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EXECUTIVE SUMMARY 

 

This report was commissioned by IEA Bioenergy Task 39 with the goal of providing a background to the 

topic, an assessment of technical approaches being developed and an overview of anticipated 

challenges in large scale ŎƻƳƳŜǊŎƛŀƭƛȊŀǘƛƻƴ ƻŦ ǎƻ ŎŀƭƭŜŘ άŘǊƻǇ-ƛƴέ biofuels. For the purposes of this 

report, άŘǊƻǇ-ƛƴέ biofuels are defined as άliquid bio-hydrocarbons that are functionally equivalent to 

ǇŜǘǊƻƭŜǳƳ ŦǳŜƭǎ ŀƴŘ ŀǊŜ Ŧǳƭƭȅ ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ ŜȄƛǎǘƛƴƎ ǇŜǘǊƻƭŜǳƳ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜέ.  

 

The global petroleum industry is expected to require increasing amounts of hydrogen in the coming 

years to upgrade crude oil feedstocks of declining quality (i.e., increasingly heavier and more sour), 

particularly in areas where especially heavy oils are being sourced such as Venezuela and Alberta. For 

the foreseeable future, much of this hydrogen is likely to be derived from natural gas. At the same time, 

there will also be increasing demand for hydrogen to deoxygenate biomass (carbohydrates and lignin) to 

produce drop-in hydrocarbon biofuels.  

 

Oil refineries use hydrogen to upgrade low grade crude oil by removing sulfur and other heteroatom 

impurities όƘȅŘǊƻǘǊŜŀǘƛƴƎύ ŀƴŘ ōȅ άŎǊŀŎƪƛƴƎέ longer oil carbon chains to shorter chains while also 

enriching them with hydrogen (hydrocracking). One result of these hydrogen-consuming processes 

(collectively known as hydroprocessing) is to elevate the hydrogen to carbon ratio of low grade crude 

oils. The hydrogen to carbon ratio in petroleum feedstocks is a good indicator of their quality for fuel 

production since a high sulfur content as well as the presence of long and condensed carbon chains 

(e.g., in coal) reduce the H/C ratio. As detailed in the main body of the report, the H/C ratio can be 

visualized as a staircase in which ǘƘŜ ƳƻǊŜ άǎǘŜǇǎέ that have to be climbed up ǘƘŜ άIκ/ ǎǘŀƛǊŎŀǎŜέ, the 

more hydrogen inputs and processing efforts are required to elevate the H/C ratio to the level required 

for higher grade liquid gasoline, diesel and jet transportation fuels. Non-hydrogen-consuming processes 

such as catalytic or thermal cracking can also improve the H/C ratio of petroleum feeds by removing 

carbon in the form of tars and char (coke). However, this approach consumes feedstock and reduces 

yields and so is generally avoided, particularly when crude oil prices are high.  

 

It is also evident that a majority of evolving drop-in biofuel technologies require hydrogen (H2) inputs or 

other chemical reduction processes to upgrade oxygen-rich carbohydrate, lignin or lipid feedstocks to 
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hydrogen-rich hydrocarbons that are functionally equivalent to petroleum-derived liquid fuels. As 

detailed in the report, a variation of the hydroprocessing step will likely be common to many drop-in 

biofuel technology platforms, with imported hydrogen used to remove oxygen (in the form of H2O) from 

oxygenated lignocellulose intermediates or lipid feedstocks. Alternatively, non-hydrogen consuming 

processes (whether chemical or biological) will have to oxidize significant amounts of feedstock carbon 

in order to produce the required hydrogen or alternative reducing power carriers (e.g., nicotinamide 

adenine dinucleotide phosphate or NADPH). However, these alternative routes to deoxygenation are 

generally less attractive as they can consume a significant amount of the feedstock. After adjusting for 

the oxygen content of the biomass feedstock, the hydrogen to carbon ratio, Heff/C, can be defined as a 

relevant metric for drop-in biofuel processes. Highly oxygenated biomass feedstocks such as sugar 

molecules have a Heff/C ratio of 0 whereas the target for drop-in biofuels is approximately 2, similar to 

the H/C ratio of diesel. Most biomass feedstocks (sugars, biomass, lignin) have a low Heff/C ratio and are 

thus situated near the bottom steps of the H/C staircase. Biomass feedstocks thus ƴŜŜŘ ǘƻ άŎƭƛƳōέ more 

steps than fossil feedstocks to reach the chemically reduced state of diesel, jet and gasoline fuels. Even 

low grade fossil feedstocks such as coal (H/C = 0.5) contain a substantially higher Heff/C ratio than most 

biomass feedstocks. A notable exception are the biomass lipid fractions and other renewable 

oleochemical types of feedstocks, which contain much lower levels of oxygen and have  an Heff/C ratio of 

about 1.8 and are thus much farther up the H/C staircase and more readily suited for conversion to 

drop-in biofuels.    

 

There are several ways to produce drop-in biofuels that are oxygen-free and functionally equivalent to 

petroleum transportation fuels. These are discussed within three major sections of the report and 

include: oleochemical processes, such as the hydroprocessing of lipid feedstock from either oil crops, 

algae or tallow; thermochemical processes, such as the thermal conversion of biomass to fluid 

intermediates (gas or oil) which are then catalytically upgraded/hydroprocessed to hydrocarbon fuels; 

and biochemical processes, such as the biological conversion of biomass (sugars or cellulosic materials) 

to longer chain alcohols and hydrocarbons. A fourth category is also briefly described that includes 

άƘȅōǊƛŘέ thermochemical/biochemical technologies such as fermentation of synthesis gas and catalytic 

reforming of sugars/carbohydrates. 

 

To date, oleochemical based processes have been the main supplier of the drop-in biofuels that have 

been evaluated for commercial application by sectors such as aviation. These processes require a simple 
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hydroprocessing step to catalytically remove oxygen from the fatty acid chains present in the lipid 

feedstock to convert them to diesel-like hydrocarbon mixtures. This technology is well developed, is 

maturing and entails relatively low technological risk and low capital expenditure compared to other 

emerging drop-in biofuel production routes. Most lipid feedstocks have relatively low oxygen content 

(11% mass) and thus require lower hydrogen inputs to be upgraded to liquid transportation fuels. 

However, the feedstock is generally costly and available in limited supply, as vegetable oils such as palm 

and rapeseed are currently priced in the range of USD $500-$1200/t (or $12-30/GJ) compared to 

approximately USD $75-$125/t (oven dry basis, or $3.75-6.25/GJ) for lignocellulosic biomass, and their 

supply is often limited by competition from other value-added end users (e.g., food and cosmetics 

industries). There are also ongoing challenges regarding the sustainable production of vegetable oils as 

production is relatively ƭŀƴŘ ǳǎŜ ŀƴŘ ǊŜǎƻǳǊŎŜ ƛƴǘŜƴǎƛǾŜΦ !ƭǘƘƻǳƎƘ άŦƻƻŘ-vs.-ŦǳŜƭǎέ concerns and related 

debate are likely to continue, several companies are operating commercial oleochemical feedstock-to-

biofuels facilities around the world, including Neste Oil (Finland, Rotterdam, Singapore) and Dynamic 

Fuels (Louisiana, USA). 

   

The various thermochemical methods currently being assessed for biofuel production have their origins 

ƛƴ ǘƘŜ ŀƴŎƛŜƴǘ ǇǊƻŎŜǎǎ ƻŦ άōǳǊƴƛƴƎέ ōƛƻƳŀǎǎ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ƻȄȅƎŜƴ ǘƻ ƳŀƪŜ ŎƘŀǊŎƻal, a higher calorific 

value product. Thermochemical processing conditions can be optimized to influence the ratio of the 

three main products of bio-oil, synthesis gas and char. The two main routes to drop-in biofuels are 

through pyrolysis and gasification. Fast pyrolysis (essentially treating biomass at 500 °C for a few 

seconds) has been studied in detail since the early 1980s and bio-oil yields of up to 75 wt% can typically 

be obtained from various biomass feedstocks. Although there are a few, niche high value markets for 

bio-oil components, such as food flavouring (Barbeque flavour), today pyrolysis liquids are primarily 

considered for use in stationary power generating facilities such as the proposed 720 tpd Pyrogrot 

facility in Sweden. Bio-oils can also be upgraded to drop-in biofuels although this requires significant 

hydrogen inputs. While these hydrogen inputs can be generated from the biomass feedstock itself, this 

process is inefficient when compared to sourcing hydrogen from an external source such as natural gas. 

The pyrolysis platform requires large amounts of hydrogen gas inputs which represent a large 

proportion of both capex and opex in a stand-alone facility. It has been estimated that sourcing external 

hydrogen from an oil refinery can reduce the capex of a pyrolysis drop-in biofuel facility by ca. 40% and 

the opex by ca. 15% (Jones et al. 2009). Pyrolysis platforms also have great potential to leverage oil 

refineries in order to reduce biofuels production capital and operating costs. The major saving will in 
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part be a result of sourcing hydrogen from the oil refinery directly. However, it is estimated that current 

US refinery hydrogen capacity of 3 billion standard cubic feet per day, would need to be tripled to meet 

the 2022 US RFS cellulosic advanced biofuel mandate of 15 billion gallons (57 billion L) using pyrolysis 

platform-derived diesel/gasoline blendstock. Although existing hydrocracking units (downstream in a 

refinery) can co-process petroleum and hydrotreated pyrolysis oils (HPO), this practice is not yet 

commercial and it comes with challenges related to adapting the catalyst design to accommodate two 

disparate feedstocks (HPO and petroleum). A case study where Haldor ¢ƻǇǎƻŜ όǘƘŜ ǿƻǊƭŘΩǎ ōƛƎƎŜǎǘ 

manufacturer of petroleum refinery catalysts) performed trials on industrial hydrocrackers using various 

biofeeds identified several challenges to catalytic άco-processingέ of biofeed blends with petroleum. 

Although further upstream insertion points have been suggested, such as at the vacuum distillation 

tower, these alternative processing strategies can only be used with minimally processed pyrolysis oils 

which can contain large amounts of refinery contaminants such as oxygen and inorganics. Two of the 

major challenges constraining development of pyrolysis derived drop-in biofuels are the availability of 

low cost sustainable hydrogen and the technological advances needed to adapt hydrotreating catalysts 

to bio-ƻƛƭ ŦŜŜŘǎǘƻŎƪǎΦ ±ŀǊƛƻǳǎ ŎƻƳǇŀƴƛŜǎ ǎǳŎƘ ŀǎ /ŀƴŀŘŀΩǎ 9b{¸b have operated pilot plants for several 

years and KiOR recently completed a 49 million litre per year (MLPY) or 13 million gallon per year 

(MGPY) commercial facility in the US. 

  

The other major thermochemical route to drop-in biofuels is through gasification. Gasification of 

biomass or bio-oil produces synthesis gas (άǎȅƴƎŀǎέΣ comprised of mostly H2 and CO), which is primarily 

used to fuel stationary heat and power facilities such as the 8 MW bio-power station in Gussing, Austria. 

Syngas can also be upgraded (catalytically condensed) to drop-in liquid biofuels via the Fischer-Tropsch 

process (FT), which has its origins in the 1920s in Germany when access to oil was problematic.  Since 

the 1980s, South AfricaΩǎ {ŀǎƻƭ converts coal syngas into diesel at the CtL Secunda facility which has a 

ŎŀǇŀŎƛǘȅ ƻŦ мслΣллл ōŀǊǊŜƭǎ ƻŦ ŘƛŜǎŜƭ ǇŜǊ ŘŀȅΦ ! ǾŀǊƛŀǘƛƻƴ ƻŦ ǘƘŜ C¢ ǇǊƻŎŜǎǎ ƛǎ ǳǎŜŘ ƛƴ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ 

natural gas-to-ƭƛǉǳƛŘǎ ŦŀŎƛƭƛǘȅ ό{ƘŜƭƭΩǎ tŜŀǊƭ Dǘ[ ŦŀŎƛƭƛǘȅ ƛƴ vŀǘŀǊΣ ŎƻƳǇƭŜǘŜŘ ƛƴ нлммύ ǘƻ ǇǊƻŘǳŎŜ мплΣллл 

barrels of diesel per day. However, biomass derived syngas is less energy dense than natural gas and it 

contains more impurities and a lower H/C ratio. As a result, biomass syngas needs to be enriched in 

hydrogen and cleaned of the impurities such as tars, nitrogen and other heteroatoms that can 

deactivate synthesis catalysts. Hydrogen is typically produced from the syngas itself by a process known 

ŀǎ ǘƘŜ άǿŀǘŜǊ-Ǝŀǎ ǎƘƛŦǘέ reaction. However, this reaction consumes feedstock carbon and thus reduces 

the overall biomass-to-fuel yields. Alternatively, as is being proposed by companies such as Sundrop 



ά¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ŘǊƻǇ-ƛƴ ōƛƻŦǳŜƭǎέ L9! .ƛƻŜƴŜǊƎȅ ¢ŀǎƪ оф  
ISBN: 978-1-910154-07-6 (electronic version) 

July 2014             6 

 

Biofuels in the US, the hydrogen can be derived from natural gas. Generally, gasification technologies 

entail high capital costs to both gasify the biomass and convert the resulting syngas to Fischer-Tropsch 

liquids or partially oxygenated liquid hydrocarbon products such as mixed alcohols. To benefit from 

economies of scale, these types of facilities usually have to be constructed at large scales. The capital 

cost estimates for a first-of-kind gasification-based facility are in the region of USD $600-900 million. 

Several companies are pursuing gasification platform routes to drop-in biofuels such as Forest BtL Oy in 

Finland, ǿƘƛŎƘ Ƙŀǎ ƭƛŎŜƴǎŜŘ /ƘƻǊŜƴΩǎ /ŀǊōƻ-V technology and intends to complete a 129 million litre per 

year (MLPY) {or 34 million gallon per year MGPY} facility by 2016.  

 

The capital costs of both the oleochemical and thermochemical processes could be reduced by 

leveraging existing process units available in petroleum refineries. Oil refineries are complex facilities 

comprised of the many unit operations needed to fractionate and upgrade diverse crude oil feedstocks. 

Upgrading entails a number of intertwined processes such as cracking (breaking heavy hydrocarbon 

chains to lighter ones), naptha reforming (creating aromatic molecules necessary for gasoline blends) 

and hydrotreatment (mainly used to remove sulfur before fuel blendstock finishing). The dilemma in 

trying to identify refinery insertion points for renewable feedstock drop-in biofuel intermediates is to 

what extent should the intermediate be upgraded (deoxygenated) prior to insertion and to what extent 

should the refinery be adapted to accept less-upgraded, oxygen-containing biofeed intermediates. The 

challenges of processing biofeeds in an oil refinery are significant, as has been demonstrated by 

previous industrial trials using less problematic renewable feedstocks such as fatty acids containing 

relatively low amounts of oxygen (11% oxygen). The oxygen content of biofeeds translates to corrosion 

of metallurgy and extensive coking of catalyst surfaces as well as downstream contamination risks and 

requirements for venting of oxygenated gases (CO, CO2 and H2O). Strategies to mitigate these challenges 

include limiting the blending rate of biofeeds in petroleum feeds and favouring insertion points towards 

the end of refinery processing, both of which lower the risk of downstream contamination with biomass 

oxygenates, inorganics and tars. Hydroprocessing units situated at the end of the oil refining process are 

suitable for drop-in biofuel leveraging. All of the drop-in biofuel processes proposed to date entail some 

form or degree of capital intensive and hydrogen-consuming hydroprocessing (especially pyrolysis and 

hydrotreated ester and fatty acids (HEFA) platforms). Refineries can be leveraged by drop-in biofuel 

facilities in order to utilize existing hydroprocessing facilities and also to source low cost fossil feedstock 

derived hydrogen. Still, even with this lower risk co-location strategy, there are significant challenges 
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that need to be resolved such as matching the scale, siting and catalyst design for two distinctly different 

feedstocks (bulky and reactive solid biomass versus relatively inert petroleum liquids (crude oil)).  

 

Biological routes form the third category of drop-in biofuel technologies. These include metabolic 

pathways that convert highly oxygenated, low Heff/C, sugars to high energy density molecules such as 

butanol (e.g. Gevo, Butamax), farnesene (e.g. Amyris) and fatty acids (e.g. LS9). The metabolic processes 

involved in biologically deoxygenating carbohydrates to drop-in fuel molecules are energy-intensive and 

they are usually employed by the microorganisms when under stress and as mechanisms to store energy 

or build defence barriers (e.g. lipid layers). In industrial practice, this generally translates to biological 

systems with low volumetric productivities and less stable metabolic pathways. These so-called 

advanced fermentation pathways are not as efficient as conventional sugar-to-ethanol industrial 

fermentation systems. A key advantage of biological compared to thermochemical routes, is their ability 

to produce relatively pure molecular streams with predictable chemistry that can be readily 

functionalized (chemically). Thus this route can take advantage of the rapidly growing value-added 

chemicals and polymers markets. These markets consist mostly of organic diacids and dialcohols 

(butanediol, succinic acid etc.) which have lower Heff/C ratios than hydrocarbon-like drop-in biofuels. 

Thus they are "easier" to produce with fewer processing efforts and fewer hydrogen inputs. In the near 

term, it is likely that the biological platform will exploit the higher margins that can be achieved in value-

added biochemical markets rather than fuel markets. Various business intelligence organisations have 

estimated significant growth for these bio-based chemicals over the coming decade (e.g. ca. 20%/year to 

reach 50 million metric tonnes by 2020). Until these lucrative chemical markets are saturated, there will 

be little incentive for biological conversion companies to produce biofuels. 

 

! ŦƻǳǊǘƘ ŎŀǘŜƎƻǊȅ ƻŦ άƘȅōǊƛŘ ǇƭŀǘŦƻǊƳǎέ ŎƻƳōƛƴŜǎ ŜƭŜƳŜƴǘǎ ƻŦ ǘƘŜ ŎŀǘŜƎƻǊƛŜǎ ŘŜǎŎǊƛōŜŘ ŜŀǊƭƛŜǊΦ ¢ƘŜǎŜ 

include fermentation of syngas (example, LanzaTech), alcohol-to-jet (example, BYOGY), acid-to-ethanol 

(example, Zeachem), and aqueous phase reforming (example, Virent).  Each of these technologies has 

certain advantages such as improved utilization of feedstock carbon (Zeachem, LanzaTech) or use of 

commodity bio-ŦŜŜŘǎǘƻŎƪ ǎǳŎƘ ŀǎ ǎǳƎŀǊ ŀƴŘ ŜǘƘŀƴƻƭ ŎƻǳǇƭŜŘ ǿƛǘƘ Ψƭƻǿ ǊƛǎƪΩ ŀƴŘ ǊŀǇƛŘ ŎŀǘŀƭȅǘƛŎ ǊŜŦƻǊƳƛƴƎ 

(BYOGY, Virent). Disadvantages include mass transfer issues such as the slow diffusion of gases into 

aqueous fermentation broths and the difficulty of isolating organic acids from fermentation mixtures. 

Catalyst issues such as the low tolerance of current reforming catalysts to oxygenated feedstocks are 
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also a challenge, as are feedstock and capital intensity to provide hydrogen for catalytic reduction of 

acids, alcohols or other oxygenated products to de-oxygenated saturated hydrocarbons.       

