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ABSTRACT
The growth of the bioeconomy has recently been slowed by over production of petroleum and
natural gas from unconventional domestic reserves, which has reduced demand for biofuels. In
the longer term, liquid transportation fuels, both petroleum- and biobased, are threatened by
electrification of the transportation sector, which will benefit from the use of low cost natural gas
to generate electricity for battery electric vehicles. Low cost natural gas in the U.S. is attractive
for other applications as well, including the production of certain petrochemicals. On the other
hand, natural gas is not suitable for producing many high molecular weight petrochemicals.
Cost-competitive biorenewable versions of these products will need to be commercialized if
petroleum is to be displaced without causing substantial economic distortions. This article
reviews the available biobased pathways and the current state of research on their technical and,
where available, economic feasibility.
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1. INTRODUCTION
The bioeconomy was originally premised on wide-scale replacement of petroleum-based
transportation fuels with biofuels to improve energy security and environmental quality.1 In the
past decade, rapid advances in technologies for the extraction of fossil fuels and the manufacture
of electric vehicles have challenged this premise, requiring a reassessment of the role of the
bioeconomy in meeting national goals.
The most immediate threat to the bioeconomy has been the development of new fossil fuel
extraction techniques such as hydraulic fracturing, which has caused the U.S. to become a major
producer and exporter of both natural gas and petroleum. These new supplies of unconventional
gas and petroleum have placed competitive pressure on producers of conventional petroleum,
who have responded by increasing production, resulting in a glut of petroleum in world
markets.2,3 Rising fuel consumption in response to recent low prices has supported demand for
1st-generation biofuels such as starch ethanol and biodiesel by increasing the volume allowed by
the 10 vol% blend wall, albeit at the expense of economic competitiveness.4 However,
oversupply has weakened the energy security argument that originally justified domestic biofuels
production, prompting criticism about continuing biofuels mandates.5,6
The current oversupply of petroleum is a transient event as world demand is expected to grow
significantly in the coming decades, eventually outstripping supply.7 Higher future petroleum
prices will also be necessary to support national budgets in major producers such as Saudi
Arabia, while low current prices could prompt underinvestment and future supply shortages.
Furthermore, continuing dependence of the transportation section on petroleum exacerbates the
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problem of reducing greenhouse gas emissions into the atmosphere.7 In the long term, more
challenging to the aspirations of the bioeconomy is the rise of electric vehicles.
2. ELECTRIFICATION OF THE ELECTRIC SECTOR
A longer term challenge to the role of the bioeconomy in the transportation sector has been
improvements in battery-electric vehicles (BEV). As recently as 2012 a McKinsey & Company
analysis concluded that BEVs were not cost-competitive with internal combustion engine
vehicles (ICEV) despite the presence of relatively high fuel prices ($13.25-$15.14/liter) due to
the high costs of lithium-ion battery packs ($525-$625/kWh).8 Since then lithium-ion battery
prices have fallen by an annual rate of 8% as BEVs have achieved commercial-scale production.9
Large BEV companies such as Tesla and GM have recently stated that their lithium-ion battery
packs now cost less than $200/kWh.10 In the next 9-14 years BEVs could become fully
competitive with ICEVs on an unsubsidized basis if the current cost reduction trajectory is
maintained (U.S. BEV purchasers currently receive federal and state tax credits while ICEV
drivers must pay an excise tax on fuel purchases).11,12
Widespread vehicle electrification will have substantial impacts on the U.S. transportation
energy landscape. The country’s transportation infrastructure has historically been characterized
by the consumption of refined petroleum products in light and heavy vehicles. Gasoline made up
54 vol% of the country’s finished petroleum products in 2015, followed by diesel fuel at 23 vol%
and jet fuel at 9 vol%.13 Vehicle electrification will reduce demand for gasoline by either
improving the fuel economy of light passenger vehicles in the case of hybrid-electric vehicles
(HEV) or completely eliminating the need for gasoline in the case of BEVs.
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The rise of inexpensive natural gas in the U.S. has resulted in its growing use in electric power
generation, raising the prospect that natural gas will become a major contributor to the U.S.
transportation sector’s energy needs. The price of natural gas in the U.S. declined by 70%
between 2008 and 201514 as domestic production increased by 36%.15 These shifts coincided
with a decline in the share of total U.S. electricity generation provided by coal from 48% in 2008
to 33% in 2015 and an increase in the share provided by natural gas from 21% to 33% over the
same period.16 The U.S. Energy Information Administration (EIA) forecasts the shares of total
generation from coal and natural gas to be 20% and 36%, respectively, in 2040,7 with the latter
generating more electricity than any single other source.
Hybrid-electric heavy-duty vehicles (HDV) have also attracted interest from both federal
policymakers17 and the private sector18 as a means of increasing HDV fuel economy and
reducing diesel fuel consumption. NASA is pushing the technology still further by developing
hybrid-electric and battery-electric passenger aircraft capable of achieving better fuel economies
than conventional aircraft.19 Even in the event that the electrification of HDVs and passenger
aircraft does not significantly reduce demand for diesel fuel and jet fuel, however, the technology
for producing and/or displacing both fuels with natural gas on a commercial scale has existed for
several decades. Natural gas can be converted to synthetic diesel and jet fuels via the FischerTropsch pathway. Alternatively, HDVs can be modified to be fueled by compressed natural gas
and liquefied natural gas. The EIA forecasts the use of natural gas by the U.S. transportation
sector to increase by 9.8% annually through 2040, greatly exceeding the electric power sector’s
forecast annual natural gas consumption growth rate of 0.9% over the same period.7
Whether electrification of the transportation sector contributes toward a reduction in greenhouse
gas emissions depends upon the primary source of energy for both electric power generation and
4

