation often expressed concerning with use of vegetable oils for biofuels, which also
applies to bitumen, is that such uses will increase the price of foodstuffs. Globally
approximately 200 million tonnes of vegetable oils are produced annually (El-Hamidi and
Zaher, 2018). In theory therefore large-scale use of vegetable to replace the 100 million
tonnes of bitumen used annually could thus have a significant impact and a large increase
in production would be needed to offset the effects.
9.2.2

Lignin

Although much research is still needed, lignin is attractive as a potential bitumen alternative
because it is already produced in very large quantities. Bitumen could potentially be
manufactured without the need for development of a completely new large scale industrial
activity to produce the raw materials, as would be the case for example, with pyrolysis oils.
Bitumen could be produced as a by-product of the pulp and paper industry as it is currently
a by-product of petroleum fuels production. New Zealand produces more than sufficient
lignin for road construction purposes so that we could be self- sufficient in locally produced
bitumen.
Chemically, lignin provides in theory, ample opportunity for simple modification to a
thermoplastic material that could be used as a bitumen extender or complete replacement
and that could be used with existing road surfacing construction plant designed for
petroleum bitumen.

10 Recommendations
10.1 Chip seal recycling
Further investigation into the feasibility of recycling chip seal materials both as millings and
through bitumen and aggregate recovery should be carried out. The research needs to specifically
address the behaviour of chip seal millings during storage and grading to identify potential
handling problems. The properties of mixes made partially and wholly from chip seal millings
need to be determined. As a first step the effects of using chip seal millings at up to 15% (as is the
case with RAP) should be investigated.
Potential options for bitumen recovery need to be evaluated in detail and assessed in terms of
efficiency and likely practicality of scale up.

10.2 Lignin
Currently the use of lignin or chemically modified lignin appears to be the most promising starting
material for development of a practical, renewable alternative to bitumen. Work is needed to
properly understand the behaviour of lignin-bitumen compositions and to formulate research
strategies for development of a 100% lignin based binder.

©WSP New Zealand Limited 2021

22

Project Number: 5-21295.00
Bitumen Alternatives

11 References
3R GROUP LTD 2020. Regulated product stewardship for end of life tyres: "Tyrewise 2.0" - Updated
report.
ABBATI DE ASSIS, C., GRECA, L. G., AGO, M., BALAKSHIN, M. Y., JAMEEL, H., GONZALEZ, R. & ROJAS,
O. J. 2018. Techno-economic assessment, scalability, and applications of aerosol lignin
micro- and nanoparticles. ACS sustainable chemistry & engineering, 6, 11853-11868.
ABDELAZIZ, O. Y., BRINK, D. P., PROTHMANN, J., RAVI, K., SUN, M., GARCÍA-HIDALGO, J., SANDAHL,
M., HULTEBERG, C. P., TURNER, C., LIDÉN, G. & GORWA-GRAUSLUND, M. F. 2016. Biological
valorization of low molecular weight lignin. Biotechnology Advances, 34, 1318-1346.
ABRAHAM, T. & HÖFER, R. 2012. Lipid-based polymer building blocks and polymers.