 

While tremendous technical progress and commercialization activity have taken place over the past 

several years, only relatively small amounts of drop-in biofuels functionally equivalent to petroleum-

derived transportation fuels are commercially available today. In the same way conventional (so-called 

άfirst generationέ) ōƛƻŜǘƘŀƴƻƭ ŦǊƻƳ ǎǳƎŀǊ ŀƴŘ ǎǘŀǊŎƘ ǿŀǎ ǳǎŜŘ ǘƻ ŜǎǘŀōƭƛǎƘ ǘƘŜ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ŀƴŘ άǊǳƭŜǎέ 

for subsequent production and use of advanced (so-ŎŀƭƭŜŘ άsecond generationέύ bioethanol, it is likely 

that oleochemical derived drop-in biofuels will initially be used to establish the markets and procedures 

for use of drop-in biofuels. This is exemplified by the many Hydrotreated Vegetable Oil (HVO)-based 

biofuel flight trials and refinery processing trials undertaken over the last few years and by the recent 

ASTM approval of oleochemical derived jet fuel blendstocks. However, significant expansion of the 

oleochemical platform will be limited by the cost, availability and sustainability of food grade (vegetable 

oil) or animal oil/fat  based feedstocks. The challenge of developing emerging thermochemical based 

drop-in technologies can be viewed as analogous to cellulosic ethanol, which uses more plentiful, non-

food lignocellulosic biomass as feedstock but entails larger technology risks and higher capital costs. In 

this context, thermochemical technologies are well positioned to account for a considerable component 

of drop-in biofuel capacity growth over the near-to-midterm. This is primarily because biochemical and 

hybrid based drop-in biofuel processes typically provide lower yields of higher value oxygenated 

intermediates (e.g. organic dialcohols and diacids) that can command higher value in the rapidly growing 

bio-based chemicals markets. It is also likely that future biorefineries will utilize biomass in much the 

same way that current petroleum refineries use crude oil by converting the raw feedstock into a diverse 

range of fuels and chemicals products in a single highly integrated facility. However, it is probable that 

larger sized thermochemical based facilities will primarily focus on converting biomass feedstocks to 

commodity scale drop-in biofuels and bioenergy products while somewhat smaller scale biochemical or 

algal platform based facilities will convert sugar, biomass or syngas feedstocks to specific higher value 

non-commodity products such as farnesene, butanediol, succinic acid, butanol or oils for use in more 

lucrative biobased chemicals markets (e.g., cosmetics, food additives, lubricants, etc.). Regardless, for all 

of these technologies, hydrogen sourcing will play a major role in future commercialization of drop-in 

biofuel platforms.  
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CHAPTER 1: BACKGROUND ς BIOFUELS & PETROLEUM INDUSTRY  
 

Biofuels are currently being developed as renewable alternatives to fossil derived transportation fuels 

with the hope of achieving environmental and socioeconomic benefits such as reduced GHG emissions, 

employment generation and energy security. Bioethanol and biodiesel are the main commercially 

available biofuels and currently contribute about ~2% by volume of global transportation fuel demand 

(US EIA, 2013). However, these fuels are chemically and functionally different from petroleum-derived 

fuels and they thus do not make full use of the existing petroleum processing and distribution 

infrastructure. As infrastructure components, such as vehicle engines, fueling stations, refineries, etc., 

are very expensive to change, it is recognised that it would simplify biofuels production and usage 

growth if biofuels could be readiƭȅ άŘǊƻǇǇŜŘ-ƛƴǘƻέ ǘƘŜ ŜȄƛǎǘƛƴƎ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ όpetroleum distribution 

and refining, fuel specifications, etc.) and be functionally equivalent to current petroleum-derived fuels. 

However, as will be described in more detail, it is likely that producing such άdrop-inέ biofuels will 

require more complex processing infrastructure and higher processing inputs, most notably hydrogen 

(H2) inputs, than tƻŘŀȅΩǎ ǇǊŜŘƻƳƛƴŀƴǘ bioethanol and biodiesel biofuels. Consequently, greater techno-

economic challenges will probably be encountered when trying to achieve cost competitive routes to 

drop-in biofuels  

 

Hydrogen is a key input not only for drop-in biofuel producers (e.g. hydrotreated vegetable oils) but also 

for other sectors, most notably the Oil & Gas sectors, which have to upgrade crude oil of ever declining 

quality to meet the needs of a growing market for more refined and lighter petroleum products. In the 

future, drop-in biofuel producers may have to compete for hydrogen resources with the petroleum 

sector as well as the ammonia fertilizer industry. 

 

1.1 Biofuels rationale 

Unstable and rising petroleum prices, the finite nature of the resource, as well as concerns about fossil 

fuel emissions and dependence on politically unstable regions for transportation fuel imports are among 

the major motivations for pursuing biofuels. Biofuels are arguably the most likely near term renewable 

alternative to petroleum fuels, with some forms of transportation that cannot be easily electrified (such 

as long distance trucking, shipping and aviation) having this approach as the only alternative.  

http://www.eia.gov/forecasts/steo/report/global_oil.cfm
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Rising oil prices have been a major motivator in finding alternatives to fossil based transportation fuels, 

with the OPEC oil crises of the мфтлΩǎ ǎǘƛƳǳƭŀǘƛƴƎ ǎŜǾŜǊŀƭ ŎƻǳƴǘƛŜǎ ǘƻ ƭƻƻƪ ƛƴǘƻ ŀƭǘŜǊƴative, renewable 

biofuels. However, as oil prices decreased ƛƴ ǘƘŜ мфулΩǎ όCƛƎǳǊŜ м-1), the interest and research support 

into biofuels largely decreased, although countries such as Brazil and the United States continued to try 

to commercialise conventional (so-ŎŀƭƭŜŘ άŦƛǊǎǘ ƎŜƴŜǊŀǘƛƻƴέ) biofuels, primarily bioethanol from sugars 

and starches (grains) and biodiesel from plant crop seed oils. Investment in advanced (so-called άǎŜŎƻƴŘ 

ƎŜƴŜǊŀǘƛƻƴέ) biofuels produced from non-food feedstocks increased in the early 2000s due to a 

combination of factors such as increasing awareness of the role of transport derived carbon emissions in 

climate change and increasing dependence on crude oil imports to Europe and North America. The 

availability and price of these crude oil imports is increasingly uncertain for a variety of reasons such as 

geopolitical conflict and political uncertainty. More recently, despite the discovery of new 

unconventional Oil & Gas resources, the IEA forecasts that the price of oil will remain high over the 

coming decades while demand for biofuels is expected to further increase and play a major role in 

meeting ambitious GHG emission reduction targets globally. According to the most likely future policy 

scenarios όάŎǳǊǊŜƴǘέ ŀƴŘ άƴŜǿέ ǇƻƭƛŎƛŜǎ ǎŎŜƴŀrios) described in IEAΩǎ 2012 Word Energy Outlook (Figure 

1-1), the price of oil is expected to rise to above USD $120/barrel by 2035, and in the absence of new 

policy action it is projected to climb to almost USD $150/barrel by 2035 (IEA, 2012b).   

In this backdrop of expensive petroleum through to 2035, biofuels are well positioned to become a 

significantly larger contributor to the global energy landscape. According to the IEAΩǎ άōƭǳŜ ƳŀǇέ 

scenario, biofuels could provide 27% of total transport fuel by 2050 (IEA, 2011b). If this production level 

of biofuel could be achieved it would avoid the production of 2.1 gigatonnes of CO2 emissions per year 

compared to if this amount of petroleum-derived fuels were used (IEA, 2011b).  

 



ά¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ŘǊƻǇ-ƛƴ ōƛƻŦǳŜƭǎέ L9! .ƛƻŜƴŜǊƎȅ ¢ŀǎƪ оф  
ISBN: 978-1-910154-07-6 (electronic version) 

July 2014             16 

 

 

Figure 1-1: Average IEA crude oil price  
(Source: IEA, 2012) 
 

1.2 Current biofuels 

Conventiƻƴŀƭ όƻǊ ǿƘŀǘ ƻǘƘŜǊǎ ƘŀǾŜ ǘŜǊƳŜŘ άŦƛǊǎǘ ƎŜƴŜǊŀǘƛƻƴέύ ŦƻƻŘ crop-based biofuels such as 

bioethanol from sugar or starch and biodiesel from oilseed, waste oil or tallow are currently the only 

commercially available large-scale biofuels. Of the 89 million barrels per day (mbpd) of liquid fuels 

produced globally in 2011, 1.9 mbpd were conventional biofuels (US EIA, 2012). Biofuel production has 

grown almost exponentially over the last decade (Figure 1-2) with bioethanol providing the vast majority 

of this biofuel which is predominantly produced in the USA and Brazil. Recent IEA estimates project 

global biofuel production to more than double by 2035 (to ca. 4.5 mbpd) over 2011 production levels 

(IEA, 2012b). The majority of the growth in biofuels over the last decade has come from the US and to a 

lesser extent Brazil. Together Brazil and the USA currently account for three quarters of world total 

biofuel production and close to 90% of global bioethanol production (U.S. EIA, 2010). The ǿƻǊƭŘΩǎ third 

biggest biofuel producer is the European Union. In contrast to the US and Brazil, the EU produces mostly 

biodiesel (>80% of total biofuel production volume) with lesser amounts of bioethanol.  

The historical policy, market and infrastructure parameters that made these countries leaders in biofuel 

development are relevant to current efforts to develop άdrop-inέ biofuels. 
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Figure 1-2: Historic biofuel production volumes  
(Source: data from US EIA, 2012) 
 

1.2.1 Ethanol 

In 2011 the world produced 1,493,000 bpd of bioethanol fuel with the US producing 908,000 bpd (or 

60% of global), Brazil 392,000 bpd (or 25% of global) and the EU 72,000 bpd (or 5% of global) (US EIA, 

2011).  

The USA is currently the ǿƻǊƭŘΩǎ largest ethanol producer. Significant production and use of bioethanol 

began in the USA in the early 1980s with the main driver being energy security concerns arising from the 

rapid increases in global petroleum prices during the 1970s and 1980s (Tyner, 2008). Another driver that 

promoted corn ethanol in the USA was (and still is) the strong campaigns aimed at gaining political 

support for expanding markets and revenues for the corn and bioethanol industries. Federal as well 

state government measures such as direct funding of partnerships, research funds, tax incentives and 

renewable fuel mandates were developed to help the then emerging corn ethanol industry (Mabee, 

2007). These US policies, variations of which are still in force, were successful in developing the rapid 

increase in ethanol production over the last few decades. Leveraging on an efficient and highly 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

m
ill

io
n

 b
a

rr
e

ls
 p

e
r 

d
a

y

Rest of the world

EU-27

Brazil

USA

http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=79&pid=80&aid=1&cid=CG1,&syid=2007&eyid=2011&unit=TBPD
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=79&pid=80&aid=1&cid=CG1,&syid=2007&eyid=2011&unit=TBPD
http://www.agecon.purdue.edu/news/financial/Bioscience_2008_Tyner.pdf
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productive corn industry especially in the US Midwest where corn growing is favoured by both 

agronomic and geo-climatic factors, these ethanol supporting policies helped the US become the current 

world leader in bioethanol production volume, surpassing Brazil beginning in 2004. 

Current US biofuel policies are derived from the Energy Independence and Security Act of 2007 and the 

associated Renewable Fuel Standard (RFS). In July 2012 the updated RFS known as άRFS2έ came into 

effect and stipulated an aggregate of 36 billion gallons (136 billion L) per year of renewable 

transportation fuel to be used by 2022. Conventional biofuel (essentially corn grain derived ethanol) is 

expected to provide a large portion of this mandate, reaching a plateau of 15 billion gallons (57 million 

L) per year by 2015. Advanced biofuels (biomass derived diesel, cellulosic biofuels and non-cellulosic 

advanced biofuels) are expected to make up the balance by providing, by 2022, a total of 21 b gallons of 

the 36 b gallons per year, with 16 b of these advanced biofuel gallons derived from cellulosic feedstocks. 

RFS2 requires biofuels to achieve minimum life-cycle GHG emission reductions relative to petroleum 

fuels. If the biofuel LCA demonstrates less than 20% GHG emission reduction compared to the fossil fuel 

it displaces it will not be eligible to qualify as a contribution towards the RFS mandate obligations. If the 

LCA shows a GHG reduction between 20% and 49%, the biofuel is eligible to count towards the 15 b 

gallon conǾŜƴǘƛƻƴŀƭ ŦǳŜƭ ƻōƭƛƎŀǘƛƻƴ όIƻǿŜǾŜǊΣ ǘƘƛǎ άƳŀƴŘŀǘŜέ is already close to saturated by the 

existing corn ethanol industry). Finally, if the biofuel LCA indicates a relative GHG savings of 50% or 

higher, it is considered advanced biofuel counting towards the 21 b gallon mandate. Although ǘƘŜ wC{Ωǎ 

annually increasing advanced biofuels volume targets are currently behind schedule, there are ongoing 

efforts to achieve the ultimate 21 billion gallons per year advanced biofuel goals by 2022 (Schnepf & 

Yacobucci, 2013). Interestingly, Brazilian sugarcane ethanol and, more recently, sweet sorghum ethanol 

(grown and distilled in the US using renewable power) have been assessed and qualified to be classified 

as advanced biofuels, despite the fact that they are άfoodέ based. This is primarily due to their more 

favorable life cycle GHG emission profiles (Schnepf & Yacobucci, 2013).  

Excise taxes in the form of VEETC (Volumetric Ethanol Excise Tax Credit) were enacted in 2004 by the 

ά!ƳŜǊƛŎŀƴ Wƻōǎ /ǊŜŀǘƛƻƴ !ŎǘέΦ ¦ƴŘŜǊ ǘƘƛǎ ǎŎƘŜƳŜΣ ōƭŜƴŘŜǊǎ Ŏŀƴ ŎƭŀƛƳ ǘŀȄ ōǊŜŀƪǎ ƻŦ $0.5 USD/gal ($0.13 

USD/L) of ethanol and $1 USD/gal ($0.26 USD/L) of biodiesel (0.5 USD/gal if made from waste oils). 

These tax credits represented a major source of financial support for the growth of the US biofuels 

industry. However, these have expired at the end of 2012.  
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Pure ethanol cannot be used as unblended fuel in most current automobile vehicle engines without 

modifications. One exception is Brazil, where, as will be discussed in the next paragraph, Flexi-fuel 

Vehicles (FFVs) which can use neat hydrous ethanol (~E95) are abundant. Another exception are the E85 

FFVs that have been designed to use up to 85% by volume anhydrous ethanol. A relatively small number 

of E85 vehicles are currently on the road, mostly in the EU and the US. As an example, about 7 million 

E85s vehicles were in use in the US in 2012, out of a total light duty vehicle fleet of more than 150 

million. The use of ethanol at blend rates beyond 10% may also pose infrastructure compatibility issues 

with the rest of the petroleum distribution and processing network. More detail on this incompatibility 

of ethanol fuels is provided in Section 1.4.1. The bottom line is that ethanol is not viewed as a fully 

άinfrastructure compatibleέ fuel in countries other than Brazil. In the US, for example, blending of 

ethanol with gasoline is usually limited to 10% by volume (E10) for regular non-FFVs (flexible fuel 

vehicles) and this blending limit is regulated by the EPA (US EPA, 2013). As this blending limit effectively 

caps ethanol consumption, it has also been called the άblend wallέ. Although the EPA has recently 

permitted the use of 15% ethanol by volume for vehicles manufactured in year 2001 or later, the entire 

light duty vehicle fleet is not approved to use this higher blend.  

Brazil, the second largest ethanol producer, has ǘƘŜ ǿƻǊƭŘΩǎ ƻƭŘŜǎǘ ŀƴŘ most established biofuel 

program. In 1975, ǘǊƛƎƎŜǊŜŘ ōȅ ǘƘŜ мфтлΩǎ ht9/ ƻƛƭ Ŏrisis, the Brazilian military led a government 

initiated campaign named άNational Alcohol Program Proalcoolέ to make Brazil independent of foreign 

oil imports and provide a stable internal demand for its growing sugarcane industry. The program 

involved subsidies and incentives for sugarcane ethanol while the government also signed agreements 

with automobile manufacturers to help them create a market for vehicles running on pure (hydrous) 

ethanol. The campaign was initially so successful that a decade later, in 1985, 100% of new cars sold ran 

only on ethanol fuel. However, a few years later due to sugar prices increasing and crude oil prices 

decreasing the Brazilian bioethanol industry entered a challenging period. Between the late 1980s and 

1999 when the price of hydrated alcohol was not regulated, ethanol use and ethanol-powered car sales 

decreased substantially. In response the government introduced ethanol blending mandates (22-25%) 

and deregulatory decrees to try to keep the ethanol industry afloat. As petroleum prices increased 

during the 2003-2008 period and as E100 FFVs were gradually introduced, ethanol has established itself 

as a major component of the Brazilian transportation fuel infrastructure. The success of the Proalcool 

program in Brazil is evident in that the sugarcane industry now accounts for 3.5% of GDP and 3.6 million 

jobs, with ethanol production consuming about 50% of .ǊŀȊƛƭΩǎ total sugar feedstock (This latter 
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percentage varies depending on the relative commodity prices of sugar and ethanol) (de Almeida et al., 

2008).  

Today there are no direct subsidies for ethanol production in Brazil, though there is a degree of 

preferential treatment for ethanol as compared to gasoline. Ethanol faces no excise tax while federal 

duties are much lower than those for gasoline ($0.26 vs $0.01 per litre). State enforced fuel VAT is also 

lower for ethanol than gasoline in most ethanol producing states such as São Paolo. De Almeida et al. 

(2008) estimate that ethanol enjoys tax incentives of about USD 1 billion per year and that the Proalcool 

program cost around 16 billion for the period of 1979 up until the mid-1990Ωǎ όǘƘŜǎŜ ƴǳƳōŜǊǎ ŀǊŜ much 

lower than historical US government support for corn ethanol ) (Sorda et al., 2010). In 2012, ethanol 

accounted for 50% market share of the gasoline-powered vehicle fleet in Brazil, with E25 mandatory 

across the country and hydrous ethanol (~E95) widely available too.  

 

Figure 1-3: Brazilian sugarcane land use and ethanol productivity 
(Source: Sawaya Jank, 2011) 
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The Brazilian sugarcane industry is well positioned to expand without clearing forest land or displacing 

pastures (Figure 1-3) according to UNICA (Brazilian Association of Sugarcane Producers). The current 

average yield of ethanol (about 7000 L/ha, as shown in Figure 1-3) is expected to continue to increase. 

As depicted in Figure 1-3, out of the 338 m ha of arable land, 30% is unutilized and potentially available 

for ǎǳƎŀǊŎŀƴŜ Ǉƭŀƴǘŀǘƛƻƴǎ ŜȄǇŀƴǎƛƻƴΦ {ǳƎŀǊ ŎŀƴŜ ǇǊƻŘǳŎǘƛƻƴ ŎǳǊǊŜƴǘƭȅ ƻŎŎǳǇƛŜǎ ƻƴƭȅ нΦс҈ ƻŦ .ǊŀȊƛƭΩǎ 

arable land.  

