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ABSTRACT
Within the broad effort to shift global energy sources away from fossil fuels and towards
more sustainable resources, liquid biofuels represent one of the largest concrete steps away from
complete reliance on petroleum to date, and represents a promising starting point for future
progress. Currently, ethanol produced through the fermentation of either corn or sugarcane
represents the overwhelming majority of current biofuel production worldwide. However, a large
portion of current research into biofuels is focused on so-called “second generation” biofuels,
which promise to provide fuels from lignocellulosic or cellulosic biomass. One method that has
been proposed as a means to achieve this conversion is the use of a consortium of multiple
organisms to enzymatically break down lignocellulosic material and convert the products into
usable fuels. This study in particular examines a consortium of Clostridium phytofermentans and
a genetically-engineered strain of Saccharomyces cerevisiae to carry out the fermentation of a
lignocellulosic feedstock, yielding ethanol or a metabolically engineered advanced biofuel which
is a triterpene hydrocarbon, botryococcene. The platform used to conduct this fermentation, as
well as the equipment necessary to process the resulting fermentation mixture into marketable
fuels, was considered on a scale that is appropriate for a typical farm (500 acres) and an economic
analysis of the system was conducted. This approach represents a potentially major paradigm
shift to very highly distributed production of fuel, in contrast to proposed large biorefineries. This
analysis showed that the base case proposed system, which is based in part on data collected at a
laboratory scale, is not economically feasible under current market conditions, but has the
potential to become viable given either significant increase in crude oil prices (the proposed base
case system is estimated to break even at approximately $122/bbl for West Texas Intermediate) or
major improvements in yields of ethanol or botryococcenes from lignocellulose.
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Chapter 1
The History and Future Outlook of Liquid Fuels
Over the course of the 20th century, world energy consumption increased dramatically
due to major improvements in standards of living, population growth, and the widespread
availability of various fuel sources. However, perhaps the most fundamental change in modern
civilization’s patterns of energy use has occurred in the field of transportation. The past century
has seen not only the near-universal adoption of the personal automobile in much of the world,
but also the commercialization of air travel and large increases in the shipment of goods over long
distances. These significant changes in the nature of transportation have been made possible by a
near-constant and affordable supply of liquid fuels.

Advantages of Liquid Fuels
The selection of a suitable transportation fuel requires consideration of several factors,
but chief among them are the fuel’s ease of conversion to usable mechanical energy, the fuel’s
energy density (which ultimately factors significantly into a vehicle’s effective range), and the
price of using the fuel.
The need to efficiently convert a fuel into mechanical energy within the confines of a
typical engine presents challenges for solid fuels, such as coal and wood, which could
theoretically be used for transportation purposes. Unlike liquid and gaseous fuels, whose
chemical energy can be directly converted into desirable mechanical energy through combustion
in an Otto-cycle engine, solid fuels generally must be used to provide heat for a steam engine,
which then generates mechanical energy using a turbine. The comparative inefficiency of such a
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process (when conducted on a small scale), as well as the size and weight of the necessary
equipment, make the use of these solid fuels unrealistic for personal transportation purposes.
Also of much concern to consumers is a vehicle’s range, and indirectly, the energy
density of its fuel. The attractiveness of traditional hydrocarbon fuels, as well as the challenges
faced by some of their proposed alternatives, are illustrated below, in Figure 1. Although it is
worth noting that the efficiency of converting the energy content of these fuels to mechanical
energy varies, the depicted data reflects the known difficulties associated with attempting to
manufacture an alternatively-powered vehicle without sacrificing range or dramatically
increasing the size of the vehicle’s fuel tank (or battery pack in the case of electric vehicles). In
comparison to gasoline and diesel fuel, the lower amount of energy available for use in the form
of compressed gases or lithium ion batteries has resulted in ranges of no more than 100 miles for
the majority of electric and H2 fuel cell vehicles brought to market to date, and ranges of 100-200
miles for vehicles fueled by compressed natural gas (CNG).