ADMINISTRATION, U. E. I. 2021. Petroleum and other liquids refinery yield [Online]. Available:
https://www.eia.gov/dnav/pet/pet_pnp_pct_dc_nus_pct_m.htm [Accessed 28 June 2021].
AIREY, G. D., GRENFELL, J. R. A., APEAGYEI, A., SUBHY, A. & LO PRESTI, D. 2016. Time dependent
viscoelastic rheological response of pure, modified and synthetic bituminous binders.
Mechanics of Time-Dependent Materials, 20, 455-480.
AIREY, G. D., MOHAMMED, M. H. & FICHTER, C. 2008. Rheological characteristics of synthetic road
binders. Fuel, 87, 1763-1775.
AIREY, G. D., WILMOT, J., GRENFELL, J. R. A., IRVINE, D. J., BARKER, I. A. & HARFI, J. E. 2011. Rheology
of polyacrylate binders produced via catalytic chain transfer polymerization as an
alternative to bitumen in road pavement materials. European Polymer Journal, 47, 13001314.
AL-DOBOUNI, I. A., SALIH, L. A. & AL-LAYLA, N. M. 2008. Effect of asphalt oxidation on the stability of
asphalt–sulfur blends. Petroleum Science and Technology, 26, 1347-1353.
ALBRECHT SUPPLY CONCEPTS 2021. New bitumen does not need refineries. World Highways.
January/February 2021 ed. www.worldhighways.com.
AMERI, M., MIRZAIYAN, D. & AMINI, A. 2018. Rutting resistance and fatigue behavior of gilsonitemodified asphalt binders. Journal of Materials in Civil Engineering, 30, 04018292.
ARAFAT, S., KUMAR, N., WASIUDDIN, N. M., OWHE, E. O. & LYNAM, J. G. 2019. Sustainable lignin to
enhance asphalt binder oxidative aging properties and mix properties. Journal of Cleaner
Production, 217, 456-468.
ASLI, H., AHMADINIA, E., ZARGAR, M. & KARIM, M. R. 2012. Investigation on physical properties of
waste cooking oil – Rejuvenated bitumen binder. Construction and Building Materials, 37,
398-405.
ASPHALT INSTITUTE & THINKSTEP 2019. Life cycle assessment of asphalt binder.
AUDO, M., CHAILLEUX, E., BUJOLI, B., QUEFFELEC, C., LEGRAND, J. & LÉPINE, O. 2011. Relationship
between microalgae extracts composition and rheological properties. Journées de la
société chimique Française.
AUDO, M., PARASCHIV, M., QUEFFÉLEC, C., LOUVET, I., HÉMEZ, J., FAYON, F., LÉPINE, O., LEGRAND,
J., TAZEROUT, M., CHAILLEUX, E. & BUJOLI, B. 2015. Subcritical hydrothermal liquefaction of
microalgae residues as a green route to alternative road binders. ACS Sustainable
Chemistry & Engineering, 3, 583-590.
AUSTROADS 2015. Maximising the re-use of reclaimed asphalt pavement - Outcomes of year two:
RAP mix design , AP-T-286-15.
AUSTROADS 2016. Maximising the use of reclaimed asphalt pavement in asphalt mix design field
validation, AP-R517-16.
AUSTROADS 2019. Viability of using recycled plastics in asphalt and sprayed sealing applications,
AP-T351-19.
AUSTROADS 2020. Austroads interim guidelines on use of recycled materials, Draft Report.
AZAHAR, W. N. A. W., JAYA, R. P., HAININ, M. R., BUJANG, M. & NGADI, N. 2016. Chemical
modification of waste cooking oil to improve the physical and rheological properties of
asphalt binder. Construction and Building Materials, 126, 218-226.
BALL, G. F. A. 2010. Environmental and financial costs and benefits of warm asphalts. Waka Kotahi
NZ Transport Agency research report no. 404
BALL, G. F. A., HERRINGTON, P. R. & PATRICK, J. E. 1993. Tall oil pitch as bitumen extender. New
Zealand Journal of Forestry, 23, 236-242.