The EU accounts for about 5% of global ethanol production using mainly grain starch and beet sugar as 

feedstocks. The EU has a strong policy push for biofuels as discussed in section 1.2.2. During the summer 

of 2013, the capacity of EU ethanol production increased with the commissioning of Vivergo Fuels Ltd.Ωǎ 

large wheat-to-ethanol plant in Hull, United Kingdom. This 420 MMly (110 MMgy) facility cost about 

$450 million to build and is a joint venture between AB Sugar, BP and DuPont Industrial Biosciences. 

  

The remaining 10% of global ethanol volume production occurs in countries outside the EU, US and 

Brazil including, China (39,000 bpd in 2011), Thailand (9,000 bpd in 2011), Australia (7,500 bpd in 2011), 

and other countries mainly in Asia and Oceania (US EIA, 2011). 

1.2.2 Biodiesel 

The EU ƛǎ ǘƘŜ ǿƻǊƭŘΩǎ ƭŜŀding biodiesel producer. Of the 0.4 mbpd of biodiesel produced globally in 

2011, around 0.2 million were produced in the EU (US EIA, 2012). The US, Brazil and Argentina follow 

the EU and each produce about 0.05-0.06 mbpd of biodiesel (US EIA, 2012). Following Rudolf Diesel's 

model engine which ran for the first time in Augsburg, Germany in 1893 using biodiesel as a fuel, 

ōƛƻŘƛŜǎŜƭ Ƙŀǎ ōŜŜƴ ǘƘŜ ǇǊŜŘƻƳƛƴŀƴǘ ōƛƻŦǳŜƭ ǳǎŜŘ ƛƴ 9ǳǊƻǇŜΩǎ ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ǎŜŎǘƻǊΣ ǇǊƛƳŀǊƛƭȅ ōŜŎŀǳǎŜ ƻŦ 

the high proportion of diesel cars in Europe. Other factors that have also contributed to this European 

preference are that vegetable oil and animal fats (the biodiesel raw materials) are more regionally 

available than starch or sugar (the bioethanol raw materials) coupled with the ease of scaling down 

oilseed presses and methesterification units, which makes biodiesel production relatively well suited to 

the more decentralized and small scale nature of European agriculture. 

Biodiesel is typically comprised of fatty acid methyl esters (FAMEs) derived from vegetable oils (and 

animal fats) which, like starch and sugar, compete with food and feed markets. Biodiesel use is typically 

limited by blend limits (maximum of 7% biodiesel blend with petroleum diesel). Use of pure biodiesel 

http://www.ethanolproducer.com/articles/10022/uk-wheat-to-ethanol-plant-officially-opens-for-business
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=79&pid=80&aid=1&cid=CG1,&syid=2007&eyid=2011&unit=TBPD
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=79&pid=81&aid=1&cid=regions,&syid=2011&eyid=2011&unit=TBPD
http://www.eia.gov/cfapps/ipdbproject/iedindex3.cfm?tid=79&pid=81&aid=1&cid=regions,&syid=2011&eyid=2011&unit=TBPD
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(B100) requires engine modifications to avoid maintenance and cold flow performance problems 

(Knothe, 2011). 

 

9ǳǊƻǇŜΩǎ ōƛƻŘiesel and bioethanol policies are primarily derived from the EU Renewable Energy 

Directive (RED, 2009/28/EC). In April 2009, the European parliament endorsed the RED and a binding 

target of 10% renewable energy use in transport (mainly to be met by biofuels) in 2020. In the same 

directive, the minimum GHG saving requirements were specified (35% initially and 50% starting from 

2017) as well as other sustainability criteria such as no feedstock from protected habitats and other 

territories of ecological value. Biofuel tax incentives or mandated biofuel market shares were to be set 

by national governments and they differ from one European country to another. Recently the EU 

Parliament voted for a 6% by volume cap on food-derived biofuels while setting a separate 2.5% target 

to incentivize non-food biofuels, made from waste products and lignocellulosic biomass. The inclusion of 

indirect land use (iLUC) factors ƛƴ ŀŎŎƻǳƴǘƛƴƎ ŦƻǊ ŀ ŦǳŜƭΩǎ ŎŀǊōƻƴ ŦƻƻǘǇǊƛƴǘ post-2020 has also been 

proposed by the EU Parliament (van Noorden, 2013). This 6% cap and the inclusion of iLUC factors have 

however not been agreed upon between the EU Parliament and the Council (EU member state 

governments). A decision on ǘƘŜǎŜ ōƛƻŦǳŜƭ ǇƻƭƛŎƛŜǎ Ƙŀǎ ŎǊŜŀǘŜŘ ŀ άŘŜŀŘƭƻŎƪέ ƻǾŜǊ ǘƘŜ ƭŀǎǘ ȅŜŀǊ ƻǊ ǎƻ ŀƴŘ 

negotiations were still continuing as of 30 May 2014 (Euractiv, 2014). 

1.2.3 Biomass-derived biofuels 

The use of food products such as sugar and vegetable oils as raw materials for the manufacturing of 

biofuels has raised concerns about this increased use detrimentally driving higher prices for food/feed. 

The use of woody or grassy fibers (lignocellulosic biomass) is viewed as a more acceptable route for 

further growing the production of renewable liquid fuels. Such lignocellulosic materials όάōƛƻƳŀǎǎέύ are 

more abundant and have good potential to provide higher fuel yields per unit of land area than food 

crops. With continued development, conversion of biomass feedstocks can be made to be less costly 

and to achieve lower carbon emission intensity than oilseed, starch or sugar crops. Historic price 

fluctuations have been much higher for food feedstocks than for lignocellulosic feedstocks. For example, 

although sugar and palm oil prices have fluctuated considerably since 1995 (Figure 1-4), over this same 

time period the price for biomass, such as hardwood logs, has been much more stable.  

The main fibrous biomass feedstocks being considered for biofuels are crop residues (corn stover, wheat 

straw, sugarcane bagasse, etc.), herbaceous energy crops (miscanthus, switchgrass, cardoon, etc.), wood 
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derived materials such as sawmill and forest residues and fast-rotation forestry species such as polar 

and willow.  

 

 

 

Figure 1-4: Price fluctuation of food vs cellulosic biofuel feedstocks 
(Data from indexmundi 2013: http://www.indexmundi.com/commodities/) 

 

The conversion of fibrous biomass (lignocellulose) to liquid fuels is achieved by two main process 

pathways, thermochemical and biochemical. Thermochemical processes aim at converting the bulky 

solid biomass to an energy dense liquid using combinations of pressure, temperature and catalysts 

during the conversion processes. Biochemical processes aim at biologically converting the biomass first 

to sugars then to a liquid fuel molecule such as ethanol. This latter type of process typically involves the 

integrated process steps of pretreatment, enzymatic hydrolysis, biological conversion (e.g., 

fermentation) and concentration. The pretreatment step (chemical and/or physical) allows fractionation 

of the lignin, hemicellulose and cellulose, and increases the accessibility of the cellulose to hydrolyzing 

agents such as enzymes. The sugars in the resulting enzymatic hydrolyzate are then fermented to 

ethanol or butanol or biologically converted to other liquid fuel molecules (e.g., farnesene), which are 

then separated (recovered) by distillation, liquid-liquid separation, membranes or other means. 
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However, while many thermochemical and biochemical routes to cellulosic biofuels are available, the 

processing of fibrous feedstocks to fuel grade products requires more energy and resources than does 

conventional biofuels (Sims et al., 2008). 

As is discussed in more detail below, άdrop-inέ ōƛƻŦǳŜƭǎ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŜ ǎŀƳŜ 

functional properties as petroleum-derived ŦǳŜƭǎΦ ¢ƘŜǎŜ ǘȅǇŜǎ ƻŦ άdrop-inέ ōƛƻŦǳŜƭǎ Ŏŀƴ ōŜ ǇǊƻŘǳŎŜŘ 

from cellulosic biomass via thermochemical conversion, from lipid feedstocks via hydrotreatment, or 

from sugars and alcohols via biological or chemical catalysis. Examples of such biofuels include Fischer-

Tropsch liquids (FT liquids), hydrotreated pyrolysis oils (HPOs), and hydrotreated vegetable oils (HVOs). 

More recently, biochemical pathways, such as sugar conversion to drop-in or close to drop-in 

hydrocarbon molecules have also been developed and proposed as candidate technologies for 

hydrocarbon biofuel production. Companies such as Amyris and LS9 have engineered microorganisms to 

ŎƻƴǾŜǊǘ ǎǳƎŀǊ ǘƻ άŘƛŜǎŜƭ-ƭƛƪŜέ ƳƻƭŜŎǳƭŜǎΦ /ǳǊǊŜƴǘƭȅΣ these drop-in biofuel processes are largely at the 

research and demonstration stages although several large scale HVO facilities are being built and 

operated by companies such as Neste Oil and Dynamic Fuels while a commercial scale pyrolysis and 

upgrading facility was recently built and commissioned by the company KiOR.  

 

1.3 Definition of drop-in biofuels 

Conventional biofuels have a distinct chemical nature and so they can be accurately defined by their 

chemical composition alone. For example, bioethanol is ethanol and biodiesel is a fatty acid methyl ester 

(FAME). In contrast drop-in biofuels generally consist of a mixture of many different types of 

hydrocarbons, the properties of which, just like petroleum fuels, is typically characterized by the 

ƳƛȄǘǳǊŜǎΩ functional characteristics such as distillation profile, viscosity, acidity, etc. A true drop-in 

biofuel should be able to be ǊŜŀŘƛƭȅ άŘǊƻǇǇŜŘ ƛƴέ to the existing petroleum infrastructure and be 

handled in much the same way as petroleum fuels without requiring significant infrastructure 

adjustments. 

In this vein, and considering the diversity of drop-in biofuel processes and product options, the following 

definition is used throughout this report to provide a functional representation of what is meant by a 

drop-in biofuel:  
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άDrop-in biofuels are liquid bio-hydrocarbons that are functionally equivalent to petroleum fuels and are 

fully compatible with existing petroleum infrastructureέ  

 

It should be noted that petroleum itself can sometimes contain up to 2 wt% oxygen (infrequently, even 

more) (Speight, 2006). The term άpetroleum-derived blendstocks (fuels)έ is used to describe the gasoline 

(petrol), diesel, jet and other types of commercial transportation fuel blendstocks as well as their 

refinery precursors that are currently processed in existing refineries, pipelines or anywhere upstream 

of a blending terminal in the petroleum supply chain.  

 

1.4 Reasons for the increasing interest in Drop-in biofuels 

Drop-in biofuels are currently attracting considerable attention. Some of the reasons are directly or 

indirectly related to challenges to further increasing the markets for ethanol and biodiesel biofuels such 

as their likely blend wall and supply constraints. Drop-in biofuels are better positioned as they avoid 

blend wall concerns and also potentially make better use of existing infrastructure (current inventory of 

petroleum refineries, supply channels and liquid fuel powered combustion engines). 

1.4.1 Blend walls 

As mentioned earlier, bioethanol and biodiesel cannot be used in a neat form in conventional 

automobile engines (without modifications and tuning) and they are not fully fungible with existing 

petroleum fuels. As a result, there are limits on the blending levels of these biofuels with petroleum 

fuels, with these limits stipulated and regulated by governments after consultation with automobile 

manufacturers and oil companies. ²ƛǘƘ ǘƘŜ ŜȄŎŜǇǘƛƻƴ ƻŦ .ǊŀȊƛƭΩǎ CCVs and US and EU E85 vehicles, most 

jurisdictions outside of Brazil blend ethanol at levels that do not exceed 10% by volume (E10). The 

blending rate for biodiesel generally varies between 2% and 20% by volume. This blend wall has, in part, 

limited the growth of biofuels and in the US in particular, these ethanol blend wall volumes have already 

been reached (Tyner, 2010). To confuse matters further, the RFS ethanol mandate currently stipulates 

consumption of ethanol volumes at levels above what can be used without breaking the E10 blend wall. 

Short of buying ethanol that they cannot sell, gasoline blenders have resorted to buying the ethanol 

permit equivalent (Renewable Identification Numbers) from non-obligated parties. This RIN trading has 

given rise to an unregulated futures market which resulted in the recent, unprecedented surge in the 
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marƪŜǘ ǇǊƛŎŜ ƻŦ ¦{ wC{Ωǎ ŜǘƘŀƴƻƭ wLbǎ from under USD $0.10/gallon ($0.026/L) to over US $1/gallon 

($0.26/L). This has triggered increased tensions between RFS-obligated oil companies and the US 

Environmental Protection Agency (Schnepf & Yacobucci, 2013). Although one solution to resolve the 

blend wall constraint would be the wider use of E85 flexi-fuel vehicles (FFVs), as shown by Tyner and 

Viteri (2010), E85 penetration cannot grow fast enough to provide a fleet that could absorb all the 

άƻǾŜǊ-the-ōƭŜƴŘ ǿŀƭƭέ ŀƳƻǳƴǘǎ ƻŦ ŜǘƘŀƴƻƭ that could be produced in the US. If there was enough 

economical drop-in biofuel production in the US, such blend wall-related issues would be avoided. 

1.4.2 Energy density, aviation and other long distance transportation sectors 

Aside from blend wall limitations in gasoline and diesel automobiles, there are transportation modes 

where conventional biofuels cannot be used, or their use is not favoured. Aviation is the most salient 

example of a transportation sector that can only use drop-in biofuels since ethanol and biodiesel do not 

fulfill key jet fuel requirements such as stringent cold flow viscosity and energy density specifications. 

Since jet engines cannot be readily άelectrifiedέ they are uniquely dependent on biofuels for renewable 

fuel alternatives. In addition, the aviation industrȅΩǎ requirements for affordable and renewable jet fuels 

are becoming ever more pressing, as the industry has committed to GHG emission reductions amidst 

increasing oil prices and increasing demand for air travel. Examples of such aviation biofuel 

commitments include (not an exhaustive list):  

¶ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΩǎ "European Advanced Biofuels Flight path" initiative is a roadmap with 

clear milestones to achieve an annual production of two million tonnes of sustainably produced 

biofuel for aviation by 2020. 

¶ US CŜŘŜǊŀƭ !Ǿƛŀǘƛƻƴ !ŘƳƛƴƛǎǘǊŀǘƛƻƴΩǎ όFAA) aviation biofuel goal to use 1 billion gallons (3.8 

million L) of renewable jet fuel per year from 2018 onwards (Hileman et al., 2009) 

¶ Various non-ōƛƴŘƛƴƎ ǎǘǊŀǘŜƎƛŎ ǘŀǊƎŜǘǎ ŦƻǊ ǊŜŘǳŎƛƴƎ ŀǾƛŀǘƛƻƴΩǎ ŎŀǊōƻƴ ŦƻƻǘǇǊƛƴǘ Ǿƛŀ ǇǊƛǾŀǘŜ ŀƛǊƭƛƴŜ 

carriers such as Lufthansa and Alaska Airlines as well as international aviation alliances such as 

the IATA (IATA, Dec 2013) and SAFUG (SAFUG, Dec 2013).  

¶ KLM Airlines in collaboration with Air France, Argos and Spring Associates recently (2009) 

formed SkyNRG, a major international broker of available bio-jet fuels. 

¶ Regional organisations/consortia for the development of aviation biofuels such as the 

Sustainable Aviation Fuels Northwest (SAFN) in the US and the Brazilian coalition of academic, 

government and commercial partners: Aliança Brasileira para Biocombustiveis de Aviação 

(ABRABA).  

http://ec.europa.eu/energy/renewables/biofuels/flight_path_en.htm
http://www.lufthansagroup.com/en/responsibility/climate-and-environmental-responsibility/keroseneandemissions/biofuel-at-lufthansa.html
http://www.alaskaair.com/content/about-us/social-responsibility/fly-green/about-sustainable-aviation-biofuels.aspx
https://www.iata.org/pressroom/facts_figures/fact_sheets/pages/alt-fuels.aspx
http://www.safug.org/
http://skynrg.com/our-story/


ά¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ŘǊƻǇ-ƛƴ ōƛƻŦǳŜƭǎέ L9! .ƛƻŜƴŜǊƎȅ ¢ŀǎƪ оф  
ISBN: 978-1-910154-07-6 (electronic version) 

July 2014             27 

 

 

More details on drivers behind the need for developing aviation biofuels are described in a recent IEA 

Bioenergy Task 40 report (Rosillo-Calle et al., 2012) as well as a report by the Air Transport Action Group 

(ATAG, 2012), a report by the Sustainable Aviation Fuels Northwest initiative (SAFN, 2011) and the 

Aviation biofuels website of the European Biofuels Technology Platform. Other long distance and non-

electrifiable transportation modes such as marine shipping and long distance trucking are also better 

suited to using drop-in biofuels than conventional biofuels. It should be noted that these sectors are 

expected to represent much of the transportation fuel demand growth over the next decade or so (IEA, 

2012). As discussed in more detail in Section 1.8.2, it is expected that regulations will be tightened on 

maximum sulfur content allowed in marine and road fuels. Consequently, biomass derived drop-in 

biofuels (and other biofuels) that exhibit low sulfur content will also look more attractive.  

1.4.3 Energy security and crude oil prices  

As explained in the L9!Ωǎ άblue mapέ scenario (IEA, 2011b) biofuels are projected to account for 27% of 

total global transportation fuel demand by 2050. This ambitious target will be difficult to reach using 

only conventional biofuels such as ethanol and biodiesel.  

1.4.4 Infrastructure incompatibility 

Due to the chemical nature of bioethanol and biodiesel they have to be delivered and blended through 

separate distribution channels as they are incompatible with much of the petroleum infrastructure such 

as pipelines and storage tanks. Thus alternative channels must be used such as truck, rail or barge and 

this adds to the cost and carbon footprint of biofuels. The majority of the petroleum distribution 

infrastructure, such as pipelines, tanks, and related equipment is composed of low carbon and low alloy 

steels, and controlling rust and corrosion is of primary importance. Pipelines run petroleum products in 

batches which follow one after the other as shown in Figure 1-5. These batches follow specific 

sequences in order to avoid cross contamination. Between batches, a small amount of co-mingled 

product, known as interface or transmix, is generated and is normally segregated for refractionation to 

diesel and gasoline or returned to a refinery for processing. In this regard pipelines are vulnerable to 

contamination which can carry over from batch-to-batch. Biodiesel, for example, is reactive with 

pipeline metallurgy and it can adhere to the surfaces of pipeline walls, potentially contaminating 

subsequent petroleum batches. Jet fuels are particularly sensitive to biodiesel ester contaminants. As a 

general rule, any potential biofuel that might be transported through petroleum pipelines must be non-

corrosive and hydrophobic. Most pipeline networks have engineering features in place to remove 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:The+Potential+and+Role+of+Biofuels+in+Commercial+Air+Transport+-+Biojetfuel#0
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:The+Potential+and+Role+of+Biofuels+in+Commercial+Air+Transport+-+Biojetfuel#0
http://www.atag.org/component/downloads/downloads/152.html
http://www.safnw.com/sustainable-aviations-fuels-bibliography/
http://www.biofuelstp.eu/air.html
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contaminating water (Bunting et al., 2010). An ideal drop-in biofuel would have similar (to petroleum) 

non-corrosive, non-reactive and non-hydrophilic functional properties so that it can fully utilize the 

existing, substantial, pipeline network for its distribution.  