transportation fuel.20 Charging BEVs with electricity from coal-fired power stations would have
net greenhouse gas (GHG) emissions that are comparable to ICEVs powered by gasoline or
diesel.21 Ideally, electricity for BEVs would come from solar or wind power. However,
electricity from natural gas-fired stations is an attractive alternative until the price of renewable
power becomes more attractive. Greenhouse gas emission reductions are especially large when
renewable natural gas in the forms of biogas and/or biomethane is employed as feedstock for
electric power generation22 or as fuel in compressed natural gas vehicles.23 Biogas produced
from lignocellulosic biomass has become a major contributor to the U.S. revised Renewable Fuel
Standard (RFS2): of the 142.2 million gallons-equivalent of cellulosic biofuels produced under
the program in 2015, over 98.5% took the form of compressed and liquefied renewable natural
gas.24
The low cost of natural gas in the U.S. makes it an attractive option for other applications as
well, including the production of petrochemicals. Substitution of natural gas for petroleum in the
production of organic commodity chemicals highlights possible opportunities for biorenewable
resources.
3. NATURAL GAS SUBSTITUTION IN THE PETROCHEMICAL INDUSTRY
Naphtha, which is produced in a petroleum refinery’s distillation unit, has historically been used
as feedstock in steam crackers to produce ethylene, propylene, aromatics, and other olefins, all of
which are important building blocks in the petrochemical industry. U.S. consumption of naphtha
as a petrochemical feedstock reached 0.4 million barrels per day (MMBPD) in 2004. Ethane,
which is a major component of natural gas, has steadily replaced naphtha as steam cracker
feedstock as domestic natural gas prices have declined relative to petroleum prices, however.25
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U.S. consumption of naphtha as a petrochemical feedstock declined by 43% between 2004 and
2015 while consumption of ethane for the same purpose increased by 50% over the same period
to 1.1 MMBPD.13 U.S. ethane production has actually reached a state of oversupply, resulting in
the export of substantial volumes for the first time in 2014.
So much naphtha consumption has been displaced by ethane that the U.S. is expected to be the
world’s largest exporter of light naphtha by 2020.26 The shift from naphtha to ethane for
domestic steam cracker feedstock has impacted product volumes due to yield differences
between the two feedstocks. While both produce large yields of ethylene, naphtha produces
much larger yields of propylene, aromatics, and low molecular weight olefins (see Figure 1).27
Alternative fossil pathways have not always offset falling output of these products from steam
crackers: for example, U.S. benzene production declined by roughly 30% between 2004 and
2015, resulting in a growing production shortfall relative to demand.28

Figure 1. Steam cracker yields by feedstock.27
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Natural gas has already displaced or is expected to displace increasing volumes of demand for
major refining products such as gasoline, diesel fuel, jet fuel, and naphtha in the coming decades.
It cannot completely replace petroleum, though, since the U.S. economy relies heavily on several
petroleum refining co-products that natural gas and electricity (either fossil- or renewable-based)
are unlikely to serve as adequate substitutes for due to reasons of economics and/or chemistry.
Asphaltenes, aromatics (benzene, toluene, and xylene, or BTX), industrial lubricants, petroleum
coke, and waxes are all co-products of petroleum refining that the U.S. economy has become
reliant upon. U.S. output of these important co-products has declined over the last decade (see
Figure 2) even as demand for them has remained stable or increased because of reduced demand
for petroleum-derived fuels. This has caused co-product prices to increase relative to petroleum
(see Figure 3) 29,30 since refineries cannot inexpensively shift product mixes (i.e., converting
gasoline-range hydrocarbons to asphalt) in response to changing demand patterns. A similar
effect has been observed with U.S. gasoline prices as ethanol’s share of total gasoline
consumption has reached 10 vol%.31
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Figure 2. Change in select refining co-product volume indices since 2004. 2004 = 100.13

Figure 3. Difference between asphalt price index and petroleum price index (light blue) with 12month average (black) and 2nd-order polynomial trendline (red).32,33
It is increasingly important for the U.S. to identify cost-competitive alternative pathways for the
production of these refining co-products as petroleum consumption undergoes a long-term
8

decline in response to rising biofuel mandates, emission restrictions, and fuel economy
standards. Declining retail fuel consumption due to widespread vehicle electrification would also
cause fuel excise tax receipts to fall, much as they did between 2007 and 2014, making it still
more difficult for the U.S. government to continue to finance infrastructure investments from the
existing receipts in a rising price environment. Unlike natural gas and electricity, however,
biomass can serve as feedstock for the production of these refined co-products via biorenewable
pathways. Increased U.S. natural gas production and vehicle electrification will cause refining
co-product prices to become still more expensive relative to petroleum unless biorenewable
pathways for the production of these non-fuel outputs are commercialized here.
4. OPPORTUNITIES FOR BIOBASED PRODUCTS
There are two primary approaches to the development of biobased products that have been
employed to date.34 The first approach focuses on the development of biobased products that are
similar but not identical to a refinery’s co-products. The second approach focuses instead on the
development of biobased “drop-in” products that perform as well as or better than those from a
refinery. A disadvantage with the first approach is that the alternatives can struggle to gain
industry and consumer acceptance even when performance characteristic differences are
manageable. Biobased ethanol consumption driven by the revised Renewable Fuel Standard was
initially expected by U.S. policymakers to reach as high as a quarter of gasoline consumption by
2022. Refiners, fuel retailers, and consumers have broadly resisted the adoption of ethanol
blended with gasoline at rates exceeding 10 vol%. As a result, the EPA has acted to prevent the
RFS2 from requiring biofuel blending in excess of 10 vol% since 2013, and growth in U.S.
ethanol consumption has slowed greatly since 2010.4 Drop-in biobased products do not suffer
from this disadvantage to the extent that they can utilize the existing end-use infrastructure.
9

While many pathways are capable of producing both fuel and non-fuel biobased products, those
that achieve high yields of non-fuel products are of particular interest since they are most likely
to experience high demand if vehicle electrification becomes widespread. High yields are
especially important for biobased product pathways in order to overcome the high capital costs
that they incur. A review of small pioneer advanced biorefineries found capital costs ranging
from $200 million to $500 million, or roughly $3/liter installed capacity.35 Techno-economic
analyses of nth-plant advanced biorefineries have calculated similar costs on an installed
capacity basis.36 The next section reviews recent research advances into drop-in non-fuel
biobased products (see Table 1) and also discusses their economic feasibility as replacements
when techno-economic data is available in the refereed literature.
Table 1. Summary of biobased non-fuel refining products.
Refined Product Alternative or
drop-in?
Aromatics
Drop-in
Asphaltenes
Both
Lubricants
Both

Petcoke
Waxes

4.1

Drop-in
Both

Biobased
pathways
Pyrolysis
Pyrolysis
Esterification,
gasification,
pyrolysis
Pyrolysis
Gasification,
hydrogenation

Feedstock
Lignocellulose
Lignocellulose
Lignocellulose, lipids

Lignocellulose
Lignocellulose, lipids

Aromatics (benzene-toluene-xylene)