Figure 1: Energy densities of various fuels.
Note that CNG and H2 refer to natural gas compressed to
250 bar and hydrogen compressed to 350 bar, respectively
[1], [2], [3].

Finally, the cost of any fuel and a vehicle capable of utilizing it is of major importance in
assessing a potential transportation fuel’s practicality. Although the fuel costs associated with
owning and operating a hydrogen fuel cell vehicle or electric vehicle can be considerably lower
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than the cost of gasoline, the substantially higher cost of purchasing the vehicles themselves
currently results in a higher cost of ownership over the life of a vehicle, and can also deter
widespread adoption due to the need for greater initial investment on the part of consumers.

Recognition of a Need for Alternatives to Petroleum-Derived Fuels
Due to the projected increase in demand for transportation fuels over the next few
decades, along with the expected decline in production rates of conventional petroleum,
alternative sources of suitable liquid fuels will need to be identified and developed. Some, or all,
of this supply shortfall could be met through the extraction of non-conventional hydrocarbon
deposits, such as heavy oil and oil sands, but environmental concerns and the specter of
significant impacts from climate change also help to support the case for the development of fuels
derived from renewable sources of biomass.
As discussed previously in this chapter, given current technology, liquid fuels possess
several key advantages over solid or gaseous energy sources. As a result, the vast majority of
renewable transportation fuels produced today (such as ethanol and biodiesel) are in liquid form.
Because of these advantages, new or improved methods of biologically generating alcohols (also
including methanol and butanol) or hydrocarbons also command the attention of much research
into renewable transportation fuels today.
Ethanol fuel, in particular, clears several of the hurdles that have hindered adoption of
other petroleum alternatives. While containing less energy on a volumetric basis than gasoline,
ethanol still contains enough energy to provide vehicles with relatively comparable ranges
without significantly enlarging the fuel tank. Additionally, ethanol has the advantageous ability to
be utilized in low concentrations in existing vehicles (as evidenced by the common blending of
ethanol into US gasoline supplies at concentrations of up to 10%), and also in engines specifically
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designed to handle fuels containing higher levels of ethanol (such as E85), which do not currently
increase a vehicle’s selling price.
From an environmental and carbon intensity perspective, biologically-generated liquid
fuels (such as ethanol) possess a few key advantages. Because the carbon content of farm-grown
biomass, and ultimately, any fuels derived from these crops, must have been obtained from
atmospheric carbon dioxide during the crops’ growing season, the ultimate combustion of these
fuels does not contribute any additional carbon dioxide to the atmosphere, unlike fossil fuels. The
exact carbon intensity of biomass-derived liquid fuels has been the subject of many life cycle
analyses (LCAs), which have generally found the carbon emissions of such fuels to be
significantly lower than comparable conventionally-produced ones [4].
In addition, production of biofuels generally does not result in some of the troublesome
waste products of petroleum extraction, refining, and combustion. Sulfur, in particular, currently
makes up approximately 1.5% of US crude oil supplies [1], a figure which has been rising for
decades and is expected to continue to increase as global supplies of lighter, sweeter crudes are
slowly exhausted and replaced with heavier grades of oil. Removal of these sulfur-containing
compounds is a key part of the petroleum refining process, but some amount of sulfur will
ultimately remain in the fuel until its combustion and make its way into the atmosphere, where
sulfur dioxide contributes to acid rain and is known to have effects on human health. These
problems, as well as those associated with handling and disposal of various other compounds in
petroleum (such as nickel, vanadium, and numerous aromatic compounds) are generally avoided
in the production of biofuels [5].
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Commercial Production of Ethanol Fuel and its Current Limitations
In the United States, production of biofuels is generally viewed as favorable due to their
lower CO2 emissions relative to gasoline, their potential to provide a genuinely “renewable”
source of energy, and the domestic nature of their production, thereby reducing dependence on
imports of petroleum. Additionally, some biofuels can be relatively easily integrated into existing
liquid fuel distribution systems and burned in standard internal-combustion engines (e.g. through
the blending of ethanol into gasoline or the substitution of biodiesel for conventional diesel).
Various processes exist for converting biological substrates into a variety of liquid fuels,
but none are currently utilized on the same scale as those for producing ethanol fuel. In the United
States alone, where ethanol is generally produced through the fermentation of corn, 13.9 billion
gallons of ethanol fuel were produced in 2011, replacing approximately 10% of the country’s
gasoline consumption. Worldwide, 22.4 billion gallons were produced, with Brazil contributing
the majority of non-US production. These production rates are the result of over a decade of rapid
growth, encouraged in part by higher petroleum prices and government subsidies of renewable
fuels.
In a typical ethanol-production process in the United States, corn is harvested, milled,
treated with enzymes to convert starches to more easily-digestible simple sugars, and then
fermented using yeast. The resulting ethanol-containing mixture is then distilled and pumped
through a molecular sieve to bring the ethanol concentration to nearly 100%. Finally, a denaturant
(such as gasoline) is added to render the ethanol unsuitable for human consumption, and the
resulting ethanol fuel is shipped to refineries for blending into gasoline supplies. An almost
identical process is utilized in Brazil; the primary difference is the use of more energy-dense and
more easily-fermentable sugarcane as the source crop, instead of corn.
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While the technology utilized in the production of ethanol fuel from corn is wellestablished, and the process can be carried out economically, there are limitations to its use. First,
because the production of corn-based ethanol requires the use of prime cropland to grow corn,
there are limits to the volume of corn that can be diverted to ethanol production without
impacting the supply of corn to be used for other purposes, or of various other crops (20% of corn
harvested in the US was used for ethanol production in 2009). This bottleneck is due in part to the
limited amount of material in corn that is useful for current fermentation techniques (i.e. starches
and sugars, which make up only 72% of harvested corn kernels, and a significantly smaller
portion of the plant as a whole [6]). Additionally, because the use of ethanol as a fuel tethers the
price of corn to comparatively volatile energy prices, disruptions in the energy market can also
ripple through crop and food prices. These two points are collectively referred to as the “Food vs.
Fuel” dilemma.