 

 

Figure 1-5: Typical sequence of petroleum products flow through a pipeline  
(Source: adapted from API, 2001) 
 
 

1.5 Properties of petroleum and drop-in biofuels 

As defined earlier, drop-in biofuels must be functionally equivalent to current gasoline, diesel, jet and 

related fossil derived transportation fuels. This functional equivalence implies that drop-in biofuels must 

meet certain bulk properties such as miscibility with petroleum fuels, compatibility with fuel 

performance specifications, good storability, transportability with existing logistics structures and 

usability within existing engines (vehicles, jet planes etc.). Chemically, a drop-in biofuel could also be 

defined as a biomass-derived liquid hydrocarbon that has a low oxygen content, low water solubility and 

a high degree of carbon bond saturation. The exact specifications of these fuels will be determined by 

various physicochemical properties such as viscosity, carbon number, boiling point range, freezing point, 

flash point, aromatic content and others. Of these various properties the carbon number and boiling 

point range (shown in Figure 1-6) are the most commonly used parameters to distinguish between 

gasoline (light distillate), diesel and jet fuels (middle distillates). Gasoline is typically used in spark 

ignition engines and comprises a mixture of C4-C12 hydrocarbons with a 20-40% aromatic content. 

Diesel is primarily used in compression engines and it contains C10-C22 hydrocarbons with a 25% 

aromatic content. Aviation fuel is a mixture of C8-C16 with a maximum of 25% aromatic content and a 

range of stringent specifications such as very low freezing point (-40 C), thermal stability and low 
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viscosity at low temperatures (Hileman et al., 2009). Marine fuel is a lower quality and lower cost fuel 

that is derived from the heavier distillates of refineries which contain very long carbon chains and low or 

no phenolics. The quality of marine fuels is measured with viscosity and density indexes (similarly to 

crude oil) rather than boiling point ranges (Vermeire, 2012). 

 

Regarding biofuel properties and as shown in Figure 1-6, ethanol falls within the boiling point and 

carbon number range of gasoline fuels but it is only partly blendable with gasoline without the need for 

engine modification such as in flexifuel vehicles. Similarly biodiesel fits the properties of diesel fuel but it 

is again only partly blendable. As far as jet fuel properties are concerned, neither ethanol nor biodiesel 

fall within the narrow carbon number range of jet fuels and thus (as stated earlier) these fuels are not 

suited for aviation. While there are about a dozen other properties that have to be met by fuels in order 

to qualify for ASTM certification1 as usable in existing engines, the oxygen content (or H/C ratio) and 

carbon number range can be considered as the minimum, most basic characteristics that have to be 

met. 

 

 

Figure 1-6: Carbon number and boiling point range of commercial transportation fuels 
Source: (Hileman, Ortiz, Bartis, & Wong, 2009) 

                                                           
1 For #2 Diesel Fuel for example, the ASTM standard contains the following parameters: 
Particulate Contamination by Filtration, BP Distribution, Ash, Carbon, Hydrogen and Nitrogen, Carbon Residue, 
Cloud Point, Acid and Base Number, Color, Cold Filter Plugging Point, Copper Corrosion, Density, Distillation, Flash 
Point, Heat Content, Hydrocarbon Type, Lubricity (HFRR), Pour Point, Sulfur Content, Vicosity, Kinematic, Water 
and Sediment, High Temp Stability (Source: www.astm.org)  

0

50

100

150

200

250

300

350

400

0

2

4

6

8

10

12

14

16

18

20

22

24

Ethanol Gasoline Jet A Diesel Biodiesel

b
o

ili
n

g
 p

o
in

t 
(°

C
)

c
a

rb
o

n
 n

u
m

b
e

r

carbon number

boiling point

file:///C:/Users/Sergios/Dropbox/NEW%20DROP%20IN/in%20progress/www.astm.org


ά¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ŘǊƻǇ-ƛƴ ōƛƻŦǳŜƭǎέ L9! .ƛƻŜƴŜǊƎȅ ¢ŀǎƪ оф  
ISBN: 978-1-910154-07-6 (electronic version) 

July 2014             30 

 

1.6 The Oxygen challenge 

The greatest challenge for drop-in biofuels to meet the physicochemical properties of petroleum-based 

transportation fuels is decreasing the high oxygen content of biomass derived biofuels. Oxygen is 

present in biomass in various chemical functional groups such as esters, ethers and hydroxyl groups. 

While this oxygen content is potentially valuable for metabolic processes and for the production of 

some value added chemicals, it is highly undesirable for drop-in biofuels. As shown in Figure 1-7, 

biodiesel and bioethanol are only partially deoxygenated and this is one of the main reasons why these 

conventional biofuels are not fully compatible with existing petroleum infrastructure.  These oxygenated 

functional groups can react with refinery and pipeline metallurgy as well as with biofuel components to 

form gums acids and other impurities often at the detriment of biofuel storability/stability (Pearlson, 

2011; Bridgwater, 2012). 

 

 

Figure 1-7: Current commercial biofuels and their oxygen content 

 

Compatibility and reactivity are not the only reasons why it is important to deoxygenate biofuels. The 

oxygen in biofuels reduces their energy density. This in turn determines the sizŜ ƻŦ ŀ ǾŜƘƛŎƭŜΩǎ ŦǳŜƭ ǘŀƴƪ 

which in turn determines travel range for all modes of transportation. As shown in Figure 1-8, with 

increasing oxygen content, expressed as the molar ratio of oxygen to carbon (O/C) in the fuel molecule, 

the energy density of biofuels and biomass processing intermediates decreases linearly. 
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Figure 1-8: The effect of oxygen content on the energy density of liquid fuels 
Data from ORNL, 2013 

1.7 Deoxygenation of biomass  

1.7.1 The Hydrogen -Biomass feedstock dilemma (or trade-off) 

Deoxygenation of biomass intermediates is essential for the production of drop-in biofuels and it is 

primarily achieved by two main chemical reduction processes, hydrodeoxygenation (HDO) and 

decarboxylation (DCO). During hydrodeoxygenation the hydrogen present in the biomass intermediates 

(or supplied externally) is oxidized and oxygen is removed as water (H2O) while in decarboxylation the 

carboxyl group carbon is oxidized and the oxygen is removed as carbon dioxide. While in practice these 

two processes take place simultaneously, certain conditions favour one reaction over the other. The 

HDO process is typically favoured when hydrogen can be readily accessed from an external source (e.g. 

hydrogen gas derived from natural gas) while, in the absence of hydrogen, the DCO route is favoured 

(NSF, 2011; Pearlson, 2011). When the DCO process is used, feedstock carbon is lost by oxidation and, as 

a result, the yield of the process is reduced. When hydrogen inputs are imported in the HDO process, 

although the yields are generally higher, the cost and sustainability of the imported hydrogen has to be 

assessed. These two alternative routes are simplified in Figure 1-9. The deoxygenation can be carried 

out either biologically or thermo-chemically. However, the trade-off between hydrogen inputs and 

process yields remains unchanged. In either of these two drop-in biofuel processes, the ultimate 
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objective is not only to deoxygenate biomass intermediates but to also enrich them in hydrogen and 

thus elevate their low H/C ratio to the level of finished petroleum transportation fuels (H/C of about 2).   

 

Figure 1-9: Simplified representation of carbohydrate deoxygenation mechanisms  

 

1.7.2 The Hydrogen to Carbon ratio    

The hydrogen to carbon ratio (H/C ratio) is used in the petroleum and coal industry to indicate how 

hydrogen rich and energy dense are various fossil feedstocks. In the production of drop-in biofuels one 

of the main objectives is to elevate the low H/C ratio of the biomass feedstock to that of diesel, jet and 

gasoline fuels which have H/C ratios close to 2. During combustion, the oxygen within the biomass 

consumes hydrogen and thus reduces its effective H/C ratio. Thus, using a biomass feedstock where the 

main elemental components are hydrogen carbon and oxygen, the H/C ratio must account for the 

relatively high level of oxygen (in contrast to petroleum feedstocks which contain practically no oxygen) 

as each oxygen atom consumes two hydrogen atoms to form a water molecule (H2O) that contributes 

no energy to the combustion system (Vennestrøm et al., 2011). Thus, the άŜŦŦŜŎǘƛǾŜέ Iκ/ Ǌŀǘƛƻ ŦƻǊ 

oxygenated biomass feedstocks, Heff/C, is calculated by Equation 1. 
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Equation 1: The Effective Hydrogen to Carbon ratio 

Highly oxygenated and hydrogen-poor biomass intermediates such as sugar and cellulosic biomass have 

low Heff/C ratios. Glucose has an Heff/C ratio of zero meaning that all hydrogen in the substrate is 

consumed by its abundant oxygen atoms. When the most common biofuel intermediates as well as 

target drop-in diesel molecules are listed along with their Heff/C ratios in a άstaircaseέ depiction, (Figure 

1-10) it is apparent that, the wider the gap between Heff/C of a feedstock and a target product molecule, 

the more processing and hydrogen input efforts (άstepsέ) that have to be taken to reach a target drop-in 

biofuel H/C situated at the top of the staircase. Thus, for example, a lipid feedstock used by the 

oleochemical drop-in biofuel platform will be favoured over a lignocellulosic biomass feedstock for drop-

in biofuel production (Forsberg, 2009).  

!ƭǘƘƻǳƎƘ ǘƘŜ άǎǘŀƛǊŎŀǎŜέ ŀƴŘ Ieff/C concept (depicted in Figure 1-10) are useful "rules of thumb" to help 

assess the suitability of "biomass materials" as feedstocks for drop-in biofuels, these concepts need to 

also consider biomass intermediates that are rich in both hydrogen and oxygen. These types of 

intermediates include monoalcohols such as ethanol and butanol which, although they have a Heff/C 

ratio of 2, are still too oxygenated to be considered as drop-in biofuels. Other intermediates such as 

lignin, although less oxygenated than sugars, are still several steps away from the drop-in Heff/C target of 

2. Typically, alcohol feedstocks have been used in in less conventional processes such as alcohol-to-jet 

fuel processes (discussed further in Chapter 5). In these processes, although the alcohols benefit from a 

high Heff/C ratio they still need to be further deoxygenated (e.g. by using more hydrogen inputs) in order 

to produce hydrocarbons that are oxygen-free and suitable as drop-in biofuel blendstocks. It should also 

be noted that if these alcohol and lignin feedstocks are derived from biomass they will also require some 

type of pre-processing before they are available. 

 

As the source, sustainability and cost of hydrogen will likely play an important role in any future drop-in 

biofuel sector it is worth discussing how hydrogen is currently produced and used in the oil and gas 

based industries.   
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Figure 1-10: The effective Hydrogen to Carbon ratio άstaircaseέ 

 

1.8 Hydrogen in the petroleum Industry 

It is apparent that the commercialization of drop-in biofuels will be heavily dependent on the availability 

and price of hydrogen (H2) inputs in order to elevate biomass H/C ratios. Thus, it is important to better 

understand the market trends and potential competition for this key resource. The current major global 

use of industrial grade hydrogen is for petroleum refining and ammonia fertilizer production. In the 

petroleum industry hydrogen is used to decontaminate (desulfurize and άŘŜƴƛǘǊƻƎŜƴƛȊŜέ) crude oil and 

to upgrade (άcrackέ) heavy oils to make lighter fuel products. Currently, and for the foreseeable future, 

the petroleum industry is and will be constrained by hydrogen availability due to the increasing need for 

hydrogen to upgrade crude oils of decreasing quality to satisfy market demand for increasingly pure and 

light petroleum products. 

1.8.1 Declining quality of crude oil 

Crude oil is not a homogeneous or consistent feedstock. Petroleum quality varies considerably between 

regions and over the lifetime of a reserve. The dŜƴǎƛǘȅ όŜȄǇǊŜǎǎŜŘ ŀǎ ǘƘŜ ά!Ƴerican Petroleum Institute 
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ό!tLύ ƛƴŘŜȄέύ and sulfur content (expressed as % wt) are the most commonly quoted crude oil quality 

parameters and they are viewed as approximate estimations of carbon content and energy content 

(heating value). Good quality oil is characterized as άlightέ (low density, high API) and άsweetέ (low 

sulfur content) (Bunting et al., 2010). 

Recent trends show crude oil feedstock decreasing in quality over time as it averages sourer (high sulfur) 

and heavier indices. For example, over the last 15 years, US refineries have been processing increasingly 

heavy and sour crude oil. For the oil industry, these trends translate to higher energy use and GHG 

emissions per unit of crude oil processed. In the US, the average energy consumption per crude oil 

processed has increased by more than 50% from 2001 to 2011 (S&T2, 2013). This trend of decreasing 

crude oil quality is expected to continue and, as shown in Figure 1-11, any forecasted growth in global 

oil reserves to the year 2020 has been projected to come from sour, heavy or acidic (high total acid 

number or TAN) crudes (US EIA, 2006). It is likely that refiners will have to adapt by utilizing more 

complex unit operations and using higher energy and hydrogen inputs to process these crudes 

  

 

Figure 1-11: Purvin & Gertz forecast for world crude oil quality  
(Source: data from US EIA, 2006) 
 

Oil refineries upgrade heavy crude oil to light products (such as naphtha) by hydrocracking the heavier 

distillates, thus increasing the hydrogen input requirements of the refining facility. Cracking of heavy 

petroleum fractions can also be performed in catalytic crackers, which require no hydrogen inputs. 
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However, catalytic crackers convert a significant proportion of the feedstock to tar residues which 

translates to lower conversion yields. Thus, this approach is not favoured, especially when crude oil 

prices are high (generally above $60/bbl) (US EIA, 2007). This hydrogen vs yield dilemma has also been 

discussed in the context of upgrading biomass to drop-in fuels and it will be an interesting, common 

challenge for both petroleum and biomass refineries. (Oil refining operations are described in further 

detail in Section 1.9). 

Oil sands are among the heaviest crudes currently being processed within the global pool of petroleum 

reserves. Oil sŀƴŘǎ ŀǊŜ ǊŜƭŀǘƛǾŜƭȅ άȅƻǳƴƎέ ƻƛƭ ŘŜǇƻǎƛǘǎ that are tightly trapped between geological 

sediments. They comprise a mixture of heavy bitumen oil and sand that requires high energy inputs to 

process ς for extraction, separation and refining ς to finished fuels. To give some sense of the scale of 

operations for oil sands utilization, AlbertaΩǎ ǇǊƻŘǳŎǘƛƻƴ is projected  to increase from a current level of 

approximately 1.5 million barrels/day of synthetic crude oil (cf. world daily demand is 90 million barrels 

(IEA, 2011)) to 3.5 million barrels a day by 2020 (Alberta Government, 2007). From an emissiƻƴǎΩ 

perspective, oil sands extraction and refining result in significantly higher impacts than does the 

production of conventional liquid petroleum fuels. According to the US National Energy Technology 

Laboratory, Canadian Oil sands WTT (well to tank) GHG emissions amount for about 34 kg CO2 

equivalent/ MMBtu LHV (Low Heating Value) diesel, which is more than double that of the benchmark 

crude oil WTI (Western Texas Intermediate) (Gerdes & Skone, 2009). 

Coal to liquid (CtL) conversion to make transportation fuel is another fossil-based alternative that has 

been used during situations where access to petroleum has been restricted. CtL has been categorised as 

the production of Synthetic Liquid Hydrocarbons (SLH), indicating that these liquid hydrocarbons have 

been synthesized from non-liquid hydrocarbon sources (e.g. coal or natural gas). This technology can 

produce functional equivalents to jet, diesel and gasoline and relies on catalytically condensing syngas to 

hydrocarbon liquids, a process widely known as Fischer-Tropsch (FT) synthesis. The liquids resulting 

from the FT process vary in properties and the process can be optimised to produce products fit ting 

gasoline jet or diesel fuel specifications. The chemistry of these liquids differs from traditional petroleum 

fuels in that they contain fewer aromatics and therefore are generally better suited for blending with 

heavier distillates (diesel and jet) than gasoline.  

The company South Africa Synthetic Oil Ltd. (Sasolύ ƛǎ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ /ǘ[ manufacturer with 

extensive experience stretching back to the 1950s as a consequence of South Africa having abundant 
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coal and limited petroleum resources (Bauen et al., 2009). In their Ctl process, coal is gasified and the 

resulting gas (syngas) catalytically condensed to liquid fuels. {ŀǎƻƭΩǎ Ŏƻŀƭ-to-liquid plant in Secunda, 

South Africa has increased production up to its current processing capacity of 40 million metric tonnes 

of coal per year being used to produce approximately 150,000 barrel oil equivalents  (on an energy 

basis) of liquid hydrocarbon fuels per day. In 2009, after a 7 year certification process, ASTM approved 

{ŀǎƻƭΩǎ ǎŜmisynthetic jet fuel blends (containing 50% coal-derived and 50% petroleum-derived) (Bauen 

et al., 2009).  

In a related area, the US Navy and Air Force both have prioritized the procurement of Synthetic Liquid 

Hydrocarbons (SLH) as a means to reduce reliance on petroleum imports (SAFN, 2012). In 2006, the US 

Air Force initiated testing of FT-jet fuel blends in all aircraft types. However, the Energy Independence 

Security Act of 2007 banned the procurement of fuels that are more carbon intensive (higher GHG 

emissions) than existing petroleum fuels. This Act essentially precluded coal-derived FT liquids from US 

vehicles due to their high GHG emissions (Bauen et al., 2009). Unless options such as Carbon Capture 

and Storage (CCS) can be employed, low-emissions biomass-derived SLH will likely be only alternative 

fuel choice using this type of conversion technology. 

 It is likely that unconventional sources of refinery feedstock such as heavy oil, oil sands and coal 

liquefaction will increase the environmental and economic costs of producing current transportation 

fuels. These άless than idealέ Ŧƻǎǎƛƭ feedstocks are generally hydrogen deficient and, just like biomass 

feedstocks, have much lower hydrogen to carbon ratios than άhigh quality ŎǊǳŘŜǎέ ǎǳŎƘ ŀǎ Saudi Arabian 

light and sweet. Similarly to the previously described άstaircaseέ arrangement, fossil feedstocks can also 

be compared for their relative processing and hydrogen requirements with an H/C staircase (Figure 

1-12). Coal, which has an H/C ratio of about 0.5 requires 3 times more hydrogen inputs than do lighter 

crudes which have an H/C ratio of about 1.5 (Forsberg, 2005). These numbers indicate that there is a 

near linear relationship between H/C ratio and hydrogen requirements regardless of the type of 

feedstocks to be converted to finished fuels.  This linear relation is a recognised rough-rule-of-thumb 

used by the petroleum refining industry but it has to be adapted to account for the presence of 

heteroatoms such as sulfur and nitrogen, which, just like oxygen, consume hydrogen during upgrading 

and refining (Forsberg, 2005).   
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Figure 1-12: The hydrogen to carbon άstaircaseέ for fossil fuel feedstocks 

 

1.8.2 Demand for low sulfur and light petroleum products 

As petroleum reserves become heavier and sourer, an opposing trend is occurring in petroleum markets 

where increasingly light and low-sulfur products are in demand. Globally, light products and particularly 

middle distillates (the main blendstock for jet fuel and diesel) are in increasingly higher demand than 

heavier fractions such as fuel oil and bunker fuels. The increase in demand for prime quality 

transportation fuels is mainly a result of the increased demand for long distance transportation fuels (in 

non-OECD countries in particular) and the tightening sulfur emission regulations in road and marine 

transport (in OECD countries especially).  