Aromatics in the form of BTX are a critical building block within the chemicals industry.
Polystyrene, epoxy, polyethylene terephthalate, polyurethane, and nylon are all examples of
products that are derived from BTX. While aromatics can be used in gasoline, concerns over the
carcinogenic properties of benzene in particular have caused them to be increasingly removed
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from fuel streams and sold as petrochemical feedstock instead. BTX is produced by steam
cracking from both naphtha and ethane feedstocks, although the yield from the latter is only a
small percentage of the former.25 The shift among U.S. chemical producers away from naphtha
as feedstock in favor of ethane in 2011 and 2012 caused BTX prices to rise sharply relative to
petroleum, although they declined again in 2014 in response to increased domestic petroleum
production.37
Fast pyrolysis of lignocellulosic biomass has been the subject of research as a pathway for the
production of hydrocarbon-based biofuels.35 Fast pyrolysis yields liquid (bio-oil), solid (biochar),
and gaseous (syngas) products. The bio-oil can be catalytically cracked into fuel-range
hydrocarbons, although this process yields large amounts of coke and low hydrocarbon yields
compared to petroleum refining. Vispute et al.38 describe a process called Integrated Catalytic
Processing in which the bio-oil is reacted with hydrogen (hydrotreating) prior to undergoing
catalytic cracking. This process reduces coke yields by 46% while increasing yields of aromatics
as while as olefins by up to 36% compared to catalytic cracking alone. Subsequent analyses
determined that the Integrated Catalytic Processing pathway yields positive 20-year net present
values under higher yield scenarios despite incurring high capital costs39 while also achieving
negative carbon emissions.40 Sharifzadeh et al.41 calculate that higher BTX yields are achieved
via the cracking of hydrotreated bio-oil than via naphtha or ethane cracking. This suggests that it
is possible to achieve higher aromatics yields from biomass than from conventional petroleum
refining, although the ability to achieve similar yields at the commercial scale is uncertain.
Catalytic fast pyrolysis of biomass potentially eliminates the need for bio-oil hydrotreating at the
expense of high coke yields compared to aromatics yields, reducing the pathway’s economic
feasibility.42,43 Zeolite catalysts have been found to generate the highest yields of aromatics.44,45
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Catalytic co-pyrolysis of lignocellulosic biomass with polymers is proposed as one method of
cost-effectively increasing the pathway’s aromatics yields and reducing coke yields.46 Methanol
has also been identified as a biomass co-pyrolysis feedstock capable of increasing aromatics
yields.47
As one of the three primary fractions of lignocellulosic biomass, the U.S. supply of lignin is
potentially large. At present it is used as a low-value boiler fuel or disposed of as a waste stream
by the paper and advanced biofuel industries. The fact that lignin is rich in aromatics suggests its
use for production of renewable benzene and toluene. The reaction of model compounds with
various bimetallic catalysts has been found to produce a variety of yields of these two chemicals
as well as derivatives such as cyclohexane.48 Similar results have been obtained from lignin
feedstocks.49,50 A major advantage of using lignin rather than cellulose and/or hemicellulose as
feedstock for biobased BTX production is that it allows the carbohydrate fractions to be used as
substrates for fermentation of biofuels and other chemicals.51 A biorefinery yielding both fuels
and BTX would more closely resemble a petroleum refinery in terms of output, minimizing the
economic disruption from a shift to biobased products and increasing product diversity.52,53 A
recent analysis calculates that a biomass fast pyrolysis and hydroprocessing pathway yielding
biobased fuel oil, aromatics, and olefins has a much smaller 30-year NPV uncertainty range
(±$30.1 million) than pathways yielding fewer products (±$268.9 million).54
Despite its lack of lignin content, microalgae has been identified as a potential feedstock for
thermochemical production of BTX. Wang et al.55 report BTX as the highest-yielding products
achieved from the catalytic pyrolysis of low-lipid microalgae. Thilakaratne et al.56 further show
that similarly-high yields of BTX can be obtained from the catalytic pyrolysis of defatted
microalgae, a co-product from an algal lipid biorefinery. However, even assuming that an
12

inexpensive waste stream is used as feedstock, the pathway’s high capital costs incurred prevent
the pathway from being competitive with petroleum refining. The use of dried distillers grains
and solubles (DDGS) has also been employed as catalytic pyrolysis feedstock to yield relatively
large amounts of BTX (44.5% carbon yield).57 The ability to “bolt-on” this process to existing
starch ethanol facilities provides it with substantial economic advantages in the form of 2%
lower annual operating costs and 131% higher annual revenues compared to standalone catalytic
pyrolysis facilities.58
4.2