©WSP New Zealand Limited 2021

23

Project Number: 5-21295.00
Bitumen Alternatives

BALLIE, M. & DELCROIX, T. 2008. Innovative plant-based binder for road mixes and pavement
surfacings. Routes-Roads, 336/337, 178-191.
BARCELO, L., KLINE, J., WALENTA, G. & GARTNER, E. 2014. Cement and carbon emissions. Materials
and Structures, 47, 1055-1065.
BARRETT, D., SAMBI, T. & SERGEANT, G. D. 1990. Properties of vacuum residual fractions from
Australian shale oils compared with a petroleum bitumen. Fuel, 69, 267-269.
BEARSLEY, S. R. & HAVERKAMP, R. G. 2007a. Adhesive properties of tall oil pitch modified
bitumen. Road Materials and Pavement Design, 8, 449-465.
BEARSLEY, S. R. & HAVERKAMP, R. G. 2007b. Age hardening potential of tall oil pitch modified
bitumen. Road Materials and Pavement Design, 8, 467-481.
BESAMUSCA, J., LANDA, P., ZOETEMEVER, R., GOSSELINK, R. J. A., LOMMERS, B., JUNGINGER, M. &
VERSCHUREN, M. The use of lignin as bio-binder in asphalt applications. 7th E&E Congress
Eurasphalt and Eurobitum, 12-14 May 2020 2020 Madrid.
BLAAUW, S. A., MAINA, J. W. & GROBLER, L. J. 2020. Life cycle inventory of bitumen in South Africa.
Transportation Engineering, 2, 100019.
BP. 2021. Energy Economics - Oil [Online]. Available:
https://www.bp.com/en/global/corporate/energy-economics/energy-outlook/demand-byfuel/oil.html [Accessed 28 June 2021].
BRIDGWATER, A. V. 2012. Review of fast pyrolysis of biomass and product upgrading. Biomass and
Bioenergy, 38, 68-94.
BROWN, A. Carbon footprint of HMA and PCC pavements. International conference on perpetual
pavements, 2009 Columbus, Ohio.
BUTTE, W. A., KOHN, E. M. & SCHEIBEL, E. G. 1980. Highway binder materials from cellulosic and
related wastes. Federal Highway Administration Report FHWA/RD-80/031.
CAVALIER, J.-C. & CHORNET, E. 1978. Fractionation of peat-derived bitumen into oil and
asphaltenes. Fuel, 57, 304-308.
CHAILLEUX, E., AUDO, M., GOYER, S., QUEFFELEC, C. & MARZOUK, O. 2015. 11 - Advances in the
development of alternative binders from biomass for the production of biosourced road
binders. In: HUANG, S.-C. & DI BENEDETTO, H. (eds.) Advances in Asphalt Materials. Oxford:
Woodhead Publishing.
CHARPENTIER, A. D., BERGERSON, J. A. & MACLEAN, H. L. 2009. Understanding the Canadian oil
sands industry’s greenhouse gas emissions. Environmental Research Letters, 4, 014005.
CHEBIL, S., CHAALA, A. & ROY, C. 2000. Use of softwood bark charcoal as a modifier for road
bitumen. Fuel, 79, 671-683.
CHEN, M., LENG, B., WU, S. & SANG, Y. 2014. Physical, chemical and rheological properties of waste
edible vegetable oil rejuvenated asphalt binders. Construction and Building Materials, 66,
286-298.
COLAS. 2021. Colas opens the way with Vegecol, an asphalt mix with an 80% plant-based
binder [Online]. Available: https://www.colas.com/en/press/press-release/colas-opens-wayvegecol-asphalt-mix-80-plant-based-binder [Accessed 11 May 2021].
CROTEAU, J.-M., CHAIGNON, F. & STRYNADKA, T. Sustainability: carrier of innovations in the
development of pavement materials. Transport association of Canada annual conference,
2009 Vancouver, Canada.
CULBERTSON, C. G. 2017. Commercialization of sustainable bio-refinery projects for the pulp and
paper industry. North Carolina State University.
CZERNIK, S. & BRIDGWATER, A. V. 2004. Overview of applications of biomass fast pyrolysis oil.
Energy & Fuels, 18, 590-598.
DE FILIPPIS, P., GIAVARINI, C. & SANTARELLI, M. L. 1998. Sulphur-extended asphalt: reaction kinetics
of H2S evolution. Fuel, 77, 459-463.
DEL BARCO CARRIÓN, A. J., CARVAJAL-MUÑOZ, J. S., LO PRESTI, D. & AIREY, G. 2019. Intrinsic
adhesive and cohesive assessment of the moisture sensitivity of bio-rejuvenated recycled
asphalt binders. Road Materials and Pavement Design, 20, S347-S364.
DEL BARCO CARRIÓN, A. J., LO PRESTI, D., POUGET, S., AIREY, G. & CHAILLEUX, E. 2017. Linear
viscoelastic properties of high reclaimed asphalt content mixes with biobinders. Road
Materials and Pavement Design, 18, 241-251.
DEPREE, C. & FROBEL, T. 2009. NZTA Research Report 388: Reconstruction of coal tarcontaminated roads by in-situ recycling using foamed bitumen stabilisation.