While electric and natural gas vehicles are proposed as alternatives to petroleum-based light duty 

vehicles, these alternatives are not viable for longer distance transportation modes such as air travel 

and shipping. These latter, more inelastic and oil-dependent sectors are also where most of future 

petroleum fuel demand growth is expected to occur. Another long distance transportation mode that is 

projected to grow is truck/lorry freight transport, particularly in emerging non-OECD (Organization for 

Economic Cooperation and Development) economies such as China and India. In these countries 
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domestic trade is now growing faster than export trade and goods are increasingly transported by road 

rather than by air or sea (IEA, 2012).  

The petroleum feedstock used to make diesel fuels as well as higher grade heating oil and bunker fuels is 

the άmiddle distillatesέ petroleum fractions. Demand for middle distillates, more commonly called 

gasoil, is expected to grow exponentially over the next few decades as current fuel substitution trends 

increase, including fuel switching from gasoline to diesel, from heating oil to natural gas/electricity and 

from bunker fuels to higher quality marine gasoil. All of these trends, sometimes collectively referred to 

as the άdieselificationέ trend, favour increased diesel and gasoil production. According to the IEA (2011), 

gasoil alone accounts for almost 40% of total forecast growth in oil demand through to 2016 while its 

share of total petroleum product demand will climb steadily to 30% by the same year. The overall 

tendency for markets to grow mostly around the middle part of the barrel (middle distillates) is 

illustrated in Figure 1-13, where the demand growth for middle distillates is clearly evident. In 

aggregate, this growth represents 46% of the total demand growth through to 2017.  During the same 

time period, heavy fuel oil demand is expected to show no or negative growth.      

 

Figure 1-13: World oil demand by product, 2010-2017  
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(Source: IEA, 2012b) 
Tightening fuel emission regulations are the second factor that will drive increased demand for light and 

low sulfur petroleum fractions as opposed to heavier and more sour fractions. Sulfur emission limits 

continue to be reduced, particularly for road and marine transport applications (IEA, 2011a; IMO, 2012). 

Bunker fuels, once thought of ŀǎ ǘƘŜ ǊŜŦƛƴƛƴƎ ǎŜŎǘƻǊΩs άsink holeέ for the lowest quality refinery fractions, 

are now also tightly regulated for their sulfur emissions by the ¦bΩǎ International Maritime Organization 

(IMO), as described in the International Convention for the Prevention of Pollution from Ships 

(MARPOL). a!wth[Ωǎ Annex VI, in force since 2010, Ƙŀǎ ŦƻŎǳǎŜŘ ƻƴ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ά{ǳƭŦǳǊ 

9Ƴƛǎǎƛƻƴ /ƻƴǘǊƻƭ !ǊŜŀǎέ (SECAs) in high traffic European jurisdictions such as the Baltic and North Seas. 

Other SECAs have been designated in North America (in effect since August 2012) and even more are 

expected to be introduced in high shipping traffic hot spots in South American and the Pacific Rim (IEA, 

2011a; IMO, 2012). In practice this means that, when operating within a SECA, a ship must only burn low 

sulfur fuels. Annex VI has been ratified by 63 countries, which account for some 90% of the gross 

ǘƻƴƴŀƎŜ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƳŜǊŎƘŀƴǘ ŦƭŜŜǘΦ ¢ƘŜ fuel sulfur content limits under MARPOL are currently 1 wt% 

in SECAs and 3.5% outside SECAs. These limits are to be further decreased over the next decade to 0.1% 

in SECAs by 2015 and to 0.5% worldwide by 2020-2025, to the extent of sufficient availability of 

compliant low sulphur fuels (IEA, 2011a; IMO, 2012).    

Sulfur emission control is also being applied to road transport as indicated by the fuel specification 

trends in national fuel standards, particularly in the EU and the US. In the EU, the specifications for 

maximum allowable sulfur in diesel (EN 590) dropped from 2000 ppm in 1994 to 10 ppm in 2009. Similar 

trends have been observed in the US where, as shown in Figure 1-14, maximum allowable sulfur 

contents of fuels have dropped over the last decade from hundreds to thousands of ppm down to only a 

few ppm for all types of gasoline and diesel fuels (US EIA, 2006).       

Interestingly, the aviation sector has always been exempt from fuel emission regulations and the sulfur 

limits in aviation fuels can be as high as 3000 ppm although, in practice, jet fuel sulfur levels currently 

average only about 600 ppm worldwide (King, 2012). On the other hand, a recent analysis concluded 

that although desulfurizing jet fuels would reduce health impacts, it would increase these fuelsΩ climate 

impact (because of removing cooling sulfate particles) and thus the costs and benefits came out to be 

broadly even (Gilmore et al., 2011). It is also likely that low maximum sulfur specifications for all other 

fuels will at least indirectly affect the sulfur content of jet fuels. For example high-sulfur jet fuel suppliers 
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may have to find alternative distribution systems if pipeline operators, concerned about sulfur 

contamination to diesel and gasoline, stop accepting high-sulfur fuels (US EIA, 2006). 

 

Figure 1-14: Sulfur Content Specifications for U.S. Petroleum Products, 1990-2014 
(Source: US EIA, 2006) 
 
In summary, the combination of declining crude oil quality and increasing demand for lighter and more 

refined petroleum based fuels will create a need for increased, global crude oil upgrading capacity. As a 

result and as described in the next section, large amounts of hydrogen are going to be required. 

 

1.9 Oil refining basics (emphasis on hydrotreating and hydrocracking) 

As oil refineries will increasingly have to adapt to hydrogen consuming processes, the following section 

provides a brief overview of oil refining basics with emphasis on hydrotreatment and hydrocracking and 

their role in removing sulfur from sour crude oils and in άcrackingέ heavy crudes to lighter products.  

1.9.1 Crude oil 

Crude oil is organic material which has been converted to a carbon-rich liquid over millions of years, 

under conditions of high temperature/pressure in between geological sediments. It comprises a mixture 

of hundreds of hydrocarbon molecules ranging in size (1 to 300 carbon atoms) and structure. In terms of 

structure, the hydrocarbon molecules that constitute crude oil are generally classified as: 

¶ Paraffins (e.g., n-octane, n-cetane, CnH2n+2) 
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¶ Isoparaffins (or branched alkanes, e.g., isocetane, CnH2n+2) 

¶ Olefins (e.g., ethene, CnH2n) 

¶ Cyclic paraffins (cycloalkanes or naphthenes are alkanes containing one or more saturated 

carbon atom rings) 

¶ Aromatics (hydrocarbons containing one or more benzene rings) 

Impurities such as sulfur, nitrogen and metals are also present in crude oil. 

1.9.2 Oil refining 

Oil refining refers to a complex system of industrial processes which converts crude oil to fuel grade 

liquids and value-added products such as chemicals and polymers/plastics. The simplest refinery process 

can be thought of as one where crude oil is heated and the different fractions collected and cooled to 

form (from lightest to heaviest) liquefied petroleum gas, gasoline, naphtha, kerosene, gas oil and fuel 

oil. The conversion entails a number of processes which fall under the three main categories of 

distillation, upgrading and blending. As simplified in Figure 1-15, and starting from the left side of the 

figure, ŀ άƎŜƴŜǊƛŎέ ƻƛƭ ǊŜŦƛƴŜǊȅ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ distillation unit, which fractionates crude oil into product 

streams (also known as άcutsέ) according to their boiling point ranges. The lighter cuts (lower boiling 

point fractions) such as naphtha ŀƴŘ άǎǘǊŀƛƎƘǘ Ǌǳƴ ƎŀǎƻƭƛƴŜέ are typically used for gasoline grade fuels 

while the extremely light, mostly gaseous cuts όǎƘƻǿƴ ŀǎ άƭƛƎƘǘ ŜƴŘǎέ ƛƴ Figure 1-15) are used for more 

value-added products. For example, light olefins (e.g., ethylene) and light aromatics (e.g., xylene) which 

are recovered near the top of the distillation column, are precursors to a number of high value polymer 

and plastics such as polyethylene and polyurethane. The middle streams from the distillation tower 

(after desulfurization) such as kerosene and gas oil are used for jet and diesel fuels respectively. These 

ƳƛŘŘƭŜ ǎǘǊŜŀƳǎ ŀǊŜ ŀƭǎƻ ŎƻƭƭŜŎǘƛǾŜƭȅ ƪƴƻǿƴ ŀǎ άƳƛŘŘƭŜ ŘƛǎǘƛƭƭŀǘŜǎέ. The heavier, higher boiling point 

streams go to residual fuel (which forms part of marine and heating fuel blends) or are sent to cracking 

facilities such as hydrocracking and Fluid Catalytic Cracking (FCC) units, to be upgraded to lighter, higher 

value products. The vacuum distillation tower is able to process extremely heavy residue into lighter, 

FCC feed and to heavier, coker feed. Cokers yield lighter FCC feed and very heavy and dense coke 

suitable as combustion fuel and typically used for power generation (US EIA, 2007).  
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Figure 1-15: Simplified diagram of an oil refinery 
(Source: adapted from US EIA, 2007) 

 

Downstream from the distillation tower are all the upgrading units which perform the three main 

functions of: a) breaking apart heavy, low-valued molecules into lighter more valuable streams; b) 

rearranging molecules to improve performance or emission specifications (e.g. reforming gasoline cuts 

to boost their octane rating); and c) removing undesirable materials such as sulfur and other impurities. 

The upgrading units represent the biggest capital expense in a refinery. They are also costly to run as 

they operate at high pressures and often use catalysts and large amounts of hydrogen inputs (Figure 

1-15). Hydrocrackers, hydrotreaters and FCCs are key unit operations for upgrading the increasingly 

marginal oil feeds. They are also important units to consider in the current study because they dictate 

the hydrogen demand of the refinery and are a possible άƛƴǎŜǊǘƛƻƴ Ǉƻƛƴǘέ ŦƻǊ upgrading of drop-in 

biofuel intermediates to deoxygenated hydrocarbon fuel blendstocks. Blendstock is a term used to 

describe a fuel stock that is transported to blending terminals where they are mixed to produce finished 

fuels meeting specific market specifications. 

1.9.3 Fluid Catalytic Cracking (FCC) 

The fluid catalytic cracking (FCC) unit is predominantly a gasoline production unit and typically supplies 

roughly 50% of the gasoline produced in a standard refinery. FCC units crack heavy molecules to mostly 

Crude 
oil  

        D
istilla

tio
n

           
 

to
w

e
r 

Vacuum 
unit 

Light ends 

Heavy ends 

Reformer 
Gasoline 

Jet 

Hydrotreatment 
Diesel, Jet 

Hydrocracker 
Diesel, Jet 

Gasoline 

Fluid 
catalytic 
cracking 

Coker Coke 

Hydrotreatment 
Gasoline 

Diesel, Jet 

P
ro

d
u

ct b
le

n
d

in
g 

DISTILLATION (CATALYTIC) UPGRADING BLENDING 

Naphtha 

Kerosene, 
Gas oil 

Fuel oil 

Gasoline 



ά¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ŘǊƻǇ-ƛƴ ōƛƻŦǳŜƭǎέ L9! .ƛƻŜƴŜǊƎȅ ¢ŀǎƪ оф  
ISBN: 978-1-910154-07-6 (electronic version) 

July 2014             44 

 

gasoline and some middle and heavy distillates. They do not use hydrogen and, as a result, higher 

amounts of coke are formed on the surface of the catalysts. Therefore, an operating FCC always has a 

regenerator attached to it (Figure 1-16) where the coke on the spent catalyst is burned off and the 

regenerated catalyst is re-injected into the main reactor. Since biomass substrates also deposit a lot of 

coke on catalysts, the FCC configuration outlined in Figure 1-16 is also popular in pyrolysis-type 

thermochemical conversions of biomass to drop-in biofuels.   

Due to the global reduction in demand for gasoline and increasing demand for diesel, the need for more 

FCC units, which are predominantly gasoline producing units, is declining. Even ƛƴ ǘƘŜ ¦{Σ ǘƘŜ ǿƻǊƭŘΩǎ 

ōƛƎƎŜǎǘ ŎƻƴǎǳƳŜǊ ƻŦ ƎŀǎƻƭƛƴŜ όōƻǘƘ ƛƴ ŀōǎƻƭǳǘŜ ǾƻƭǳƳŜǎ ŀƴŘ ŀǎ ŀ ǎƘŀǊŜ ƻŦ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ǘƻǘŀƭ 

transportation fuel mix), FCC use is declining and about 20% of the FCC units in US refineries are 

currently idle (US EIA, 2013). It should also be noted that their decommissioning is expensive. Thus, this 

situation may represent an opportunity for thermochemically based drop-in biofuel processes, such as 

pyrolysis, to better utilize idle FCC units. However, as discussed in more detail in chapter 3, this comes 

with several logistic and processing challenges. 

 

Figure 1-16: Simplified representation of a fluidized catalytic cracker 
(Adapted from Corma et al., 2007) 
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1.9.4 Hydrotreating 

Hydrotreating is a hydrogen consuming process that removes sulfur and other impurities from 

petroleum product streams. The process involves high temperatures and pressures as well as specialized 

catalysts. During hydrotreatment, the hydrogen reacts with the sulfur to form hydrogen sulfide gas 

which is then sent to the sour gas treatment unit of the refinery.  The reactors are mostly fixed bed units 

and the catalysts are usually cobalt or molybdenum oxides or alumina. However, they can also contain 

nickel and tungsten (US EPA, 1995). Catalysts are replaced or regenerated at an offsite facility after 

months or years of operation. Hydrotreating facilities range in size between 50,000-150,000 bpd (barrels 

per day) and, depending on the quality of the feed, their hydrogen consumption can range between 7 

and 285 Nm3/barrel (bbl), pressures between 0.7 and 15.5 MPa and temperatures between 300 and 450 

°C. Heavy and high sulfur feeds require the use of the top range of these conditions to be fully 

desulfurized (J. Speight & Özüm, 2002). Hydrotreating is also used to remove nitrogen impurities in a 

process known as HDN (hydrodenitrogenisation). However, HDN is typically a minor side reaction within 

HDS as nitrogen impurities are typically only present at low levels in petroleum liquids. 

1.9.5 Hydrocracking  

As the name implies, hydrocracking is a hydrogen-adding process which breaks apart low value, heavy 

petroleum molecules to high value light molecules. A simplified depiction of the process is shown in 

Figure 1-17. Hydrocracking can be viewed as a more severe form of hydrotreating. In a refinery the main 

function of this unit operation is to process the low quality heavy distillates obtained from the 

distillation tower, the FCC and coker units, and to convert them to desulfurized finished fuels (mostly for 

diesel and jet applications). In the emerging world of increasing fractions of heavier and more sour 

crude oils where low sulfur fuels are mandated and demand growth is predominantly in the diesel and 

jet fuel markets, hydrocracking will play an increasingly pivotal role as modern oil refineries adapt 

operations to meet emerging market fuel trends.   
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Figure 1-17: Simplified depiction of a hydrocracking reaction 
(adapted from {ƻǘŜƭƻ-.ƻȅłǎΣ ¢ǊŜƧƻ-½łǊǊŀƎŀΣ ϧ IŜǊƴłƴŘŜȊ-Loyo, 2012) 
 

Hydrocrackers operate under very high pressures (1200 to 2000 psig) and most catalysts consist of a 

crystalline mixture of silica-alumina with small amounts of noble metals such as platinum and palladium. 

These catalysts are typically regenerated offsite every 2-4 years and they are sensitive to water and 

heteroatom impurities such as sulfur and nitrogen. Water is usually removed by passing the feed stream 

through silica gels or molecular sieves prior to feeding to the hydrocracker. Sulfur and other impurities 

are often removed by hydrotreating the feed stream prior to feeding (US EPA, 1995).  An average 

hydrocracker has the capacity to process about 60,000 barrels of feed per day. It consumes about 57 

Nm3/bbl of hydrogen and costs over USD 400 million to build (Gary et al., 2007).  

 

1.10 Hydrogen demand in the oil industry 

As has been documented, hydrogen will be increasingly required to convert heavy and sour crude oil to 

high value, low sulfur finished fuels. Thus, hydrogen demand for oil processing will continue to increase 

and the sector will continue to be ǘƘŜ ǿƻǊƭŘΩǎ ōƛƎƎŜǎǘ ǳǎŜǊ ƻŦ ƛƴŘǳǎǘǊƛŀƭ ƎǊŀŘŜ ƘȅŘǊƻƎŜƴ (Levin & 

Chahine, 2010; Mohamed et al., 2011). Hydrotreating capacity in the US alone is expected to double by 

2030 to 27 million barrels a day, from 14 million barrels a day in 2004 (Figure 1-18). This doubling of 
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hydrotreating capacity will be associated with an equal increase in hydrogen demand to supply US 

petroleum refineries. 

 

 

Figure 1-18:  Hydrotreating capacity in the US  
(Source: US EIA, 2006) 
 

 

1.11 Hydrogen generation in oil refineries 

Currently, most refineries produce hydrogen onsite using steam reforming of methane (SMR). The two 

main reactions involved in this conversion are: 

CH4 + H2h  Ҧ /h Ҍ оI2 

 
CO + H2h  Ҧ /h2 + H2 
 

In the first reaction, methane reacts with high temperature steam to form syngas (CO and H2). In the 

second reaction (also called the άǿŀǘŜǊ-Ǝŀǎ ǎƘƛŦǘέ Ǌeaction) the CO produced from the first reaction is 

converted to hydrogen. The methane is usually derived from natural gas, although sometimes the 

refinery off-gases can also be used as a source of methane and CO to feed the hydrogen-producing 
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reactions. A typical refinery steam reformer can process about 65,000 m3/h of natural gas and costs 

around USD 200 million to build (Muellerlanger et al., 2007). 

As mentioned earlier, refineries that have limited access to natural gas may gasify some of the residual 

crude oil cuts to make hydrogen. However, this is a highly energy intensive process and the use of a 

petroleum feedstock to make hydrogen as opposed to natural gas is unlikely given the current trends of 

increasing oil prices and dropping natural gas prices. The price of natural gas has been declining for the 

last few years (Figure 1-19) and with the ongoing exploration and use of new technologies to help 

ŜȄǘǊŀŎǘ άunconventionalέ natural gas (e.g. shale gas) this low price is expected to continue for some 

time. Over the same time, as shown in the graph (Figure 1-19), the price of crude oil has increased, thus 

further increasing the cost differential between the two fuel commodities. 