Asphaltenes

Asphaltenes are polyaromatic hydrocarbon compounds that are found in heavy residues
generated by a refinery’s vacuum distillation unit. They are difficult to distill, having boiling
points in excess of 500 °C. They are also difficult to handle because of their high viscosity at
ambient temperatures. Asphaltenes primarily take the form of asphalt when produced by a
petroleum refinery. Asphalt’s high viscosity makes it suitable as road surfacing material after
being mixed with aggregate. Asphalt is also used to manufacture roofing shingles and as waterproofing agent. Finally, it can be converted to synfuels, although the high energy requirements
and expense have discouraged this application.
Asphalt demand is correlated with economic growth rates due to its widespread use as an
infrastructure material.59 Its rising price relative to petroleum has coincided with concerns that
reduced government tax receipts in many countries around the world are insufficient to meet
required infrastructure investment, resulting in diminished government purchasing power for
infrastructure purposes. For example, the American Society of Civil Engineers estimated in 2013
that an additional $79 billion of annual investment, or an increase of 87%, was needed just to
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“significantly improve” the country’s road infrastructure60. U.S. asphalt demand is forecast to
increase 3.3% annually to 26.8 million tons in 2019 as rebounding economic growth drives
infrastructure repairs.61
Research into biobased replacements for asphalt has focused on two different routes: binder
replacements and additive replacements. Liquid biobased binders produced via thermochemical
processing of biomass have also been investigated as an alternative rather than additive for
petroleum-based asphalt binders. Swine manure, corn stover, wood pellets, and Miscanthus have
all been successfully tested as feedstocks for liquid biobased asphalt binders,62–65 although
reported performance characteristics vary by feedstock. The fast pyrolysis product bio-oil in
particular has been investigated as a biobased asphalt binder, with laboratory test results finding
that its addition can reduce mixing temperatures and improves high temperature performance66
while reducing low temperature performance.67 The reduced low temperature performance is
offset by the ability to introduce a higher reclaimed asphalt pavement content into asphalt
containing bio-oil.68 Bio-oils derived from corn stover,69 waste wood,67 switchgrass,70 and oak71
have all been identified as having performance properties that are similar to and comparable with
petroleum-based asphalt binders.
It is also possible to replace conventional asphalt additives with higher-quality biobased versions
that improve the asphalt’s performance and lifespan, thereby reducing demand by mitigating the
need for maintenance and replacement. For example, biochar, a co-product from the pyrolysis of
biomass, added to hot-mix asphalt improves the product’s performance by reducing its
temperature susceptibility.72,73 Other biobased additives such as isosorbide distillation bottoms
have also been found to improve the low temperature performance of asphalt, suggesting that
further performance improvements are possible with newly-developed biobased additives74.
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Initial techno-economic analyses of biobased asphalt production indicate that it could be
competitive with asphalt produced by a petroleum refinery. Fini et al.75 estimate that biobased
asphalt binder possessing similar performance properties as petroleum-based asphalt binder can
be produced via the hydrothermal liquefaction of swine manure for $0.13/liter compared to an
asphalt market price of $0.53/liter. It is important to note that the study doesn’t actually model
the hydrothermal liquefaction process but instead utilizes estimated costs for a sugar beet pulp
biorefinery. A more recent analysis calculates a positive 30-year NPV for a fast pyrolysis
pathway yielding biobased asphalt binder in addition to biobased cement and asphalt, with a
100% chance that the NPV will be positive when considered under uncertainty.54
4.3

Industrial lubricants

Lubricants are widely employed across industries for a number of purposes, including engine and
motor grease, chain grease, hydraulic fluids, gas seals, and a various other mechanical
applications. While lubricants comprise only a small fraction of total refining products, most
modern machinery relies on them for cooling, corrosion resistance, wear prevention, power
transmission, and friction reduction. The base stock for petroleum-based lubricants is derived
from the straight-run refining residue that remains after asphaltenes, aromatics, and waxes have
been removed.76 It can also be synthesized from ethylene via polymerization to branched-chain
paraffins rather than from straight-run crude. However, the higher costs incurred by the
additional processing steps cause synthetic lubricants to primarily be used under severe
conditions (such as in a jet engine).76
Concerns about the persistence of conventional lubricants in the environment have prompted the
development of biodegradable lubricants derived from biomass. Vegetable oil is commonly used
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as a biobased lubricant due to the abundance of oilseed crops in both developed and developing
economies. Its high viscosity and low volatility are attractive attributes, although these are offset
by poor oxidative stability and poor low- and high-temperature performance. Modified vegetable
oils avoid many of these disadvantages. Oilseed crops can be genetically modified to improve
oxidative stability.77 A more direct approach modifies the vegetable oil so as to improve its
performance characteristics. Soybean oil has been chemically modified via a process in which it
is reacted with acid anhydrides to yield diesters at its unsaturated points.78 The resulting
modified soybean oil has cold-flow and oxidative properties that are comparable to petroleumbased lubricant. An alternative process thermally polymerizes soybean oil to increase its
viscosity, then blends it with a combination of synthetic base stocks, antioxidant additives, and
pour point depressants.79 The resulting blend has performance characteristics that are equal or
superior to petroleum-based lubricants with the exception of thermal oxidation, although this too
falls within an acceptable range.
Pathways for the production of biobased synthetic lubricants have also been developed.
Polyalphaolefins (PAO) are synthetic lubricants possessing excellent low-temperature and highpressure performance characteristics.77 They are commonly produced via the oligomerization of
ethylene to yield 1-decene, which is then polymerized to form a PAO. While ethylene is usually
derived from naphtha and ethane in the U.S., it can also be produced via biomass catalytic fast
pyrolysis80 or biomass fast pyrolysis with Integrated Catalytic Processing.38 Biomass gasification
yields syngas that, when reacted over catalysts, forms ethylene and propylene via the methanolto-olefin pathway. Finally, fermentation also provides possible routes for the production of
lubricants from biomass. The dehydration of ethanol, whether produced via gasification/mixed
alcohols synthesis or sugar fermentation, yields ethylene. Alternatively, the fermentation of
16

biomass-derived sugars with Clostridia strains and subsequent synthesis and
hydrodeoxygenation yields biobased synthetic lubricants.81
4.4

Petroleum coke

Petroleum coke is a solid byproduct that remains after petroleum is cracked into lighter products.
Petroleum coke is a carbonaceous solid of low ash content, providing it with a higher heating
content than most types of coal. These characteristics made it attractive as an energy source
before greenhouse gas emissions from high carbon fuels was a concern. Worldwide,
approximately 80% of petroleum coke production was used as a source of fuel in refineries,
cement kilns, and electric power plants.82 Calcined petroleum coke has a higher carbon purity
than thermal petroleum coke, and it is suitable for use in aluminum smelting anodes83 and
microbial fuel cell electrode materials.84
Bio-oil that undergoes an atmospheric distillation followed by a vacuum distillation yields
distillates and coke bottoms.83 The latter product can be calcined in a manner similar to
petroleum coke to produce biobased calcined coke. The resulting biobased product has been
characterized as being superior to calcined petroleum coke due to its lower sulfur and trace metal
content, making it a potential high-value substitute for petroleum coke.83
Calcined petroleum coke is also employed in the production of granular activated carbon and
synthetic graphite granules. These materials are used in the construction of microbial fuel cells
that are employed for the production of energy, biochemicals, and disinfectants, as well as
wastewater treatment.84 Biochar produced via wood pyrolysis has been utilized in laboratory
experiments as microbial fuel cell electrodes and found to have performance characteristics
comparable to petroleum coke-derived electrodes. Biochar electrodes produced from waste
17

products was further found to have lower production costs, energy requirements, and GHG
emissions than the petroleum coke versions.84
4.5