©WSP New Zealand Limited 2021

24

Project Number: 5-21295.00
Bitumen Alternatives

DIMITRIADIS, A. & BEZERGIANNI, S. 2017. Hydrothermal liquefaction of various biomass and waste
feedstocks for biocrude production: A state of the art review. Renewable and Sustainable
Energy Reviews, 68, 113-125.
DOWNER. 2019. ReconophaltTM [Online]. Available: https://www.downergroup.com/reconophalt
[Accessed 28 June 2021].
DREW, J. & PROPST, M. 1981. Tall oil.
EL-HAMIDI, M. & ZAHER, F. A. 2018. Production of vegetable oils in the world and in Egypt: an
overview. Bulletin of the National Research Centre, 42, 19.
EL-SHORBAGY, A. M., EL-BADAWY, S. M. & GABR, A. R. 2019. Investigation of waste oils as
rejuvenators of aged bitumen for sustainable pavement. Construction and Building
Materials, 220, 228-237.
ESPINOSA, L. V., GADLER, F., MOTA, R. V., GUATIMOSIM, F. V., CAMARGO, I., VASCONCELOS, K., DE V.
BARROS, R. M. & BERNUCCI, L. L. B. 2021. Multi-scale study of bio-binder mixtures as surface
layer: Laboratory evaluation and field application and monitoring. Construction and
Building Materials, 287, 122982.
ESPINOZA, M., CAMPOS, N., YANG, R., OZER, H., AGUIAR-MOYA, J. P., BALDI, A., LORÍA-SALAZAR, L.
G. & AL-QADI, I. L. 2019. Carbon footprint estimation in road construction: La Abundancia–
Florencia case study. Sustainability, 11, 2276.
EUROVIA. 2021. Sequoia coated with vegetable binder [Online]. Available:
https://www.eurovia.fr/nos-solutions/par-familles/applications-particulieres/sequoia-enduitau-liant-vegetal [Accessed 11 May 2021].
FINI, E. H., AL-QADI, I. L., YOU, Z., ZADA, B. & MILLS-BEALE, J. 2012. Partial replacement of asphalt
binder with bio-binder: characterisation and modification. International Journal of
Pavement Engineering, 13, 515-522.
FINI, E. H., KALBERER, E. W., SHAHBAZI, A., BASTI, M., YOU, Z., OZER, H. & AURANGZEB, Q. 2011.
Chemical characterization of biobinder from swine manure: Sustainable modifier for
asphalt binder. Journal of Materials in Civil Engineering, 23, 1506-1513.
FULTON HOGAN. 2021. PlastiPhalt®: Plastic recycled into asphalt in Adelaide [Online]. Available:
https://www.fultonhogan.com/plastic-recycled-into-asphalt-in-adelaide/ [Accessed 28 June
2021].
GEDIK, A. & LAV, A. H. 2016. Determining optimum sulfur content as alternative binder additive in
asphaltic concrete pavements. Journal of Materials in Civil Engineering, 28, 04016040.
GONG, M., YANG, J., ZHANG, J., ZHU, H. & TONG, T. 2016. Physical–chemical properties of aged
asphalt rejuvenated by bio-oil derived from biodiesel residue. Construction and Building
Materials, 105, 35-45.
GOSSELINK, R. J. A. 2011. Lignin as a renewable aromatic resource for the chemical industry.
GRAY, W. & HART, G. Recycling of chipsealed pavements: New Zealand experience in combating
top surface layer instability issues. 22nd World Road Congress, 2003 Durban, South Africa.
GRIBBLE, M. 2018. NZTA New Zealand guide to pavement evaluation and treatment design.
GRILLI, A., IORI, L. & POROT, L. 2019. Effect of bio-based additives on bitumen properties. Road
Materials and Pavement Design, 20, 1864-1879.
GUL, M. A., KHAN, K., ISLAM, M. K., SHALABI, F. I., OZER, H., HAJJ, R. & BHASIN, A. 2021. Evaluation of
various factors affecting mix design of sulfur-extended asphalt mixes. Construction and
Building Materials, 290, 123199.
GÜRER, C., ELMACı, A., ALAGÖZ, O. & YıLMAZ, N. 2020. Rheological behavior of bituminous binders
replaced by poppy capsule pulp based bio-oil. Construction and Building Materials, 264,
120631.
HAMMOND, G. & JONES, C. 2011. Embodied carbon: The inventory of carbon and energy (ICE),
BSRIA.
HARROW, L. Delivery of chipseal layer instability solutions under a performance based
specification. 1st International sprayed seal conference, 2008 Adelaide, Australia.
HEIN, F. J. 2017. Geology of bitumen and heavy oil: An overview. Journal of Petroleum Science and
Engineering, 154, 551-563.
HORVATH, A. & HENDRICKSON, C. 1998. Comparison of environmental implications of asphalt and
steel-reinforced concrete pavements. Transportation Research Record 1626.