 

 

Figure 1-19: Crude/Natural gas price differentials  
Source: Data from (IndexMundi, 2013)  
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1.12 Hydrogen use in the ammonia fertilizer industry  

While oil refining utilises the largest amounts of hydrogen, the ammonia fertilizer industry is the second 

largest global consumer of hydrogen. Demand for fertilizer continues to increase and prices for most 

agricultural commodities are currently at record highs (the FAO food index has increased from 100 units 

in 2003 to 250 units in 2013). Diets in countries such as China and India are becoming more 

άwesternizedέ, resulting in an increased demand for fertilizer. Ammonia, the most widely produced 

fertilizer commodity in the world, is produced by chemically reducing atmospheric molecular nitrogen 

(N2) to ammonia gas by reacting it with hydrogen. The hydrogen (gas) typically comes from steam 

reforming natural gas. Thus, natural gas is one of the most critical feedstocks for the ammonia industry.  

The global capacity for ammonia manufacturing was 161.3 million tonnes (on a nitrogen basis) in 2011 

and it is expected to reach 182.2 by 2016 (Food and Agriculture Organization (FAO), 2012). Most of the 

capacity growth is expected to be in Asian countries, mainly in Southeast Asia while significant growth is 

also expected in Eastern Europe.  

 

1.13 Biomass as a source of hydrogen 

!ƭǘƘƻǳƎƘ ƳƻǊŜ ǘƘŀƴ фл҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƛƴŘǳǎǘǊƛŀƭ ƘȅŘǊƻƎŜƴ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ǎǘŜŀƳ methane reforming 

(SMR) from fossil natural gas, there are numerous technologies for producing hydrogen from renewable 

resources.  For biomass conversion processes, the most available resource from which to derive the 

renewable hydrogen is the biomass itself. The most effective way of making hydrogen from biomass is 

to use gasification followed by steam reforming of the resulting syngas. However, this process is less 

than half as efficient (on an energy basis) as the conversion of natural gas to hydrogen, which 

approaches efficiencies of about 90%. Holladay et al. (2009) reviewed the efficiencies of technologies 

related to hydrogen production from both fossil and renewable biomass resources. They concluded that 

the efficiency of natural gas steam methane reforming is excellent. The same report described how all 

fossil-based technologies will continue to be more efficient than renewable hydrogen technologies for 

the foreseeable future. In related work, when Lau et al. (2003) performed a techno-economic analysis to 

compare the cost of hydrogen derived from the gasification of either bagasse, switchgrass or palm 

nutshell with that of natural gas (Figure 1-20) it was only competitive at a very large scale.  
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Figure 1-20: Estimated Cost Hydrogen Production from Biomass and Natural Gas Feedstocks 
(Source: Lau et al., 2003) 
 

From these estimates, it can be concluded that, at the current natural gas prices of about $4/GJ, a 1000 

t/day bagasse-to-hydrogen facility would generate hydrogen that would cost almost twice as much as 

that derived from natural gas. This cost disparity is even more problematic when the average cost of 

biomass, which was $30/dry tonne (dt) for this study, is considered. Most recent techno-economic 

analyses estimate much higher biomass costs, in the range of $60-75/dt or higher. Most studies 

acknowledge that using biomass to produce hydrogen is a not an ideal option in terms of energy 

efficiency and associated GHG savings (Levin & Chahine, 2010).  

It is apparent that a key challenge for developing drop-in biofuels will be finding cheap, sustainable 

sources of hydrogen. However, there is an opportunity to develop enhanced compatibility and 

leveraging opportunities with the current oil refinery infrastructure. It is also clear that long distance 

transportation such as aviation, shipping and trucking has few alternative options other than liquid 

biofuels.  A key consideration will be the efficiency of the conversion processes used to deoxygenate 

biomass feedstocks. The trade-offs that will be encountered and the production and process challenges 

for each of the drop-in biofuel options are reviewed in the next section of the report.   
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CHAPTER 2: THE OLEOCHEMICAL PLATFORM  
 

aƻǎǘ άŘǊƻǇ-ƛƴέ ōƛƻŦǳŜƭ ŘŜƳƻƴǎǘǊŀǘƛƻƴǎ ǘƻ ŘŀǘŜ ƘŀǾŜ ǳǎŜŘ ƳŀǘŜǊƛŀƭ ŘŜǊƛǾŜŘ ŦǊƻƳ ƻƭŜƻŎƘŜƳƛŎŀƭǎΦ ¢ƘŜ 

oleochemical platform is based on lipid feedstocks such as vegetable oils or other bio-derived fats such 

as tallow and algal oils. These lipid based feedstocks have been the pioneers in the manufacture and 

demonstration of drop-in biofuels primarily because they contain low amounts of oxygen and have a 

high hydrogen-to-carbon (Heff/C) ratio ς they are already close to drop-in fuels ς compared to sugar or 

ŎŜƭƭǳƭƻǎƛŎ ŦŜŜŘǎǘƻŎƪǎΦ /ƻƴǾŜƴǘƛƻƴŀƭ ƭƛǇƛŘ ōŀǎŜŘ ōƛƻŦǳŜƭ ƪƴƻǿƴ ŀǎ άōƛƻŘƛŜǎŜƭέ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ŜǎǘŜǊƛŦƛŎŀǘƛƻƴ 

of triacyl glycerides (TAGs) to produce fatty acid methyl esters (FAME). However, biodiesel is not fully 

compatible with existing petroleum infrastructure. A further hydroprocessing step is required to convert 

lipids into deoxygenated hydrocarbon drop-in biofuels typically known as hydrotreated esters and fatty 

acids (HEFA). This hydrogen-requiring process represents the only route to date that has been used to 

deliver commercially meaningful amounts of drop-in biofuels. As noted earlier, HEFA biofuels have been 

the main aviation biofuel used for test flights carried out by the US Navy and many commercial airlines.  

 

2.2 Process overview 

2.2.1 Conventional oleochemical-based biofuel (esterified fatty acids) 

As shown in Figure 2-1, the esterification of vegetable oils or other bio-derived fats to make biodiesel 

involves the reaction of a TAG lipid with methanol in presence of a base, such as NaOH, or acid, such as 

H2SO4, to form FAME and produce glycerol as a by-product. This conversion is relatively simple and, 

unlike HEFAs, there is no requirement for specialized catalysts or hydrogen (H2) or for high pressures 

and temperatures. Rather, production of FAME can be performed at various scales ranging from small 

άōŀŎƪȅŀǊŘ-ǘȅǇŜέ ǳƴƛǘǎ ŀƭƭ ǘƘŜ ǿŀȅ ǘƻ ƭŀǊƎŜ ǎŎŀƭŜ ōƛƻŘƛŜǎŜƭ-manufacturing facilities such as the 100 million 

gallon per year (380 MLPY) Imperium Renewables biodiesel facility in Washington State, USA. 

 

http://www.imperiumrenewables.com/index.html
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Figure 2-1: Triglyceride to Biodiesel (FAME) reaction 

 

The major disadvantage of FAMEs when compared to HEFAs is ǘƘŀǘ ǘƘŜȅ ŀǊŜ ƴƻǘ ŀ άŘǊƻǇ-ƛƴέ ōƛƻŦǳŜƭΦ !ǎ 

is shown in Figure 2-1, there is still an appreciable amount of oxygen present in the final FAME product 

and this imparts polar and hydrophilic chemistry that inhibits full compatibility with existing fuel 

infrastructure: a) it contains a lower energy content than oxygen-free hydrocarbon fuels; b) has a higher 

cloud point temperature which limits the applicability of the fuel in cold climates; c) reacts with water 

and can contaminate petroleum blends; d) reacts with metal surfaces and sticks to them and/or causes 

corrosion; and e) reacts with itself which reduces fuel storage life. When the properties of petroleum 

diesel and biodiesel are compared (Table 2-1) most of the biodiesel deficiencies are directly or indirectly 

related to its oxygen content, although the lower sulphur content of biodiesel is an exception and is one 

of the few advantages biodiesel has over petroleum-derived diesel. Aromatics are missing from all 

oleochemically derived biofuels (both HEFA and FAME) except tall oil.  
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Table 2-1: Properties of HEFA petroleum diesel and FAME biodiesel. 

Properties 
HEFA  

Renewable Diesel 

Fossil Diesel EN 590 

(summer 

grade) 

FAME Biodiesel 

(from rape 

seed oil) 

Density at 15 °C (kg/m3) 775 - 785  835 885 

Viscosity at 40 °C (mm2/s) 2.5 - 3.5 3.5 4.5 

Cetane number 80 - 99 53 51 

Distillation range (°C) 180 - 320 180 - 360 350 - 370 

Cloud point (°C) ҍ5 to ҍнр ҍ5 ҍ5 

Heating value, lower (MJ/kg) 44.0 42.7 37.5 

Heating value, lower (MJ/L) 34.4 35.7 33.2 

Total aromatics (wt-%) 0 30 0 

Polyaromatics (wt-%) (1) 0 4 0 

Oxygen content (wt-%) 0 0 11 

Sulfur content (mg/kg) < 10 < 10 < 10 

Lubricity HFRR at 60 °C (mm) < 460(2) < 460(2) < 460 

Storage stability Good Good Challenging 

(1) European definition including di- and tri+ -aromatics 
(2) With lubricity additive       
Source: (Aatola et al., 2008) 

 

Another critical yet often overlooked challenge of biodiesel is its limited compatibility with petroleum in 

ǇƛǇŜƭƛƴŜǎΦ .ƛƻŘƛŜǎŜƭ ǘǊŀƴǎǇƻǊǘŜŘ ǘƘǊƻǳƎƘ ŎƻƴǾŜƴǘƛƻƴŀƭ ǇŜǘǊƻƭŜǳƳ ǇƛǇŜƭƛƴŜǎ Ŏŀƴ ƳƛȄ ǿƛǘƘ ǘƘŜ άǿŀǘŜǊ 

ǇƭǳƎǎέ ǿƘƛŎƘ ŀǊŜ ƛƴǎŜǊǘŜŘ ƛƴǘƻ ǘƘŜ ǇƛǇŜƭƛƴe to separate different petroleum liquids from each other 

when they are transported through the same pipeline at different times. Biodiesel can also stick to 

pipeline walls and contaminate jet fuel plugs that follow. As current jet fuel specifications are very 

stringent, such a contamination risk prohibits the transport of jet fuel and biodiesel in the same 

petroleum pipelines. Biodiesel is typically transported via road/trucks, a practice that adds to the cost 

and carbon footprint of the fuel. However, Kinder Morgan Energy Partners (KMEP), one of the largest 

pipeline companies in North America, has successfully shipped biodiesel through its Plantation pipeline 

network located in the southeastern United States. In this case, jet fuel contamination was prevented 

due to the existence of a parallel pipeline that allowed jet fuel and FAME biodiesel to remain 
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segregated. The results of this trial were positive and, as of early 2010, KMEP allows the shipment of B2, 

B5, and/or B100 in over 8000 miles of pipeline (Bunting et al., 2010).  

 

Due to these compatibility concerns, and several other issues, biodiesel is seldom used neat or as a 

finished fuel (100% biodiesel or B100). To try to make use of the current infrastructure and motor 

engine compatibility, it is typically blended with conventional diesel at ratios of 5 or 7% volume (B5 or 

B7). Currently biodiesel is primarily used in road transportation while its use in jet fuel blends is strictly 

prohibited. 

2.2.2 Advanced oleochemical (hydrotreated lipids) 

Hydroprocessed Esters and Fatty Acids (HEFA) is the term used to describe drop-in biofuels that are 

produced by hydrotreating lipids derived from vegetable, algae and animal fats. To distinguish HEFA 

ŦǊƻƳ άōƛƻŘƛŜǎŜƭέΣ ǘƘŜ ǘŜǊƳǎ άƎǊŜŜƴ ŘƛŜǎŜƭέ ƻǊ άǊŜƴŜǿŀōƭŜ ŘƛŜǎŜƭέ ŀǊŜ ƻŦǘŜƴ ǳǎŜŘΦ !ƭǘŜǊƴŀǘƛǾŜ ŀŎǊƻƴȅƳǎ 

for HEFA renewable fuels include HRV (Hydrotreated Renewable Vegetable oils), HVO (Hydrotreated 

Vegetable Oils) and HRO (Hydrotreated Renewable Oils). Other common acronyms used to describe the 

type of HEFA used for jet fuels only are HRJ (Hydrotreated Renewable Jet fuel) and bio-SPK (bio-based 

synthetic paraffinic kerosene).  

 

Compared to other potential biofuel feedstocks such as sugars and cellulosic biomass, fats are the 

simplest to convert to drop-in biofuels because, as discussed earlier, they have low oxygen content and 

their chemistry is closer to a hydrocarbon than saccharides or lignins (i.e., their effective hydrogen to 

carbon ratio is closer to 2). Despite these benefits, the conversion of fats to HEFA entails significant 

capital costs as well as hydrogen inputs compared to the production of biodiesel (FAME). For example, 

the capital expenditure for a 2000 tpd HEFA facility, as modeled by Pearlson (2011), is about USD 

$2.6/gal ($0.7/L) of installed capacity and the hydrogen use is 3-4% by mass of feedstock compared to 

USD $0.8/gal ($0.2/L) and no hydrogen inputs for FAME as modeled by Marchetti et al. (2008) for the 

same size facility.  

  

Process chemistry 

Lƴ ŀ ǎǘŀƴŘŀƭƻƴŜ ŦŀŎƛƭƛǘȅΣ I9C!Ωǎ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ǇǊƻŘǳŎŜŘ ƛƴ ǘǿƻ ǎǘŀƎŜǎ όFigure 2-2) (Pearlson, 2011). During 

the first stage the fats are deoxygenated and their double bonds are saturated to create alkanes. The 
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second stage involves alkane isomerisation and cracking, bringing the biofuel to a quality specification 

that equals or surpasses specifications for conventional petroleum fuels or fuel blendstocks.  

 

 

Figure 2-2: Simplified Hydroprocessed Esters and Fatty Acids (HEFA) process depicting the 2 stages of 
hydroprocessing 

 

As depicted in Figure 2-3, during the first stage of HEFA production, a number of chemical reactions take 

place with some hydrogen initially used to saturate all of the carbon-carbon double bonds present in the 

triacyl glyceride (TAG). More hydrogen is added in the second reaction which removes the propane 

backbone of the TAG leaving 3 free fatty acids per TAG molecule. Finally the fatty acids are 

deoxygenated either with the addition of more hydrogen (hydrodeoxygenation, where oxygen leaves as 

H2O) or with the loss of carbon (decarboxylation, where oxygen leaves as CO2) resulting in the formation 

of alkyl chains. During hydrodeoxygenation (HDO) the alkyl chain length is typically preserved whereas 

during decarboxylation (DCO) alkyl chains are shortened due to the loss of carbon atoms as CO2. Usually 

a combination of the two deoxygenation strategies is used in commercial hydrotreating facilities 

(Pearlson, 2011). The ratio of each deoxygenation pathway (e.g., HDO/DCO = 35/65) is of importance to 

the hydrotreating operations as it determines the hydrogen consumption, product yields, catalyst 

inhibition, gas consumption and heat balance (Egeberg et al., 2010). The tuning of the deoxygenation 
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pathway ratio can be achieved via catalyst adjustment, depending on the strategic manufacturing 

priorities as well as the feedstock and hydrogen costs and the value of the fuel product or blendstock 

being produced. For example, the UOP-Honeywell facility opts for more decarboxylation in order to 

reduce capital costs while Syntroleum prioritises the preservation of longer carbon chains (higher 

product quality) and thus uses more hydrodeoxygenation (Pearlson, 2011).   

Figure 2-3: Triacyl glyceride (TAG) deoxygenation process 

Source: (Pearlson, 2011) 

 

After the first processing stage, the TAG feedstock has been converted to an oxygen-free, saturated 

liquid alkane intermediate. This hydrocarbon liquid can be directly blended in small quantities with 

petroleum diesel (Pearlson, 2011). However, it does not meet the specifications of a finished fuel due to 

its poor cold flow properties (propensity to freezing at lower temperatures, i.e., relatively high freeze 

point and high cloud point). During the second and final process stage, the unbranched long chain 

alkanes are cracked and isomerised in a prƻŎŜǎǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άŘŜǿŀȄƛƴƎέ (Pearlson, 2011). Dewaxing 

reduces the length and increases branching of the carbon chains, thereby reducing the freezing point of 

the resulting finished fuel (Conventional oil refining and the chemistry of cracking and isomerisation are 

reviewed in Chapter 1). The mass yield of HEFA liquids from lipid raw material is typically around 80% 

but varies according to the feedstock and processing conditions used όtŜŀǊƭǎƻƴΣ нлммΤ {ƻǘŜƭƻ-.ƻȅłǎ Ŝǘ 

al., 2012). The remaining 20% of material is generally composed of light gases such as propane, methane 

and oxygenated gases such as CO2 and CO. Other than CO2, these gases are usually combusted to 

provide power for the process. Typical HEFA liquids comprise 3 different fractions corresponding to jet, 

diesel and gasoline (or naphtha) blendstocks (Figure 2-2). The distribution of these three liquid product 

fractions can be controlled by changing the reaction conditions and catalysts. However, diesel generally 

predominates with only a small portion of the liquids in the jet range  (Bezergianni et al., 2009; Pearlson, 

2011).  For example, it has been reported that in a UOP-like (decarboxylation-based) HEFA process, ca. 
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65 wt% of the incoming vegetable oil gets converted to diesel-range molecules and only ca. 13 wt% to 

jet-range; increasing this the jet yield to 50 wt% requires 30% more hydrogen and reduces the overall 

liquid fuel yield of the process from 80 wt% to about 70 wt% (Pearlson, 2011). The extra processing 

required to maximize jet fuel production imposes extra economic and logistic challenges and, contrary 

to common perception, jet fuel does not always command a higher price than diesel. In fact, at the time 

of writing jet fuel prices are around USD $3 per gallon while diesel prices are at around USD $3.20 per 

gallon ($0.85/L) (IndexMundi, 2013). In the absence of a price premium for jet fuels compared to diesel 

fuels, jet fuel would be sold as diesel since jet fuel can be fed to diesel engines (a standard practice of 

the US Navy to simplify logistics) but not the other way around. It would be difficult to justify the extra 

cost of maximizing HEFA jet yields and the cost of separating jet from diesel fractions unless there is 

significant price premium for HEFA jet fuel compared to HEFA diesel. As is discussed in section 2.4.2, it 

has been estimated that this premium would need to be USD 2-3 $ /gal ($0.53 ς $0.79/L).  

 

2.3 Potential for integration with oil refineries  

It has been suggested that hydroprocessed Esters and Fatty Acids (HEFA) platforms can achieve capital 

savings by leveraging petroleum refineries by co-processing fats at the same time as petroleum 

intermediates in existing hydroprocessing facilities (ConocoPhillips, 2010; Egeberg et al., 2010). This co-

processing strategy is intended to take advantage of existing petroleum refining infrastructure and fuel 

off-take networks while also utilizing lower cost hydrogen typically available in oil refineries. As 

described earlier, in a standalone facility HEFA is usually produced in two separate stages. In an oil 

refinery, this process could be performed in a single combined hydroprocessing stage. 

2.3.1 Challenges of hydroprocessing renewable oils in conventional refineries 

Hydroprocessing units (hydrocrackers and hydrotreaters) are central components of a typical oil refinery 

and the overall economics of operating a refinery is influenced by the performance of these units. As 

described below, introducing oxygen-containing renewable oils to hydroprocessing units presents a 

number of challenges that must be carefully addressed to ensure continued smooth refinery operation 

and profitability.  