Petroleum waxes

Petroleum waxes are long-chained hydrocarbons that are solid at room temperature but liquid at
higher temperatures. They are produced from refined heavy distillates during the production of
petroleum lubricants. Two types of petroleum waxes are produced by refineries. The most
common type is paraffin wax, which is comprised of unbranched alkanes. The attractive electric
resistivity and specific heat capacity characteristics of paraffin wax make it popular in the
production of electrical insulators and heat storage materials. It is also used in a variety of other
applications ranging from candle-making to food additives to water-proofing. The second type,
microcrystalline wax, contains a larger percentage of branched and naphthenic hydrocarbons. It
has a higher molecular weight and melting point than paraffinic wax, two characteristics that
make it useful in more specialized applications in the cosmetics, personal care, and jewelry
industries.
Chemically-modified vegetable oil has found use as a biobased wax in certain applications. The
vegetable oil is partially- or fully-hydrogenated over a catalyst to form saturated compounds that
are solid at room temperature. Soybean oil is a popular feedstock in this process due to its
carbon-chain length and the resulting wax has similar performance characteristics as paraffin
wax. Vegetable oil-derived waxes contain a number of defects, however, including a greasy
surface texture, brittle structure, and reduced hardness compared to paraffin wax.85 The blending
of different vegetable oils or use of acid- or alcohol-catalyzed reactions can improve these
characteristics.
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Synthetic biobased waxes can also be produced from lignocellulosic biomass via
gasification/Fischer-Tropsch synthesis. Biomass is converted to syngas which is then reacted
over an iron catalyst to form straight-chain alkanes, including waxes. The wax yield is the largest
product by yield for lower-temperature processes and can be produced as one of several biobased
refining products as part of a biorefining process.86 Biobased waxes produced via this pathway
are calculated to be competitive with petroleum-derived products at a petroleum price above
$146/barrel.86
5.

CONCLUSION

Abundant domestic reserves of natural gas in the U.S. have resulted in its wide-spread
displacement of coal and its use in the production of certain petrochemicals. Vehicle
electrification, by reducing demand for petroleum, could reduce the supply of petrochemicals.
Several refined products cannot be easily and cost-effectively replaced by natural gas, including
aromatics, asphaltenes, industrial lubricants, petroleum coke, and petroleum waxes. These
petroleum-derived products are used for a wide variety of purposes throughout the economy.
Replacements will need to be found if natural gas and electric vehicles displace a large fraction
of future petroleum demand. Replacements or substitutes for these refined products can be
derived from biomass. The various biobased products are at early stages of research, however,
and the economic feasibility relative to petroleum-based products has been assessed for only a
few bioproducts. More research is needed to determine which biobased products are capable of
serving as cost-effective replacements for petroleum versions at scale while also achieving
reduced or even net positive environmental impacts.

19

6.

REFERENCES

1.

Brown RC, Brown TR. Why Are We Producing Biofuels? [Internet]. 1st ed. Ames, IA:
Brownia LLC; 2012. Available from: http://www.amazon.com/Why-are-We-ProducingBiofuels/dp/0984090630/ref=sr_1_1?s=books&ie=UTF8&qid=1392865257&sr=11&keywords=why+are+we+producing+biofuels

2.

Johnsson J, Chediak M. Electricity Declines 50% as Shale Spurs Natural Gas Glut:
Energy [Internet]. Bloomberg. Bloomberg; 2012. Available from:
http://www.bloomberg.com/news/2012-01-17/electricity-declines-50-in-u-s-as-shalebrings-natural-gas-glut-energy.html

3.

Gardner T, Ngai C. U.S. sees no relief from swelling oil glut until late 2017 [Internet].
Reuters. 2016 [cited 2016 Jul 30]. Available from: http://www.reuters.com/article/us-eiaoutlook-idUSKCN0UQ2BD20160113

4.

Anon. Weekly ethanol plant production [Internet]. Energy Information Administration.
2016 [cited 2016 Jul 30]. Available from:
https://www.eia.gov/dnav/pet/pet_pnp_wprode_s1_4.htm

5.

Ji X, Long X. A review of the ecological and socioeconomic effects of biofuel and energy
policy recommendations. Renew Sustain Energy Rev. 2016;61:41–52.

6.

Parker M. Ethanol bust adds to U.S. fuel glut and losses across corn belt [Internet].
Bloomberg. 2016 [cited 2016 Jul 30]. Available from:
http://www.bloomberg.com/news/articles/2016-03-22/ethanol-bust-adds-to-u-s-fuel-glutand-losses-across-corn-belt

7.

Anon. Annual Energy Outlook 2016 [Internet]. Energy Information Administration. 2016
[cited 2016 Jul 30]. Available from:
https://www.eia.gov/forecasts/aeo/data/browser/#/?id=8AEO2016&cases=ref2016~ref_no_cpp&sourcekey=0

8.

Hensley R, Newman J, Rogers M. Battery technology charges ahead. McKinsey Quarterly
[Internet]. 2012 Jul; Available from: http://www.mckinsey.com/businessfunctions/sustainability-and-resource-productivity/our-insights/battery-technologycharges-ahead

9.

Nykvist B, Nilsson M. Rapidly falling costs of battery packs for electric vehicles. Nat
Clim Chang [Internet]. 2015 Mar 23 [cited 2016 Jul 30];5(4):329–32. Available from:
http://www.nature.com/doifinder/10.1038/nclimate2564

10.

Voelcker J. Electric-car battery costs: Tesla $190 per kwh per pack, GM $145 for cells
[Internet]. Green Car Reports. 2016 [cited 2016 Jul 30]. Available from:
http://www.greencarreports.com/news/1103667_electric-car-battery-costs-tesla-190-perkwh-for-pack-gm-145-for-cells

11.

Wu G, Inderbitzin A, Bening C. Total cost of ownership of electric vehicles compared to
conventional vehicles: A probabilistic analysis and projection across market segments.
20

Energy Policy. 2015;80:196–214.
12.

Newbery D, Strbac G. What is needed for battery electric vehicles to become socially cost
competitive? Econ Transp. 2016;5:1–11.

13.

Anon. U.S. product supplied for crude oil and petroleum products [Internet]. Energy
Information Administration. 2016 [cited 2016 Jul 29]. Available from:
http://www.eia.gov/dnav/pet/pet_cons_psup_dc_nus_mbblpd_a.htm

14.

Anon. Henry Hub Gulf Coast Natural Gas Spot Price [Internet]. Energy Information
Administration. EIA; 2015. Available from:
http://www.eia.gov/dnav/ng/hist/rngwhhdm.htm

15.