©WSP New Zealand Limited 2021

25

Project Number: 5-21295.00
Bitumen Alternatives

HOSSEINNEZHAD, S., SHAKIBA, S., MOUSAVI, M., LOUIE, S. M., KARNATI, S. R. & FINI, E. H. 2019.
Multiscale evaluation of moisture susceptibility of biomodified bitumen. ACS Applied Bio
Materials, 2, 5779-5789.
HU, C., FENG, J., ZHOU, N., ZHU, J. & ZHANG, S. 2021. Hydrochar from corn stalk used as bio-asphalt
modifier: High-temperature performance improvement. Environmental Research, 193,
110157.
HUGENER, M., PARTL, M. N. & MORANT, M. 2014. Cold asphalt recycling with 100% reclaimed
asphalt pavement and vegetable oil-based rejuvenators. Road Materials and Pavement
Design, 15, 239-258.
HUNTER, R. N., SELF, A. & READ, J. 2015. The Shell bitumen handbook.
IEA. 2020. International Energy Agency Oil 2020 Fuel Report [Online]. Available:
https://www.iea.org/reports/oil-2020 [Accessed 28 June 2021].
INFOMETRICS 2020. The case for concrete roads - for Concrete New Zealand.
IRC 2013. Indian Road Congress: Guidelines for the use of waste plastic in hot bituminous mixes
(dry process) in wearing courses, IRC:SP:98-2103.
ISHAI, I., FAINBERG, V. & HETSRONI, G. 1996. Shale oil bitumen: Production and suitability as paving
asphalt Road and Transport Research, 5, 58-78.
ISU. 2010. Bioasphalt developed at Iowa State University (ISU) to be used, tested on Des Moines
bike trail [Online]. Available: https://archive.news.iastate.edu/news/2010/oct/Bioasphalt
[Accessed 28 June 2021].
JANG, T.-W., KIM, Y., WON, J.-U., LEE, J.-S. & SONG, J. 2018. The standards for recognition of
occupational cancers related with polycyclic aromatic hydrocarbons (PAHs) in Korea.
Annals of Occupational and Environmental Medicine, 30, 13.
JARVIS, J. M., BILLING, J. M., HALLEN, R. T., SCHMIDT, A. J. & SCHAUB, T. M. 2017. Hydrothermal
liquefaction biocrude compositions compared to petroleum crude and shale oil. Energy &
Fuels, 31, 2896-2906.
KHANDELWAL, M. 2019. Carbon footprint of lignin modified asphalt mix. Utrecht University
KONWAR, L. J., KATAKI, R., MIKKOLA, J. P., BORDOLOI, N., SAIKIA, R. & CHUTIA, R. 2018. Side-streams
from bioenergy and biorefinery complexes as a resource for circular bio-economy, (Chapter
3) Waste Biorefinery: Potential and Perspectives ( ISBN: 9780444639929).
KRÓL, J. B., KOWALSKI, K. J., NICZKE, Ł. & RADZISZEWSKI, P. 2016. Effect of bitumen fluxing using a
bio-origin additive. Construction and Building Materials, 114, 194-203.
LAHOUAZI, H. 2021. Biophalt, a high performance vegetable asphalt coating [Online]. Available:
https://www.construction21.org/infrastructure/fr/biophalt-a-high-performance-vegetableasphalt-coating.html [Accessed 28 June 2021].
LATEXFALT. 2016. Available: https://www.latexfalt.com/index.php/en/road-construction-concreteprotection/surface-dressing/surmac-eco [Accessed 11 May 2021].
LEAHY, J. J., DRAKE, J. A. G. & BIRKINSHAW, C. 1990a. Thermal ageing of peat bitumen. Fuel, 69,
787-789.
LEAHY, J. J., DRAKE, J. A. G., BIRKINSHAW, C. & JAMIESON, I. L. 1990b. Structural characteristics of
peat bitumen and peat/petroleum bitumen blends, and consideration of their potential
use as road binder materials. Journal of Materials Science, 25, 3688-3692.
LI, C., RAJIB, A., SARKER, M., LIU, R., FINI, E. H. & CAI, J. 2021. Balancing the aromatic and ketone
content of bio-oils as rejuvenators to enhance their efficacy in restoring properties of aged
bitumen. ACS Sustainable Chemistry & Engineering, 9, 6912-6922.
LIAO, M.-C., CHEN, J.-S., AIREY, G. D. & WANG, S.-J. 2014. Rheological behavior of bitumen mixed
with Trinidad lake asphalt. Construction and Building Materials, 66, 361-367.
LITTLE, D. N. 1986. Transportation Research Board Transportation Research Record 1096. 52-61.
LIU, Q., WANG, C., FAN, Z., SHI, S., ZHANG, Z. & OESER, M. 2020. Feasibility analysis of bio-binder as
non-petroleum alternative for bituminous materials. Materials Research Express, 6, 125115.
MA, F., SHA, A., LIN, R., HUANG, Y. & WANG, C. 2016. Greenhouse gas emissions from asphalt
pavement construction: A case study in China. International journal of environmental
research and public health, 13, 351.
MASLIYAH, J., ZHOU, Z. J., XU, Z., CZARNECKI, J. & HAMZA, H. 2004. Understanding water-based
bitumen extraction from Athabasca oil sands. The Canadian Journal of Chemical
Engineering, 82, 628-654.
MBIE 2016. Industrial bioenergy use - updated methodology to estimate demand.