Prospective Alternatives to Corn-Derived Ethanol in the United States
As a result of the issues surrounding the use of corn as a basis for widespread ethanol
production, several alternative methods of producing biofuels on a large scale have been
proposed. These methods often aim to either significantly increase ethanol yields from currentlyused crops (namely, corn and sugarcane) by making their lignocellulosic biomass accessible for
use in fermentation or by utilizing different crops that can be grown more easily or can be grown
on land that would otherwise be unsuitable for normal agricultural use. Proposed methods that
subscribe to either or both of these strategies also have the added benefit of helping to address
food vs. fuel concerns by partially decoupling the prices of food and biofuels.
Various crops have been suggested for use as a basis for production of cellulosic ethanol.
Some of the frequently discussed and most heavily-researched options include grasses such as
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switchgrass, sorghum, and miscanthus, as well as various fast-growing tree species such as
poplar, willow, and silver maple [7]. In all cases, these crops are generally viewed favorably
because of their fast growth rates and high energy content relative to the energy necessary to
cultivate them. This study will assume the use of switchgrass, because of its ability to grow rather
easily in a Pennsylvania climate (even on lands not considered suitable for farming), and the
relative ease of harvesting and preparing the crop for biological treatments in comparison to tree
species.
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Chapter 2
The Use of Consolidated Bioprocessing to Achieve Lignocellulose Conversion