Anon. U.S. Natural Gas Marketed Production [Internet]. Energy Information
Administration. Energy Information Administration; 2016. Available from:
http://www.eia.gov/dnav/ng/hist/n9050us2a.htm

16.

Anon. Electric power monthly [Internet]. Energy Information Administration. 2016 [cited
2016 Jul 30]. Available from:
http://www.eia.gov/electricity/monthly/epm_table_grapher.cfm?t=epmt_1_1

17.

Anon. DOE to award up to $11M for medium- and heavy-duty vehicle powertrain
electrification and dual fuel fleet demonstration [Internet]. Green Car Congress. 2015
[cited 2016 Jul 30]. Available from:
http://www.greencarcongress.com/2015/09/20150910-doe.html

18.

Ackerman E. Electric Truck Startup Nikola Motors Claims $2.3 Billion in Preorders
Before Prototype Is Even Ready. IEEE Spectrum [Internet]. 2016 Jun; Available from:
http://spectrum.ieee.org/cars-that-think/transportation/advanced-cars/electric-truckstartup-nikola-motors-claims-23-billion-preorder-before-prototype-is-even-ready

19.

Anon. Researchers Advance Propulsion Toward Low-Carbon Aircraft [Internet]. NASA.
2016 [cited 2016 Jul 30]. Available from: http://www.nasa.gov/feature/researchersadvance-propulsion-toward-low-carbon-aircraft

20.

Meier PJ, Cronin KR, Frost EA, Runge TM, Dale BE, Reinemann DJ, et al. Potential for
Electrified Vehicles to Contribute to U.S. Petroleum and Climate Goals and Implications
for Advanced Biofuels. Environ Sci Technol [Internet]. 2015 Jul 21 [cited 2016 Dec
1];49(14):8277–86. Available from: http://pubs.acs.org/doi/abs/10.1021/acs.est.5b01691

21.

Onat N, Kucukvar M, Tatari O. Conventional, hybrid, plug-in hybrid or electric vehicles?
State-based comparative carbon and energy footprint analysis in the United States. Appl
Energy [Internet]. 2015;150:36–49. Available from:
http://www.sciencedirect.com/science/article/pii/S0306261915004407

22.

Jury C, Benetto E, Koster D, Schmitt B, Welfring J. Life Cycle Assessment of biogas
production by monofermentation of energy crops and injection into the natural gas grid.
Biomass and Bioenergy. 2010;34(1):54–66.

23.

Kliucininkas L, Matulevicius J, Martuzevicius D. The life cycle assessment of alternative
21

fuel chains for urban buses and trolleybuses. J Environ Manage. 2012;99:98–103.
24.

Anon. 2015 Renewable Fuel Standard Data [Internet]. Fuels Registration, Reporting, and
Compliance Help. EPA; 2016 [cited 2016 Jan 12]. Available from:
https://www.epa.gov/fuels-registration-reporting-and-compliance-help/2015-renewablefuel-standard-data

25.

Bruijnincx PCA, Weckhuysen BM. Shale Gas Revolution: An Opportunity for the
Production of Biobased Chemicals? Angew Chem Int Ed Engl [Internet]. 2013 Oct 18
[cited 2014 Jan 24]; Available from: http://www.ncbi.nlm.nih.gov/pubmed/24136811

26.

Anon. By 2020, U.S. to Emerge as Largest Exporter of Light Naphtha, Essential for
Production of Gasoline and Chemicals, IHS Says [Internet]. IHS Markit. 2015 [cited 2016
Jul 30]. Available from: http://press.ihs.com/press-release/chemicals/2020-us-emergelargest-exporter-light-naphtha-essential-production-gasoline-

27.

Brooks RE. Modeling the North American Market for Natural Gas Liquids [Internet].
Sherman Oaks; 2013. Available from:
http://www.usaee.org/usaee2013/submissions/OnlineProceedings/USAEE2013.NGLNA.3
1may13.v2.pdf

28.

Weber S. The U.S. Petrochemical Industry: Impact Of New Energy And Feedstock
Sources On Aromatics Supply [Internet]. Singapore; 2013. Available from:
https://www.argusmedia.com/~/media/files/pdfs/presentations/aromatics-forum-sw2013.pdf/?la=en

29.

Anon. Pretty pricey polymer. The Economist [Internet]. 2011; Available from:
http://www.economist.com/blogs/newsbook/2011/02/plastics_prices

30.

Allen K. The shale revolution and its impacts on aromatics supply, pricing and trade flows
[Internet]. 2013. Available from:
https://www.platts.com/IM.Platts.Content/InsightAnalysis/IndustrySolutionPapers/aromati
cs-shale-revolution.pdf

31.

de Gorter H, Just DR. The Economics of a Blend Mandate for Biofuels. Am J Agric Econ
[Internet]. 2009 Aug [cited 2016 Aug 4];91(3):738–50. Available from:
http://ajae.oxfordjournals.org/cgi/doi/10.1111/j.1467-8276.2009.01275.x

32.

Anon. Fuel, Asphalt, and Cement Prices [Internet]. West Virginia Department of
Transportation. 2016 [cited 2016 Jul 30]. Available from:
http://www.transportation.wv.gov/highways/contractadmin/Lettings/Pages/FuelandAsphal
tPrices.aspx

33.

Anon. West Texas Intermediate Monthly Price [Internet]. Index Mundi. 2016 [cited 2016
Jul 30]. Available from: http://www.indexmundi.com/commodities/?commodity=crudeoil-west-texas-intermediate

34.

Brown RC, Brown TR. Biorenewable Resources: Engineering New Products from
Agriculture: Second Edition. 2nd ed. Biorenewable Resources: Engineering New Products
22

from Agriculture: Second Edition. Oxford: Wiley Blackwell; 2014.
35.

Brown TR, Brown RC. A review of cellulosic biofuel commercial-scale projects in the
United States. Biofuels, Bioprod Biorefining. 2013;7(3):235–45.

36.

Brown TR, Wright MM. A Framework for Defining the Economic Feasibility of
Cellulosic Biofuel Pathways. Biofuels [Internet]. 2014;5(5):579–90. Available from:
http://www.tandfonline.com/doi/full/10.1080/17597269.2014.1003700#abstract

37.

Anon. Aromatics 2013 [Internet]. Available from:
http://thinking.nexant.com/sites/default/files/report/field_attachment_abstract/201311/PPE
13_PCMD Aromatics 2013 Brochure.pdf

38.