©WSP New Zealand Limited 2021

26

Project Number: 5-21295.00
Bitumen Alternatives

MESHIN, A. & PURRE, T. Shale oil derived road bitumens in Estonia. 5th Eurobitume Congress,
1993 Stockholm, Sweden.
METRE, P. C. V., MAHLER, B. J. & WILSON, J. T. 2009. PAHs underfoot: Contaminated dust from coaltar sealcoated pavement is widespread in the United States. Environmental Science &
Technology, 43, 20-25.
MISHRA, B. & GUPTA, M. K. 2018. Use of plastic waste in bituminous mixes by wet and dry methods.
Proceedings of the Institution of Civil Engineers 173, 87-97.
MOHAN, D., PITTMAN, C. U. & STEELE, P. H. 2006. Pyrolysis of wood/biomass for bio-oil: A critical
review. Energy & Fuels, 20, 848-889.
MOT. 2021. New Zealand Ministry of Transport Length of road network data. [Online]. Available:
https://www.transport.govt.nz/statistics-and-insights/road-transport/sheet/length-of-road
[Accessed 28 June 2021].
MPI. 2021. Wood processing [Online]. Available: https://www.mpi.govt.nz/forestry/new-zealandforests-forest-industry/forestry/wood-processing/ [Accessed 28 June 2021].
NAPA 2012. Effects of changing virgin binder grade and content on RAP mixture properties, NCAT
Report No. 12-03.
NCIRI, N., SONG, S., KIM, N. & CHO, N. 2014. Chemical characterization of Gilsonite Bitumen. Journal
of Petroleum and Environmental Biotechnology, 5, 193.
NEWMAN, P., HARGROVES, K. C., DESHA, C., WHISTLER, L., FARR, A., WILSON, K., BEASON, J.,
MATAN, A. & SURAWSKI, L. 2012. Reducing the environmental impact of road construction.
Sustainable built environment national research centre.
NORGBEY, E., HUANG, J., HIRSCH, V., LIU, W. J., WANG, M., RIPKE, O., LI, Y., TAKYI ANNAN, G. E.,
EWUSI-MENSAH, D., WANG, X., TREIB, G., RINK, A., NWANKWEGU, A. S., OPOKU, P. A. &
NKRUMAH, P. N. 2020. Unravelling the efficient use of waste lignin as a bitumen modifier
for sustainable roads. Construction and Building Materials, 230, 116957.
OPEC. 2020. OPEC World Oil Outlook 2020 [Online]. Available:
https://www.opec.org/opec_web/en/publications/340.htm [Accessed 28 June 2021].
PAHLAVAN, F., OLDHAM, D., SHAKIBA, S., LOUIE, S. & FINI, E. 2021. Protein enriched biowaste: A
viable feedstock to make durable bio-binders for bituminous composites. Resources,
Conservation and Recycling, 170, 105576.
PAN, T., YU, Q. & LLOYD, S. 2012. Quantum-chemistry–based study of Beech-wood lignin as an
antioxidant of petroleum asphalt. Journal of Materials in Civil Engineering, 25, 1477-1488.
PELTONEN, P. 1992. Asphalt mixtures modified with tall oil pitches and cellulose fibres. VTT
Technical Research Centre of Finland.
PERALTA, J., RAOUF, M. A., TANG, S. & WILLIAMS, R. C. 2012. Bio-renewable asphalt modifiers and
asphalt substitutes. In: GOPALAKRISHNAN, K., VAN LEEUWEN, J. & BROWN, R. C. (eds.)
Sustainable Bioenergy and Bioproducts: Value Added Engineering Applications. London:
Springer London.
PETERSEN, J. C. 1988. The potential use of tar sand bitumen as paving asphalt. Fuel Science and
Technology International, 6, 225-254.
PETROSSI, U., BOCCA, P. L. & PACOR, P. 1972. Reactions and technological properties of sulfurtreated asphalt. Product R&D, 11, 214-219.
POUGET, S. & LOUP, F. 2013. Thermo-mechanical behaviour of mixtures containing bio-binders.
Road Materials and Pavement Design, 14, 212-226.
PRENDERGAST, P. 2021. RE: Communication with Paul Prendergast - New Zealand bitumen
storage capacity.
PUTRI, E. E., KURNIATI, T., YOSRITZAL, Y. & PUTRA, A. D. E. 2020. Effects of Gondorukem addition on
AC-WC pavement containing reclaimed asphalt pavement. IOP Conference Series:
Materials Science and Engineering, 933, 012029.
QARI, H., REHAN, M. & NIZAMI, A.-S. 2017. Key issues in microalgae biofuels: A short review. Energy
Procedia, 142, 898-903.
RAHMAN, M. T., MOHAJERANI, A. & GIUSTOZZI, F. 2020. Possible recycling of cigarette butts as
fiber modifier in bitumen for asphalt concrete. Materials, 13, 734.
RAJIB, A., SAADEH, S., KATAWAL, P., MOBASHER, B. & FINI, E. H. 2021. Enhancing biomass value
chain by utilizing biochar as a free radical scavenger to delay ultraviolet aging of
bituminous composites used in outdoor construction. Resources, Conservation and
Recycling, 168, 105302.