Renewable oils such as vegetable oils and animal fats are naturally unstable and corrosive due to their 

oxygen content and, consequently, problems can be encountered transporting these oils through metal 

pipelines within a refinery. Vegetable oils and other natural oils, especially those with a high free fatty 
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acid content such as tall oil, can cause severe corrosion of pipes and other metal equipment upstream of 

the hydrocracking reactor (Egeberg et al., 2010). These oils must be handled in a similar way to highly 

acidic (high-TAN) fossil crudes. 

 

The reactions involved in hydrotreating organic fats and fatty acids are distinct to the usual reactions 

taking place in a refinery hydrotreater. Refinery hydrotreaters are designed to remove sulfur from 

petroleum fuels. This process is known as hydrodesulfurization (HDS) and, as discussed earlier, is used to 

reduce the sulfur content of finished fuels in order to meet increasingly stringent fuel specifications such 

as required for Ultra Low Sulfur Diesel (ULSD, <10 ppm S). Sulfur emission regulations are tightening 

around the world and, consequently, hydrogen consumption in oil refineries is projected to double over 

the next decade. While renewable oils typically do not contain much sulfur and thus do not require 

hydrodesulfurization, hydrotreatment in the form of hydrodeoxygenation (HDO) is still needed to 

remove oxygen. Unfortunately, hydrodeoxygenation of renewable oils requires more hydrogen gas 

inputs than do hydrodesulfurization of crude oils. For 100% renewable feed, a hydrogen consumption of 

300-400 Nm3/m3 is not unusual (Egeberg et al., 2010); compare this with about 34 Nm3/m3
 for the 

hydrotreating of 1% sulfur petroleum (Stratiev et al., 2009). The presence of oxygen in the feed also 

increases reactivity and results in the formation of byproducts such as propane, water, carbon monoxide 

and methane (Egeberg et al., 2010). These gases must be removed by increasing the gas purge rate in 

the system. If not removed, these gases will cause numerous problems such as: a) altering the hydrogen 

partial pressure or reducing catalyst activity: b) CO and CO2 competing with S- and N- species for 

hydrotreating catalyst sites; and c) liquid water and CO2 reacting to form corrosive carbonic acid in the 

effluent train of the reactor. The formation of these carbonaceous byproduct gases diverts carbon from 

the final fuel and thus reduces process yields compared to fossil diesel hydrotreating (Egeberg et al., 

2010). Methane in particular is a highly undesirable byproduct because it not only diverts one mole of 

carbon from the fuel, it also diverts four moles of elemental hydrogen (two moles of molecular 

hydrogen, H2) from the reaction mass thus unproductively increasing hydrogen consumption in the 

process. These challenges have been documented by ConocoPhillips in trials performed in refineries in 

Texas, USA and in Ireland (ConocoPhillips, 2010). 

 

Due to all of the above challenges, renewable oils have not yet been processed in a neat (100%) form in 

conventional refineries. The few trials of co-processing vegetable oils with petroleum liquids that have 

been carried out in commercial refineries have used low percentages of renewable oils and have only 
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been partially successful. Poor desulfurization, hydrogen starvation and pressure drop build-up are 

among the issues that have been encountered using reactor setups and catalysts not specifically 

designed for renewable oil feeds. As an example, Haldor Topsoe, a major refinery catalyst producer, 

reported an industrial trial of co-processing a few percent vegetable oil in a ULSD hydrotreating facility 

(Egeberg et al., 2010). A few days after the renewable oil feed was introduced to the ULSD hydrotreater, 

the pressure drop-in the reactor increased such that the refinery had difficulty continuing operation. In 

related work, Haldor Topsoe showed that the CO byproduct from co-processing this biofeed reduced 

hydrodesulfurizing (HDS) and hydrodenitrogenising (HDN) activities of conventional CoMo-type 

catalysts. As NiMo catalysts did not seem to be affected by blend levels up to 15% biofeed, these type 

catalysts are currently favoured when designing hydrotreatment catalysts for renewable oil co-

processing (Egeberg et al., 2010).  

 

Another technical challenge for designing effective catalysts for biofeed processing is that the catalyst 

needs to have some dewaxing activity to enable normal paraffinic molecules to be cracked and 

isomerized to lighter molecules thereby improving the cold flow properties of the final fuel or 

blendstock product. The dewaxing requirements for catalysts processing biofeed are higher than those 

processing petroleum feed. The long and largely unbranched acyl chains in vegetable oils yield paraffinic 

chains of similar length and level of isomerisation (branching). In contrast, petroleum-derived feeds to 

hydrotreaters, such as light gas oil, are typically already more isomerized and cracked (partly due to the 

distillation and cracking processes they have been through prior to arriving at the hydrotreating unit). 

Dewaxing is only essential if the feed has a high content of renewable oil as at low concentrations the 

cold flow issues are not as prominent and they can be alleviated by blending light fractions and cloud 

point-depressing additives.   

 

This complex challenge of designing catalyst beds that can help perform all the aforementioned 

selective reactions is currently being tackled by companies such as Haldor Topsoe, UOP Honeywell and 

other catalyst innovation companies. The goal is to improve oil refining catalysts and process designs for 

the purpose of improving the ability to process biofeeds in hydrotreating reactors.    
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It is important to note that, as well as addressing the technical challenges of co-processing oleochemical 

based biofuels in conventional oil refineries, regulatory hurdles must also be resolved. For example, the 

current US Renewable Fuel Standard (RFS) mandates ŘŜŦƛƴƛǘƛƻƴ ƻŦ άōƛƻƳŀǎǎ-ōŀǎŜŘ ŘƛŜǎŜƭέ does not 

allow any renewable fuel derived from biomass to be co-processed with petroleum feedstocks. This co-

processing exclusion mostly affects those biofuel intermediates which have the greatest opportunity for 

refinery leveraging such as vegetable oils. (Other technologies such as pyrolysis are less affected as, 

unlike oleochemical fuels, they also qualify under the other, ƳŀƴŘŀǘŜŘ άŀŘǾŀƴŎŜŘ ōƛƻŦǳŜƭǎέ ŎŀǘŜƎƻǊƛŜǎ, 

of the RFS). It has been suggested that, for co-processed vegetable oils in particular, this RFS limitation 

translates to a competitive disadvantage of up to $2/gal ($7.6/L) compared to conventional FAME 

(Weyen, 2012). 

 

2.4 Commercialization aspects 

2.4.1 Feedstock sensitivity 

The chain length of the fatty acids in the TAG feedstock determines the products of a HEFA facility. Most 

of the feedstocks available today are derived from vegetable oils. These typically contain long fatty acid 

Box 2-1: SunPine: Deriving diesel from tall oil: A renewable fuel from the forest 

In 2009, Preem AB, a Swedish oil refining company, partnered with Sunpine AB, a producer of tall oil 

from Kraft paper mills, to produce green diesel (www.preem.se). Tall oils are a byproduct of pulp 

mills and they are mainly derived from the resins and extractives present in softwood feedstocks 

such as pine, spruce and birch. Due to being primarily comprised of large amounts of resin acids and 

free fatty acids they are very acidic. To improve transport logistics tall oils are typically processed to 

FAMEs prior to shipping from the pulp mill. The resulting tall oil FAME liquids are known by the 

abbreviation RTD (raw tall diesel). Under this collaboration, the Preem AB oil refinery in 

Gothenburgh, Sweden developed and demonstrated the ability to hydrotreat up to 30% RTD blends 

with 70% mineral oil, which is a record high biofeed fraction for co-processing in a conventional 

refinery (Egeberg et al., 2010). Haldor Topsoe provided the catalyst beds and process design. It 

should be noted that hydrotreating FAMEs (such as RTD) is distinct from hydrotreating vegetable oil 

TAGs with the major difference being that a high yield of byproduct methane is obtained processing 

FAMEs as opposed to propane processing TAGs. 

 

http://www.preem.se/
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chains corresponding to the carbon chain length of diesel i.e. C16-C22. These molecules can be cracked to 

ǎƘƻǊǘŜǊ ŎƘŀƛƴǎ ǘƻ Ŧƛǘ ǘƘŜ άƭƛƎƘǘŜǊέ ƧŜǘ ŦǳŜƭ ŀƴŘ ƎŀǎƻƭƛƴŜ ǊŀƴƎŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ŎǊŀŎƪƛƴƎ ǎǘŜǇ ƛǎ ƴƻǘ 

sufficiently selective and creates by-products and reduces the overall fuel yield. For example, when a 

long alkyl chain is cracked, only some of the chains are of the desirable length while a number of 

ǳƴŘŜǎƛǊŀōƭŜ ǎƘƻǊǘ ŎƘŀƛƴǎ ŀǊŜ ŀƭǎƻ ǇǊƻŘǳŎŜŘΦ ¢ƘŜǎŜ άǘƻƻ-short-ǿŀǎǘŜέ ŎƘŀƛƴǎ ŦƻǊƳ ŀ light naphtha-like 

byproduct and the overall fuel yield is reduced. Although the oils from camelina, palm kernels and most 

cyanophyta contain TAGs with shorter chain fatty acids (which are in the jet fuel range) (Bauen, Howes, 

Bertuccioli, & Chudziak, 2009; Pearlson, 2011) ǘƘŜǎŜ ŦŜŜŘǎǘƻŎƪΩǎ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ƻƴƭȅ ŀǾŀƛƭŀōƭŜ ƛƴ ǊŜƭŀǘƛǾŜƭȅ 

small volumes. Camelina and cyanophyta oils are only produced in small volumes while, in year 2011/12, 

only about 6 million metric tonnes of palm kernel oil (not to be confused with palm oil) are produced 

annually of the global 160 million metric tonnes of vegetable oils production (USDA, 2013).     

2.4.2 Feedstock procurement 

While there are fewer technological barriers that have to be resolved to achieve techno-economically 

effective processing of lipids to finished drop-in fuels, lipid feedstocks themselves are likely to be 

difficult to source cheaply and sustainably in the volumes required for significant production of biofuels. 

The most widespread source of lipids for biofuel production are vegetable oils such as rapeseed and 

palm oils which are currently used extensively in the food market. Thus there is competition with regard 

to price and access to prime agricultural land for these feedstocks. Moreover, the price of these 

feedstocks can be and often is higher than the price finished diesel fuel commands. Commodity prices 

for food-grade vegetable oils are generally higher than diesel prices. For example, on January 15, 2013, 

rapeseed oil (also known as canola oil), a popular food-oil as well as a common feedstock for biodiesel 

production, had an average commodity price of $4.21 USD/gal ($1.11/L) while diesel fuel for the same 

month had a price of $3.22 USD/gal ($0.85/L) (IndexMundi, 2013). Oleochemical feedstock prices also 

appear to be linked to petroleum prices as depicted in Figure 2-4, which shows this for palm oil, one of 

the lower cost HEFA feedstocks. The combined production potential of HEFA is estimated to currently be 

in the low hundreds of thousands of barrels per day and there are significant constraints on increasing 

near-to-midterm production capacity, especially since these facilities would be competing for the same 

feedstock as existing biodiesel producers (Hileman et al., 2009). Global production of vegetable oils is 

currently about 3 million barrels per day. A thirty-fold (30x) increase in vegetable oil production would 

be required to satisfy the current 44 million barrels per day of global transportation fuel demand (IEA, 

2012b) 
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The likely ongoing high cost of feedstock is a major impediment to successfully implementing and 

expanding oleochemical platforms.  For example, a recent reǇƻǊǘ ōȅ aL¢Ωǎ ǊŜǎŜŀǊŎƘ ǇǊƻƎǊŀƳ άt!w¢b9wέ 

assessed the cost to US commercial aviation of meeting the US Federal Aviation AdministrationΩǎ (FAA) 

aviation biofuel goal to use 1 billion gallons (3.8 billion L) of renewable jet fuel per year from 2018 

onwards (Hileman et al., 2009). This analysis only considered the production and distribution costs of 

I9C! ŘŜǊƛǾŜŘ ōƛƻƧŜǘ ŦǳŜƭ όάōƛƻƧŜǘέύΦ hƴŜ ƻŦ ǘƘŜ ŎƻƴŎƭǳsions is that biojet will require a premium (implying 

the need for a subsidy) of $2.69 USD/gal ($0.71/L) compared to petroleum-derived jet fuels. It was 

suggested that this premium would have to be voluntarily paid by the aviation (and military) sector if 

they wanted to reach their FAA goal. It should be noted that this premium would not drop significantly 

by including aviation fuels in the RFS mandate. The only scenario where the premium is reduced 

significantly, down to $0.35 USD/gal ($0.09/L), is the case where fallow rotation land (land planted with 

oilseeds in between corn and oil seed crop cycles) is sufficiently available to produce all the vegetable oil 

feedstock needed to meet the FAAΩǎ goal. This is unlikely due to the generally low productivity of fallow 

land and the relatively low yield of possible new oilseed crops such as camelina. 

 

 

Figure 2-4: Commodity prices of Diesel and Palm Oil 

Source: (IndexMundi, 2013) 
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However, various government and industry funded R&D programs are currently trying to improve the 

productivity of oilseed crops that are suitable for biofuel and for biojet applications in particular. One of 

the overall goals is to develop oilseed crops that compete less with food markets by producing non-

ŜŘƛōƭŜ ƻƛƭǎ ǿƛǘƘ ƭƛǇƛŘ Ŧŀǘǘȅ ŀŎƛŘ ŎƻƳǇƻǎƛǘƛƻƴ ŦŀǾƻǳǊŀōƭŜ ŦƻǊ ōƛƻŦǳŜƭǎ ŀƴŘ ƎǊƻǿƛƴƎ ǘƘŜǎŜ ŎǊƻǇǎ ƻƴ άƳŀǊƎƛƴŀƭ 

ƭŀƴŘέΦ ¢ƘŜ ¦{5!ǎ άCŀǊƳ ǘƻ Cƭȅέ ǇǊƻƎǊŀƳ ƛǎ ŀ ƎƻƻŘ ŜȄŀƳǇƭŜ ƻŦ ǘƘƛǎ type of strategy (USDA, 2012). 

Alternative oleochemical feedstock sources which do not use arable land include algae (autotrophic), tall 

oils (a pulp mill residue as seen in Box 2-1), and waste oils and fats. 

Algae have also been suggested as an alternative, non-land-use-intensive source of lipids. These micro-

organisms are able to capture CO2 and sunlight and produce lipids without utilizing productive arable 

land. However, major issues such as yields, maintenance of favourable growth conditions in large scale 

ponds and extraction of lipids in a usable form have, so far, limited commercialization. The potential of 

algae biofuels is more extensively reviewed in a previous IEA Bioenergy Task 39 report (Darzins et al., 

2010).  

As well as autotrophic algae, which use CO2 as their carbon source, heterotrophic algae using sugar as 

their carbon source have been used to produce TAGs and fatty acids for drop-in biofuel production. 

While autotrophic algae require optimal exposure to sunlight, heterotrophic algae do not and thereby 

avoid some of the operational challenges of operating raceway ponds or photobioreactors. However, 

using heterotrophic algae requires securing a cheap and sustainable source of sugar feedstock and 

proving that this mode of algal production can be scaled up economically enough to enable profitable 

biofuel applications. 

Waste oils (e.g., tall oils) and used cooking oils (UCO) have been used as feedstocks for drop-in biofuels. 

One benefit with these types of feedstocks is that, compared to purpose grown oils, the carbon 

footprint of used oils has already been absorbed by the life cycle of another product or service. 

However, UCOs are typically only available in small quantities and at dispersed locations (e.g., 

restaurants) so their collection and quality control is challenging. Although industrial waste oils such as 

tall oils are more centrally accumulated and there are facilities using these oils commercially today such 

as the Sunpine facility in Sweden (see Table 2-2) there are again limited volumes of this material 

available globally. 

http://task39.org/files/2013/05/IEA-Task-39-Current-Status-and-Potential-of-Algal-biofuels.pdf
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2.4.3 Commercial facilities 

As mentioned earlier, oleochemical derived fuels are the only drop-in biofuels that are being produced 

at relatively large commercial scale today. However, as shown in Table 2-2, they account for less than 

one hundred thousand barrels of fuel per day. Neste Oil, a Finnish petroleum refining company, is 

ŎǳǊǊŜƴǘƭȅ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ǇǊƻŘǳŎŜǊ ƻŦ ŘǊƻǇ-in biofuels and operates 3 HEFA facilities (Finland, 

Rotterdam, Singapore) with an annual total capacity of 630 million gallons (2.4 billion L) of palm oil-

ŘŜǊƛǾŜŘ ŘƛŜǎŜƭΣ ǿƘƛŎƘ ƛǎ ƳŀǊƪŜǘŜŘ ŀǎ άbŜȄ.ǘ[έ (Neste Oil, 2013a). In Q1 ƻŦ нлмоΣ ǘƘŜ ŎƻƳǇŀƴȅΩǎ 

renewable fuel division recorded an operating profit of 26 million euros (Neste Oil, 2013b). Other 

commercial HEFA manufacturers include three facilities in southeastern USA. One is the joint venture 

ōŜǘǿŜŜƴ {ȅƴǘǊƻƭŜǳƳ ŀƴŘ ¢ȅǎƻƴ ŦƻƻŘǎΣ ǿƘƛŎƘ ƭƛŎŜƴǎŜŘ ǘƘŜƛǊ ά.ƛƻǎȅƴŦƛƴƛƴƎέ ǘŜŎƘƴƻƭƻƎȅ ǘƻ ŀ 5ȅƴŀƳƛŎ 

Fuels commercial plant in Louisiana that currently produces 75 million gallons (284 million L) per year of 

green diesel (renewable diesel). Another, Honeywell-UOP, which licensed their technology to the 

Diamond Green Diesel facility in Kentucky (a joint venture between Darling International Inc. and Valero 

Corporation) for a 136 million gallon (515 million L) facility in Norco, Louisiana. The third is Emerald 

biofuels, which announced in May 2012 that it will build an 85 million gallon (322 million L) per year 

capacity plant at the Dow Chemical site in Plaquemine, Louisiana. In the EU, the ConocoPhillips 

Whitegate refinery in Cork, Ireland produces 1000 barrels per day of HEFA by co-processing soy oils with 

petroleum.  

 

Table 2-2: Current world annual production capacity of HEFA drop-in biofuels 

Company Feedstock million 
gallons/yr 

million 
L/yr 

barrels per 
day 

Source 

Neste Oil Palm oil 626 2,371* 45201 (Neste Oil, 2013a) 

Diamond Green Diesel Tallow 136 515 10000 (Diamond Green 
Diesel, 2013) 

Emerald Biofuels Tallow 85 322 6133 (Emerald Biofuels, 
2013) 

Dynamic fuels Tallow 75 284 5411 (Dynamic Fuels, 
2013) 

Conoco Phillips 
Whitegate Refinery 

Soy oil 13.9 52 1000 (Conocophillips, 
2013) 

Sun Pine Tall oil 26 100 1906 (Chemrec, 2009) 

World Total  963 3644 69651  

Bold figures are from source and all other figures calculated (bbl/day calculations based on 330 day/year operations) 
*Neste Oil source listed 1,980,000 metric tonnes of diesel which were converted to 2,371 m L using diesel density of 0.832 kg/L 
 

 

 

http://www.conocophillips.com/EN/about/company_reports/spirit_mag/Pages/whitegate_story.aspx
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Other European projects have been announced by ENI and Galp Energia, which both intend to produce 

green diesel (Maniatis et al., 2011), although neither project has as yet started construction. As 

mentioned earlier, pulp and paper companies such as Sunpine and UPM Kymene produce HEFA using 

their tall oil (2% of wood feedstock) as feedstock. While the 100,000 t/year, 150 million euros UPM 

Lappeenranta facility (Kaukas mill) in Finland is under construction, SunpineΩǎ ŦŀŎƛƭƛǘȅ in Piteå, Sweden 

has been operating since 2007. 