Vispute TP, Zhang H, Sanna A, Xiao R, Huber GW. Renewable chemical commodity
feedstocks from integrated catalytic processing of pyrolysis oils. Science [Internet]. 2010
Nov 26 [cited 2014 Jan 9];330(6008):1222–7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21109668

39.

Brown TR, Zhang Y, Hu G, Brown RC. Techno-economic analysis of biobased chemicals
production via integrated catalytic processing. Biofuels, Bioprod Biorefining [Internet].
2012;6(1):73–87. Available from: http://onlinelibrary.wiley.com/doi/10.1002/bbb.344/full

40.

Zhang Y, Hu G, Brown RC. Life cycle assessment of commodity chemical production
from forest residue via fast pyrolysis. Int J Life Cycle Assess [Internet]. 2014 Jul 28 [cited
2016 Aug 2];19(7):1371–81. Available from: http://link.springer.com/10.1007/s11367014-0745-y

41.

Sharifzadeh M, Wang L, Shah N. Decarbonisation of olefin processes using biomass
pyrolysis oil. Appl Energy. 2015;149:404–14.

42.

Carlson TR, Cheng YT, Jae J, Huber GW. Production of green aromatics and olefins by
catalytic fast pyrolysis of wood sawdust. Energy Environ Sci [Internet]. 2011;4:145–61.
Available from: http://pubs.rsc.org/en/content/articlepdf/2011/ee/c0ee00341g

43.

Thilakaratne R, Brown T, Li Y, Hu G, Brown R. Mild catalytic pyrolysis of biomass for
production of transportation fuels: A techno-economic analysis. Green Chem.
2014;16(2):627–36.

44.

Carlson TR, Tompsett GA, Conner WC, Huber GW. Aromatic Production from Catalytic
Fast Pyrolysis of Biomass-Derived Feedstocks. Top Catal [Internet]. 2009;52(3):241–52.
Available from: http://www.springerlink.com/content/l3728547068h487n/

45.

Huber GW, Iborra S, Corma A. Synthesis of Transportation Fuels from Biomass:
Chemistry, Catalysts, and Engineering. Chem Rev [Internet]. 2006;106(9):4044–98.
Available from: http://pubs.acs.org/doi/abs/10.1021/cr068360d

46.

Zhang X, Lei H, Chen S, Wu J, Liu C, Wang H, et al. Catalytic co-pyrolysis of
lignocellulosic biomass with polymers: a critical review. Green Chem [Internet]. 2016
[cited 2016 Aug 2];18(15):4145–69. Available from:
http://xlink.rsc.org/?DOI=C6GC00911E
23

47.

Zhang H, Carlson TR, Xiao R, Huber GW. Catalytic fast pyrolysis of wood and alcohol
mixtures in a fluidized bed reactor. Green Chem [Internet]. 2011; Available from:
http://dx.doi.org/10.1039/C1GC15619E

48.

Alonso DM, Wettstein SG, Dumesic J a. Bimetallic catalysts for upgrading of biomass to
fuels and chemicals. Chem Soc Rev [Internet]. 2012 Dec 21 [cited 2014 Jan
9];41(24):8075–98. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22872312

49.

Ragauskas AJ, Beckham GT, Biddy MJ, Chandra R, Chen F, Davis MF, et al. Lignin
Valorization: Improving Lignin Processing in the Biorefinery. Science (80- ).
2014;344(6185).

50.

Deepa AK, Dhepe PL. Lignin Depolymerization into Aromatic Monomers over Solid
Acid Catalysts. ACS Catal [Internet]. 2015 Jan 2 [cited 2016 Dec 1];5(1):365–79.
Available from: http://pubs.acs.org/doi/abs/10.1021/cs501371q

51.

Huber GW, Dumesic JA. An overview of aqueous-phase catalytic processes for
production of hydrogen and alkanes in a biorefinery. Catal Today [Internet]. 2006;111(1–
2):119–32. Available from:
http://www.sciencedirect.com/science/article/pii/S0920586105007121

52.

Fatih Demirbas M. Biorefineries for biofuel upgrading: A critical review. Appl Energy.
2009;86:S151–61.

53.

Parsell T, Yohe S, Degenstein J, Jarrell T, Klein I, Gencer E, et al. A synergistic
biorefinery based on catalytic conversion of lignin prior to cellulose starting from
lignocellulosic biomass. Green Chem [Internet]. 2015 [cited 2016 Aug 3];17(3):1492–9.
Available from: http://xlink.rsc.org/?DOI=C4GC01911C

54.

Hu W, Dang Q, Rover M, Brown RC, Wright MM. Comparative techno-economic
analysis of advanced biofuels, biochemicals, and hydrocarbon chemicals via the fast
pyrolysis platform. http://dx.doi.org/101080/1759726920151118780. 2015;

55.

Wang K, Brown RC, Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, et al. Catalytic
pyrolysis of microalgae for production of aromatics and ammonia. Green Chem [Internet].
2013 [cited 2016 Aug 3];15(3):675. Available from:
http://xlink.rsc.org/?DOI=c3gc00031a

56.

Thilakaratne R, Wright MM, Brown RC. A techno-economic analysis of microalgae
remnant catalytic pyrolysis and upgrading to fuels. Fuel [Internet]. 2014 Jul [cited 2014
Jun 15];128:104–12. Available from:
http://www.sciencedirect.com/science/article/pii/S0016236114002257

57.

Wang K, Brown RC. Catalytic pyrolysis of corn dried distillers grains with solubles to
produce hydrocarbons. ACS Sustain Chem Eng. 2014;2(9):2142–8.

58.

Wang K, Ou L, Brown T, Brown RC. Beyond ethanol: A techno-economic analysis of an
integrated corn biorefinery for the production of hydrocarbon fuels and chemicals.
Biofuels, Bioprod Biorefining. 2015;9(2):190–200.
24

59.

Tasker N. Global bitumen demand and pricing [Internet]. Cape Town; 2014. Available
from: https://www.argusmedia.com/~/media/files/pdfs/argus-events/europe/2014/argusafrica-bitumen-2014-nasreen-tasker.pdf/?la=en

60.

Anon. 2013 Report Card For America’s Infrastructure [Internet]. American Society of
Civil Engineers. 2013 [cited 2016 Jul 31]. Available from:
http://www.infrastructurereportcard.org/a/#p/home

61.