©WSP New Zealand Limited 2021

27

Project Number: 5-21295.00
Bitumen Alternatives

RAOUF, M. A. & WILLIAMS, C. R. 2010a. General rheological properties of fractionated switchgrass
bio-oil as a pavement material. Road Materials and Pavement Design, 11, 325-353.
RAOUF, M. A. & WILLIAMS, C. R. 2010b. Temperature and shear susceptibility of a non-petroleum
binder as a pavement material. Transportation Research Record: Journal of the
Transportation Research Board, 2473.
RENALDO, W., SHAMIM, A. B., ELHAM, H. F. & TAHER, M. A.-L. 2015. Investigating bio-char as flow
modifier and water treatment agent for sustainable pavement design. American Journal of
Engineering and Applied Sciences, 8.
ROAD RESEARCH LABORATORY 1962. Bituminous materials in road construction, London, H.M.
Stationery Off., Her Majesty's.
SAITO, T., BROWN, R. H., HUNT, M. A., PICKEL, D. L., PICKEL, J. M., MESSMAN, J. M., BAKER, F. S.,
KELLER, M. & NASKAR, A. K. 2012. Turning renewable resources into value-added polymer:
development of lignin-based thermoplastic. Green Chemistry, 14, 3295-3303.
SAKIB, N., BHASIN, A., ISLAM, M. K., KHAN, K. & KHAN, M. I. 2021. A review of the evolution of
technologies to use sulphur as a pavement construction material. International Journal of
Pavement Engineering, 22, 392-403.
SALAZAR-CRUZ, B. A., ZAPIEN-CASTILLO, S., HERNÁNDEZ-ZAMORA, G. & RIVERA-ARMENTA, J. L.
2021. Investigation of the performance of asphalt binder modified by sargassum.
Construction and Building Materials, 271, 121876.
SALEHI, E., ABEDI, J. & HARDING, T. 2011. Bio-oil from sawdust: Effect of operating parameters on
the yield and quality of pyrolysis products. Energy & Fuels, 25, 4145-4154.
SEIDEL, J. & HADDOCK, J. 2012. Soy fatty acids as sustainable modifier for asphalt binders.
Alternative binders for sustainable asphalt pavements. Transportation Research E-Circular,
15-22.
SHELL. 2016. Floraphalte [Online]. Available:
http://www.shell.com/content/dam/shell/static/bitumen/downloads/business/shellfloraphaltebrochure.pdf [Accessed 21 June 2016].
SHEPHERD, P. B. 1964. Mineral fillers. In: HOIBERG, A. J. (ed.) Bituminous materials: asphalts, tars,
and pitches; volume 1. New York: Interscience.
SPEIGHT, J. G. 1999. The chemistry and technology of petroleum, New York, Marcel Dekker.
STATISTICS NZ. 2020. New Zealand's greenhouse gas emissions [Online]. Available:
https://www.stats.govt.nz/indicators/new-zealands-greenhouse-gas-emissions [Accessed 28
June 2021].
SU, N., XIAO, F., WANG, J., CONG, L. & AMIRKHANIAN, S. 2018. Productions and applications of bioasphalts – A review. Construction and Building Materials, 183, 578-591.
SUN, Z., YI, J., HUANG, Y., FENG, D. & GUO, C. 2016a. Investigation of the potential application of
biodiesel by-product as asphalt modifier. Road Materials and Pavement Design, 17, 737752.
SUN, Z., YI, J., HUANG, Y., FENG, D. & GUO, C. 2016b. Properties of asphalt binder modified by bio-oil
derived from waste cooking oil. Construction and Building Materials, 102, 496-504.
SUNDSTROM, D. W., KLEI, H. E. & DAUBENSPECK, T. H. 1983. Use of byproduct lignins as extenders
in asphalt. Industrial & Engineering Chemistry Product Research and Development, 22,
496-500.
THINKSTEP 2019. Under construction: Hidden emissions and untapped potential of buildings for
New Zealand's 2050 zero carbon goal. New Zealand Green Building Council (NZGBC).
THOMAS, K. P., HARNSBERGER, P. M., ROBERTSON, R. E., LUKENS, L. A. & PETERS, V. J. 1996.
Comparative field evaluation of shale oil–modified asphalt with polymer-modified asphalts.
Transportation Research Record, 1545, 120-125.
TOKEDE, O. O., WHITTAKER, A., MANKAA, R. & TRAVERSO, M. 2020. Life cycle assessment of asphalt
variants in infrastructures: The case of lignin in Australian road pavements. Structures, 25,
190-199.
URQUHART, R. 2012. Investigation into the properties of alternative surfacing binders and bitumen
extending binders. Austroads Technical Report AP-T206-12.
URQUHART, R. & MALONE, S. 2013. Future availability and assessment of alternative surfacing
binders. Austroads Technical Report AP-T243-13.