 

2.4.4 Fuel Quality 

The process of hydrotreating vegetable oils can result in the production of high quality HEFA fuels that 

exceed the specifications of petroleum based transportation fuels (Table 2-3). As an example, HEFA 

derived diesel and jet fuel have essentially no sulfur content whereas their petroleum counterparts can 

contain up to 3000 ppm of sulfur. Other improved characteristics of HEFA fuels include higher energy 

density, lower aromatics content and for diesel HEFAs higher cetane number (Table 2-3).   

 

Table 2-3: Selected properties and specifications of fossil and renewable HEFA diesel and jet fuels. 

Property  Diesel  Jet 

   Fossil 1HEFA  Fossil 2HEFA 

Oxygen content wt %  0 0  0 0 

Specific gravity kg/L  0.84 0.78  0.75-0.84 0.73-0.77 

Cetane   40-52 70-90  - - 

Sulphur ppm  <10 <2  <3000 <15 

Specific energy MJ/kg  43 44  >42.8 44.1 

(typical) 

Aromatics Vol %  <12 0  <25 <0.5 

1Properties of renewable diesel from UOP Green Diesel. 2ASTM D7566 Annex 1 used for hydroprocessed 
renewable oil specification. Source: (Pearlson, 2011) 
 
The absence of aromatics in renewable HEFAs is generally viewed as an advantage from an air pollution 

standpoint since phenolic compounds are associated with emissions of polyaromatic hydrocarbon (PAH) 

pollutants (European Commission, 2001). While aromatics are generally undesirable in petroleum fuels, 

a minimum amount is actually necessary to meet transportation fuel specifications. Aromatics are 

energy dense molecules aƴŘ ŀǊŜ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ƴŜŎŜǎǎŀǊȅ ǎǿŜƭƭƛƴƎ ƻŦ ǎŜŀƭ ŜƭŀǎǘƻƳŜǊǎ ƛƴ ŀƴ ŜƴƎƛƴŜΩǎ 

ŦǳŜƭ ǎȅǎǘŜƳΦ ¢ƘŜ ŀōǎŜƴŎŜ ƻŦ ŀǊƻƳŀǘƛŎǎ ƛƴ I9C! ƳŜŀƴǎ ǘƘŀǘ ǘƘŜǎŜ άŘǊƻǇ-ƛƴέ ōƛƻŦǳŜƭǎ ǿƛƭƭ ōŜ ōƭŜƴŘǎǘƻŎƪǎ 
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that need to be blended with petroleum jet fuel. This is part of the reason why the ASTM standards have 

only approved 50% blends of HEFA biofuels for jet use (Bauen et al., 2009; Hileman et al., 2009).  

 

2.4.5 Test flights and certification 

As mentioned earlier, the aviation industry is uniquely dependent on drop-in biofuels as the only real 

alternative to current petroleum-derived jet fuels. Conventional biofuels such as ethanol and biodiesel 

are not suitable for jet engines. The unique dependence of aviation on drop-in biofuels is one of the 

primary drivers for ongoing commercialisation efforts. To date, the vast majority of all biofuel test flights 

have been based on oloechemically derived HEFAs. As shown in Figure 2-5, Virgin Atlantic conducted 

one of the earliest biofuel test flights in 2008, and a number of other commercial airlines and the US 

Navy have successfully demonstrated biofuels for aviation applications since then. These efforts 

ŎƻƴǘǊƛōǳǘŜŘ ǘƻ !{¢aΩǎ Ŧƛƴŀƭ ŀǇǇǊƻǾŀƭ ƻŦ рл҈ I9C! ōƭŜƴŘǎ ƛƴ ŀǾƛŀǘƛƻƴ ŦǳŜƭǎ ƛƴ Wǳƭȅ нлммΦ bƻǘŜ ǘƘŀǘ млл҈ 

HEFA has not yet been tested commercially and the only flight that has been performed on pure biojet 

was an experimental flight by the Canadian National Research Council in October 2012. This flight was 

ŀƭǎƻ ƻƴŜ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ǘƻ ǳǎŜ ōƛƻƧŜǘ ƳŀŘŜ ŦǊƻƳ ƘȅŘǊƻǘǊŜŀǘŜŘ ƻƛƭǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ŀƴ 9ǘƘƛƻǇƛŀƴ 

mustard variety as commercialized by the Canadian company Agrisoma (www.agrisoma.com).      

 

As illustrated in Figure 2-5, a gasification-derived Fischer-Tropsch (FT) biojet fuel was approved 2 years 

prior to 50% HEFA without any prior test flights or these gasification-derived biofuels being 

commercially available. The main reason behind this rapid approval was because of prior certification of 

coal derived FT jet fuels. {ŀǎƻƭΩǎ ǎŜƳƛǎȅƴǘƘŜǘƛŎ ƧŜǘ ŦǳŜƭ ōƭŜƴŘǎ όŎƻƴǘŀƛƴƛƴƎ рл҈ Ŏƻŀƭ-derived FT-Jet and 

50% petroleum-derived jet) were approved by ASTM for use in aircrafts in 2009, after a 7 year 

certification process. The certification of biomass FT-based jet fuels was justified on the grounds of the 

chemical equivalence between purified biomass syngas and coal syngas. Given their chemical 

equivalence, the functional equivalence was assumed by the ASTM and consequently no further testing 

was requested. In contrast, HEFA fuels have no chemical equivalence to any prior certified 

transportation fuel and hence their approval by ASTM took more time and testing in order to provide all 

the assurances of functional equivalence. Jet fuels have one of the most stringent ASTM specifications. 

While the alcohol-to-jet (ATJ) technologies will be discussed in Chapter 5, it should be noted that, as 

shown in Figure 2-5, ASTM certification for ATJ aviation fuels is expected to be approved in early 2014. 

 

http://www.agrisoma.com/
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Figure 2-5: Timeline of biofuel test flights and ASTM certification approvals 
Source:(Alexander, 2012; ATAG, 2011; IATA, 2013; NRC Canada, 2012; SAFUG, 2014) 

 

While ASTM certification is already in place for HEFA jet fuels, the cost and sustainability (i.e., 

availability) of the feedstock remain major challenges constraining extensive HEFA commercialization. 

2.4.6 Sustainability certification of HEFA 

Sustainability certification of oleochemical routes to drop-in biofuels is an ongoing concern, 

predominantly affecting the HEFA drop-ƛƴ ōƛƻŦǳŜƭ ǇƭŀǘŦƻǊƳΩǎ ŦŜŜŘǎǘƻŎƪ ǎƻǳǊŎƛƴƎΦ LŦ ǘƘŜ ǇƻǎǎƛōƭŜ 

emissions due to any land-use change are ignored, the life-cycle GHG emissions of HEFA are estimated 

to be around half those of petroleum jet fuels (Hileman et al., 2009). However, sourcing vegetable oil 

feedstock for HEFA facilities will likely mean growing oilseed crops on land that will displace natural 

habitats or that could otherwise be used for food production. This production system has been subject 

to public criticism on the grounds of land use change. Examples include public concern regarding Neste 
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http://legacy.icao.int/icao/en/env2010/ClimateChange/GFAAF/Summary.htm
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hƛƭΩǎ όCƛƴƭŀƴŘύ ŀǎǇirations for palm plantations in Malaysia and the Friends of The Earth report entitled, 

ά¢ŀƪŜ-ƻŦŦ ƛƴ ǘƘŜ ²ǊƻƴƎ 5ƛǊŜŎǘƛƻƴέ ǿƘƛŎƘ ŦƻŎǳǎŜŘ ƻƴ ŘŜǘǊƛƳŜƴǘŀƭ ƭŀƴŘ ǳǎŜ ŎƘŀƴƎŜ ƛƴ WŀǾŀΣ LƴŘƻƴŜǎƛŀΣ ŘǳŜ 

to palm oil demand for jet fuel flights in Europe (FOE, 2012). While land use changes are difficult to 

quantify (Finkbeiner, 2013), various ceǊǘƛŦƛŎŀǘƛƻƴ ǎŎƘŜƳŜǎ ǎǳŎƘ ŀǎ ǘƘŜ άwƻǳƴŘǘŀōƭŜ ƻƴ {ǳǎǘŀƛƴŀōƭŜ 

.ƛƻŦǳŜƭǎέ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ ƛƴŘƛǊŜŎǘ ƭŀƴŘ ǳǎŜ ŎƘŀƴƎŜ όL[¦/ύ ƛƴ ǘƘŜƛǊ ǎŜǘ ƻŦ 

standards (RSB, 2012). The company SkyNRG (a KLM ς NSGSA collaboration) recently earned RSB 

certification for its entire supply chain and is currently the only fuel operator in the world that can 

deliver certified renewable jet fuel at any airport. 

 

Lƴ ǎǳƳƳŀǊȅΣ ǘƘŜ ƻƭŜƻŎƘŜƳƛŎŀƭ ǇƭŀǘŦƻǊƳ ƛǎ ǿŜƭƭ ǇƻǎƛǘƛƻƴŜŘ ǘƻ ōŜ ǘƘŜ άŦƛǊǎǘ ƎŜƴŜǊŀǘƛƻƴέ ŀǇǇǊƻŀŎƘ ǘƻ ŘǊƻǇ-

in biofuel production due to the low oxygen content and high H/C ratio of oleochemical feedstocks. This 

platform for drop-in biofuels is already producing HEFAs at commercial scale with a total global capacity 

of about 70,000 barrels per day. Although this represents a small fraction of total global transportation 

fuel demand (44,000,000 barrels per day, 5,000,000 of which are jet fuels, IEA (2012)), it is the only 

commercially available drop-in biofuel that has been produced at significant volumes to date. The main 

challenges to further development of this platform mainly relate to feedstock availability, cost and 

sustainability. Lipid feedstocks are relatively scarce and expensive and they come with potential 

sustainability challenges such as land use change and competition with food markets. Prices for lipid 

feedstock have historically tracked with petroleum prices and they have also been priced higher than 

diesel fuel for long periods of time. It is clear that if HEFAs continue to be the only commercially 

available άōƛƻƧŜǘέ ŦǳŜƭ option, fulfilling aviation biofuel targets will likely result in higher operating 

expense for airlines. For example, in order to meet the US FAA target of 1 billion gallons (3.8 billion L) by 

2018, it has been estimated that US aviation stakeholders would have to pay a premium of about $2.7 

USD/gal ($0.71/L) for HEFA derived jet fuel. However, the advantages of using biofuels in aviation are 

well established and, if the sustainability concerns can be resolved, this close relationship between HEFA 

derived drop-in biofuels and aviation is likely to continue to grow.  
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CHAPTER 3: THE THERMOCHEMICAL PLATFORM 
 

Thermochemical processes use high temperatures and catalysts to convert biomass to liquid biofuels 

and chemicals as well as heat and power (Brown, 2011). Unlike oleochemical technologies, which often 

use lipid feedstocks, these processes typically use lignocellulosic biomass as the feedstock. The biomass 

is reacted at high temperatures (> 500 °C) to form carbonaceous gases and liquids as well as char solids. 

The two main thermochemical routes are gasification and pyrolysis. The gasification process, as the 

name implies, converts biomass mainly to a gaseous intermediate, known as syngas. The pyrolysis 

process, on the other hand, maximizes the production of pyrolysis liquids, also known as pyrolysis oils or 

bio-oils. The gaseous and liquid intermediates of these thermochemical processes are mostly comprised 

of oxygenated species and thus need to be further processed to produce drop-in blendstocks. Using the 

Fischer-Tropsch catalytic process, syngas can be catalytically condensed to form liquid hydrocarbon 

mixtures known as FT liquids that, in turn, can be upgraded to fuels for gasoline, diesel and jet engines. 

Similarly, pyrolysis oils can be upgraded to liquid transportation fuels after further processing using 

catalysts and hydrogen. The main objective of catalytic upgrading is to remove the oxygen from both the 

syngas and bio-oil derived intermediates in order to produce petroleum-like hydrocarbon fuels. This 

deoxygenation process requires a chemical reducing power which is typically supplied by hydrogen 

derived from natural gas. As mentioned previously, the biomass itself can be used as a source of 

renewable hydrogen but this will result in a significant drop-in overall process yields. Bio-oil upgrading 

processes are usually conducted in relatively complex facilities that require both high hydrogen inputs 

and capital costs (Bridgwater, 2012). In most thermochemical processes there is a trade-off between 

capital costs, product yield and the extent of hydrogen requirements. 

Co-locating thermochemical processes at refineries can be used to leverage oil refinery assets, reduce 

capital costs and ensure a relatively low cost source of hydrogen. Pyrolysis platforms appear particularly 

well suited to exploit co-location and synergy with existing refineries as pyrolysis oils can be processed 

using similar equipment to that currently used to upgrade crude oil. However, in practice, pyrolysis 

liquids contain relatively high levels of water and oxygenated species and thus are chemically quite 

distinct from crude oil and poorly suited to being άŘǊƻǇǇŜŘ ƛƴǘƻέ ŜȄƛǎǘƛƴƎ ǇŜǘǊƻƭŜǳƳ ǇǊƻŎŜǎǎing units. 

However, it is likely that downstream refinery units such as FCCs and hydrocrackers could be configured 

to process thermochemical biofuel intermediates such as FT liquids and hydrotreated bio-oils to drop-in 

fuel blendstocks.  



ά¢ƘŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ŘǊƻǇ-ƛƴ ōƛƻŦǳŜƭǎέ L9! .ƛƻŜƴŜǊƎȅ ¢ŀǎƪ оф  
ISBN: 978-1-910154-07-6 (electronic version) 

July 2014             70 

 

  

3.1 Overview of thermochemical processes 

The most basic and widely applied thermochemical process is direct combustion of lignocellulosic 

biomass to produce heat and electric power. Combustion, a process recognised since the dawn of 

humanity, accounts for the vast majority of bioenergy applications in the world today. From relatively 

primitive open cooking fires and charcoal production through high efficiency industrial boilers and 

district heating systems, biomass combustion represented more than half of global renewable energy 

production in 2010 (IEA, 2012b).  

From a technology standpoint, the combustion process is relatively simple and well understood (R. C. 

Brown, 2011). It entails the rapid reaction of biomass fuel with excess oxygen to generate thermal 

energy as well as highly oxidized flue gases, mainly CO2 and H2O. The chemical energy in the biomass is 

converted to thermal energy and, under optimized conditions, the exothermic reaction almost 

completely oxidizes the biomass. The temperatures of the generated flames can exceed 1650 °C (R. C. 

Brown, 2011).  

Direct combustion of biomass can be used to indirectly power electrified transportation fleets. From 

purely a GHG emission savings perspective, biomass-powered electric vehicles can be superior to 

biofuel-powered internal combustion engine vehicles (Campbell et al., 2009). However, as has been 

discussed elsewhere, electric vehicles are relatively expensive, still require improved battery 

technologies and are mostly limited to light duty and short haul transportation applications (IEA, 2012). 

Whereas combustion requires molecular oxygen (O2) to be highly effective, charcoal production involves 

ǘƘŜ άōǳǊƴƛƴƎέ ƻŦ ōƛƻƳŀǎǎ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƭƛƳƛǘŜŘ ƻȄȅƎŜƴΦ /ƘŀǊŎƻŀƭ ǇǊƻŘǳŎǘƛƻƴ Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ 

predecessor of pyrolysis and gasification processes. In its primitive form, charcoal making is conducted 

in clay-covered wood piles with a flue opening in the middle. A wood fire is started at the bottom of the 

flue and it slowly smolders the covered wood over a couple of days. Although modern industry uses 

more advanced charcoal production processes, this ancient technique is still widely practiced in less 

industrialized global communities, typically yielding about 60% by volume (25% by mass) of charcoal 

from the original biomass. Along with solid charcoal, this process produces liquid tar as well as flue 

gases. 
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Transportation applications of small biomass gasifiers for vehicles were developed during WWII due to 

reduced availability of petroleum in portions of the world, such as Scandinavia. Since the 1970s oil 

crises, gasification of biomass has received considerable research attention as potential sources of 

renewable liquid and gaseous fuels with subsequent development of fast pyrolysis for liquid fuel 

production since the 1980s. Unlike in traditional pyrolysis process for charcoal making, where the target 

product is the solid char, in the new fast pyrolysis the target product is liquid (bio-oil) and in gasification 

it is synthesis gases (syngas). By adjusting the processing conditions, pyrolysis can maximize the 

proportion of liquid products and gasification can maximize the proportion of gases. As shown in Figure 

3-1, pyrolysis is conducted at intermediate temperatures of about 500 °C, in the absence of oxygen, and 

it produces a mixture of gases, char and liquids (water and water soluble and water insoluble organics). 

However, in fast pyrolysis, the residence time is reduced to a couple of seconds or less and the 

proportion of liquid yields can reach as high as about 75% by mass. In gasification, the biomass is 

reacted under pressures of 1-40 bar and at temperatures exceeding 800 °C and in the presence of 

regulated amounts of oxygen. Under these conditions the production of gases is favoured and can reach 

up to 85% by mass of the total products (Bridgwater, 2012).   

 

Figure 3-1: Product spectrum from thermochemical conversion of biomass  
Source: Bridgwater 2012 
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Both syngas and bio-oil are fluid biomass intermediates that can be used as combustion fuels for 

stationary power applications such as burners, boilers, furnaces and industrial kilns. However, for drop-

in biofuel applications, these intermediates need to be catalytically upgraded to oxygen-free 

hydrocarbons as shown in Figure 3-2. This upgrading takes various forms such as Fischer-Tropsch (FT) 

condensation to produce paraffins and 2-stage hydrotreatment to produce hydrotreated pyrolysis oils 

(HPO). To maximize yields, both upgrading technologies use specialized catalysts and hydrogen inputs. 

The resulting FT liquids and HPOs are both hydrocarbon mixtures that need to be subsequently distilled 

and hydrocracked in order to produce a mixture of gasoline, jet and diesel range hydrocarbons. In a 

similar fashion to the hydrocracking of vegetable oils (Chapter 2) and, depending on how the 

hydrocracking process is conducted, the proportion of gasoline, diesel and jet fractions can be adjusted.  

 

Figure 3-2: Simplified representation of major thermochemical drop-in biofuel process routes 

 

Although pyrolysis and gasification have many fundamental characteristics in common, the two 

processes differ markedly in the details of their associated biomass intermediates upgrading 

technologies, drop-in fuel yields, capital costs and hydrogen (H2) requirements.  
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