Anon. U.S. asphalt demand to reach 26.8 million tons by 2019 [Internet]. Rock Products
News. 2015 [cited 2016 Jul 31]. Available from: http://www.rockproducts.com/newslate/14601-u-s-asphalt-demand-to-reach-26-8-million-tons-in-2019.html#.V5-Ow4MrK00

62.

Mills-Beale J, You Z, Fini E, Zada B, Lee CH, Yap YK. Aging Influence on Rheology
Properties of Petroleum-Based Asphalt Modified with Biobinder.
http://dx.doi.org/101061/(ASCE)MT1943-55330000712. 2012;

63.

Fini EH, Oldham D, Buabeng FS, Nezhad SH. Investigating the Aging Susceptibility of
Bio-Modified Asphalts. In: Airfield and Highway Pavements 2015 [Internet]. Reston, VA:
American Society of Civil Engineers; 2015 [cited 2016 Aug 1]. p. 62–73. Available from:
http://ascelibrary.org/doi/10.1061/9780784479216.007

64.

Fini EH, Khodaii A, Hajikarimi P. Fractional Viscoelastic Study of Low-Temperature
Characteristics of Biomodified Asphalt Binders.
http://dx.doi.org/101061/(ASCE)MT1943-55330001525. 2016;

65.

Fini EH, Al-Qadi IL, You Z, Zada B, Mills-Beale J. Partial replacement of asphalt binder
with bio-binder: characterisation and modification.
http://dx.doi.org/101080/102984362011596937. 2012;

66.

Yang X, You Z. High temperature performance evaluation of bio-oil modified asphalt
binders using the DSR and MSCR tests. Constr Build Mater. 2015;76:380–7.

67.

Yang X, You Z-P, Dai Q-L. Performance Evaluation of Asphalt Binder Modified by Biooil Generated from Waste Wood Resources. Int J Pavement Res Technol. 2013;6(4):431–
9.

68.

Hill B, Oldham D, Behnia B, Fini EH, Buttlar WG, Reis H. Evaluation of low temperature
viscoelastic properties and fracture behavior of bio-asphalt mixtures.
http://dx.doi.org/101080/1029843620161175563. 2016;

69.

Raouf MA, Williams RC. Rheology of Fractionated Cornstover Bio-oil as a Pavement
Material. Int J Pavements. 2010;9(1-2–3).

70.

Raouf MA, Williams CR. General Rheological Properties of Fractionated Switchgrass
Bio-Oil as a Pavement Material. http://dx.doi.org/101080/1468062920109690337. 2011;

71.

Raouf M, Williams R. Temperature and Shear Susceptibility of a Nonpetroleum Binder as
a Pavement Material. http://dx.doi.org/103141/2180-02. 2011;

72.

Zhao S, Huang B, Shu X, Ye P. Laboratory Investigation of Biochar-Modified Asphalt
25

Mixture. http://dx.doi.org/103141/2445-07. 2014;
73.

Zhao S, Huang B, Ye XP, Shu X, Jia X. Utilizing bio-char as a bio-modifier for asphalt
cement: A sustainable application of bio-fuel by-product. Fuel. 2014;133:52–62.

74.

Podolsky JH, Studer J, Williams RC, Cochran EW. Low Temperature Performance of
Bio-Derived/Chemical Additives in Warm Mix Asphalt. In: Cold Regions Engineering
2015 [Internet]. Reston, VA: American Society of Civil Engineers; 2015 [cited 2016 Aug
1]. p. 241–51. Available from: http://ascelibrary.org/doi/10.1061/9780784479315.022

75.

Fini EH, Kalberer EW, Shahbazi A, Basti M, You Z, Ozer H, et al. Chemical
Characterization of Biobinder from Swine Manure: Sustainable Modifier for Asphalt
Binder. http://dx.doi.org/101061/(ASCE)MT1943-55330000237. 2011;

76.

Leffler WL. Petroleum Refining in Nontechnical Language. 4th ed. Tulsa: PennWell
Corp.; 2008.

77.

Nagendramma P, Kaul S. Development of ecofriendly/biodegradable lubricants: An
overview. Renew Sustain Energy Rev. 2012;16(1):764–74.

78.

Erhan SZ, Sharma BK, Liu Z, Adhvaryu A. Lubricant Base Stock Potential of Chemically
Modified Vegetable Oils. 2008;

79.

Arca M, Sharma BK, Perez JM, Doll KM. Gear oil formulation designed to meet biopreferred criteria as well as give high performance.
http://dx.doi.org/101080/193970382012725430. 2013;

80.

Zhang H, Xiao R, Jin B, Shen D, Chen R, Xiao G. Catalytic fast pyrolysis of straw
biomass in an internally interconnected fluidized bed to produce aromatics and olefins:
Effect of different catalysts. Bioresour Technol. 2013;137:82–7.

81.

Balakrishnan M, Sacia ER, Sreekumar S, Gunbas G, Gokhale AA, Scown CD, et al.
Novel pathways for fuels and lubricants from biomass optimized using life-cycle
greenhouse gas assessment. Proc Natl Acad Sci [Internet]. 2015 Jun 23 [cited 2016 Aug
3];112(25):7645–9. Available from:
http://www.pnas.org/lookup/doi/10.1073/pnas.1508274112

82.

Anon. Petroleum coke: Essential to manufacturing [Internet]. National Association of
Manufacturers. 2013 [cited 2016 Jun 8]. Available from: http://aboutpetcoke.com/wpcontent/uploads/2013/12/Petroleum-Coke-Essential-to-Manufacturing.pdf

83.

Elkasabi Y, Boateng AA, Jackson MA. Upgrading of bio-oil distillation bottoms into
biorenewable calcined coke. Biomass and Bioenergy. 2015;81:415–23.

84.

Huggins T, Wang H, Kearns J, Jenkins P, Ren ZJ. Biochar as a sustainable electrode
material for electricity production in microbial fuel cells. Bioresour Technol.
2014;157:114–9.

85.

Li W, Kong XH, Ruan M, Ma FM, Jiang YF, Liu MZ, et al. Green waxes, adhesives and
lubricants. Philos Trans A Math Phys Eng Sci [Internet]. 2010 Oct 28 [cited 2016 Aug
26

4];368(1929):4869–90. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20855324
86.

Lauven L-P. An optimization approach to biorefinery setup planning. Biomass and
Bioenergy. 2014;70:440–51.

27