©WSP New Zealand Limited 2021

28

Project Number: 5-21295.00
Bitumen Alternatives

US ENERGY INFORMATION ADMINISTRATION. 2020. Oil and petroleum products explained where our oil comes from [Online]. Available: https://www.eia.gov/energyexplained/oil-andpetroleum-products/where-our-oil-comes-from.php [Accessed 28 June 2021].
VERMA, T. & CHAUHAN, H. 2019. Replacement of bitumen with pine resin. Bachelor of Technology
in Civil Egineering.
VILLELLA, L. 2020. RE: Communication with Lou Villella - Commercial Director - Asia Pacific
Global Turpentine Derivatives Lawter (N.Z.) Limited.
VLIET, D., SLAGHEK, T., GIEZEN, C. & HAAKSMAN, I. 2016. Lignin as a green alternative for bitumen.
WANG, H., JING, Y., ZHANG, J., CAO, Y. & LYU, L. 2021. Preparation and performance evaluation of
swine manure bio-oil modified rubber asphalt binder. Construction and Building
Materials, 294, 123584.
WANG, H., MA, Z., CHEN, X. & MOHD HASAN, M. R. 2020a. Preparation process of bio-oil and bioasphalt, their performance, and the application of bio-asphalt: A comprehensive review.
Journal of Traffic and Transportation Engineering (English Edition), 7, 137-151.
WANG, H., WANG, L., ZHANG, J., JING, Y. & CAO, Y. 2020b. Effects of pyrolysis temperature and
reaction time on the performance of swine-manure-derived bio-binder. Transportation
Research Part D: Transport and Environment, 89, 102608.
WEN, H., BHUSAL, S. & WEN, B. 2013. Laboratory evaluation of waste cooking oil-based bioasphalt
as an alternative binder for hot mix asphalt. Journal of Materials in Civil Engineering, 25,
1432-1437.
WK-NZTA 2021. TAN #21-07 Move from hot cut-back bitumen to bitumen emulsion, 11 June 2021.
Waka Kotahi NZTA.
WU, J., LIU, Q., WANG, C., WU, W. & HAN, W. 2021a. Investigation of lignin as an alternative extender
of bitumen for asphalt pavements. Journal of Cleaner Production, 283, 124663.
WU, J. P., VAN DEN KERKHOF, L. C. & HERRINGTON, P. R. 2021b. Literature review - Environmental
impacts of plastic products used in the road corridor, In Press.
WU, S., FENG, Y. & WONG, A. 2004. Selected rheological properties of tall oil pitch binder for
asphaltic road pavement construction. International Journal of Pavement Engineering, 5,
175-182.
WU, S., MONTALVO, L. 2021. Repurposing waste plastics into cleaner asphalt pavement materials: A
critical literature review. Journal of Cleaner Production, 280, 124355.
XIE, S., LI, Q., KARKI, P., ZHOU, F. & YUAN, J. S. 2017. Lignin as renewable and superior asphalt binder
modifier. ACS Sustainable Chemistry & Engineering, 5, 2817-2823.
XU, G., WANG, H. & ZHU, H. 2017. Rheological properties and anti-aging performance of asphalt
binder modified with wood lignin. Construction and Building Materials, 151, 801-808.
YAN, K., LAN, H., DUAN, Z., LIU, W., YOU, L., WU, S. & MILJKOVIĆ, M. 2021. Mechanical performance of
asphalt rejuvenated with various vegetable oils. Construction and Building Materials, 293,
123485.
YAN, K., PENG, Y. & YOU, L. 2020. Use of tung oil as a rejuvenating agent in aged asphalt: Laboratory
evaluations. Construction and Building Materials, 239, 117783.
YANG, X., YOU, Z. & MILLS-BEALE, J. 2015. Asphalt binders blended with a high percentage of
biobinders: Aging mechanism using FTIR and rheology. Journal of Materials in Civil
Engineering, 27, 04014157.
YANG, Y., ZHANG, Y., OMAIREY, E., CAI, J., GU, F. & BRIDGWATER, A. V. 2018. Intermediate pyrolysis
of organic fraction of municipal solid waste and rheological study of the pyrolysis oil for
potential use as bio-bitumen. Journal of Cleaner Production, 187, 390-399.
ZAPATA, P. & GAMBATESE, J. A. 2005. Energy consumption of asphalt and reinforced concrete
pavement materials and construction. Journal of Infrastructure Systems, 11, 9-20.
ZHANG, H., CHEN, Z., XU, G. & SHI, C. 2018a. Physical, rheological and chemical characterization of
aging behaviors of thermochromic asphalt binder. Fuel, 211, 850-858.
ZHANG, R., DAI, Q., YOU, Z., WANG, H. & PENG, C. 2018b. Rheological performance of bio-char
modified asphalt with different particle sizes. Applied Sciences, 8, 1665.
ZHANG, Y., LIU, X., APOSTOLIDIS, P., GARD, W., VAN DE VEN, M., ERKENS, S. & JING, R. 2019.
Chemical and rheological evaluation of aged lignin-modified bitumen. Materials, 12, 4176.
ZHAO, S., HUANG, B., YE, X. P., SHU, X. & JIA, X. 2014. Utilizing bio-char as a bio-modifier for asphalt
cement: A sustainable application of bio-fuel by-product. Fuel, 133, 52-62.

©WSP New Zealand Limited 2021

29

Project Number: 5-21295.00
Bitumen Alternatives

ZOFKA, A. & YUT, I. 2012. Investigation of rheology and aging properties of asphalt binder modified
with waste coffee grounds. Transportation Research E-Circular 165.

©WSP New Zealand Limited 2021

30