Biomass Pretreatment
Given the inherent difficulty in metabolism of lignocellulose by organisms, various
methods of substrate pretreatment have been proposed to improve the utilization of lignocellulose
by the organisms used in the fermentation process. Processes that have been investigated on a
laboratory scale include treatment with steam, ammonia, sulfuric acid, and lime, as well as
various biological pretreatments involving organisms other than those utilized in fermentation
cultures [8].
As is discussed later in this chapter, one of the organisms utilized in the proposed
fermentation co-culture, Clostridium phytofermentans, is capable of cellulose and hemicellulose
hydrolysis. However, lignin that is also present in the substrate cannot be metabolized, and its
energy content remains inaccessible. Further, the presence of lignin also impedes efficient access
to cellulose. Field-grown switchgrass (Panicum virgatum L.), in particular, is known to contain
approximately 18% lignin on a wet biomass basis, representing a significant portion of wasted
biomass if this material cannot be consumed [9]. Current strategies often utilize lignin as a fuel
source for distillation due to its high heating value. However, since distillation may not be
necessary for a process designed to produce hydrocarbons, it is useful to view this lignin as a
potential feedstock for biological conversion. As a result, a pretreatment process capable of
converting lignin into a more readily-utilizable energy source would be of particular interest.
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Steam Pretreatment of Biomass
Steam explosion pretreatment, in which biomass is briefly heated using saturated steam,
and then subjected to a sudden pressure drop, has been shown to result in structural degradation
of lignin and hemicellulose, thereby easing the process of enzymatic hydrolysis of cellulosic
biomass [8]. Such a process, however, is relatively labor- and energy-intensive, and has also been
shown to generate compounds that inhibit subsequent metabolism, including furfural,
hydroxymethyl furfural, and acetic acid [10]. These undesirable effects are consistent with a lack
of observed improvement in fungal growth following steam pretreatment when cultures were
grown on steam-pretreated and non-treated bagasse [14]. Given these concerns, the benefits of
this pretreatment must be weighed against the costs associated with producing steam of sufficient
temperature and pressure to carry out this step, as well as the potential consequences in terms of
the material’s usefulness as a substrate for later growth.

Fungal Pretreatment of Biomass
In comparison to the utilization of steam treatment of biomass, treatment of switchgrass
with a lignin-consuming fungus presents a non-energy intensive and affordable pathway to lignin
utilization and improve cellulose conversion. Specifically, a portion of the lignin consumed by
appropriate fungi is expected to be devoted to the construction of cell walls, which in fungi are
known to contain substantial amounts of chitin, on the order of 10-20% of cell wall mass in
filamentous fungi [11]. The storage of this energy in the form of chitin is desirable for the
fermentation consortium, as the cellulolytic organism employed is also known to produce
chitinases, allowing it to utilize the energy stored in this material [12]. Also of concern in fungal
pretreatment is the conservation of nitrogen by the fungus, in order to prevent or reduce the need
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to add supplemental nitrogen sources to the fermentation mixture and therefore keep the total
operating costs of the process low. The major disadvantage of such a process is the time required
for pretreatment (typically greater than two weeks); a balance between the cost savings and
productivity therefore must be achieved.
Work conducted by Taylor Maher and Trevor Zuroff to examine the growth of two
fungal species, Phanerochaete chrysosporium, and Ceriporiopsis subvermispora, allowed the
costs and benefits of fungal pretreatment to be evaluated. Although both species of fungi
demonstrated an ability to grow on primarily lignocellulosic substrates, including switchgrass and
bagasse, P. chyrsosporium in particular demonstrated relatively rapid growth and an ability to
improve ethanol yield in subsequent fermentation. In a preliminary fermentation experiment, the
fermentation consortium was shown to produce approximately 150% more ethanol when grown
on switchgrass that had been pretreated with P. chrysosporium than on untreated switchgrass.
One significant disadvantage of P. chysosporium when compared to C. subvermispora is
its lower selectivity for metabolism of lignin and its corresponding greater utilization of cellulose.
This trait is undesirable because of the ability of a cellulolytic fermentation consortium to utilize
cellulose, but not lignin for ethanol production. As a result, the desired metabolism and
conversion of lignin into an accessible energy source must be weighed against a non-trivial level
of unwanted cellulose consumption during pretreatment. However, the general difficulty
associated with growing C. subvermispora without the addition of supplemental nutrients, along
with the rather slow growth rate when growth was observed indicate that this organism may not
yet be sufficiently understood to be suitable for use in a low-cost, simple fuel production platform
[13].
Measurements of the energy content and elemental composition of switchgrass before
and after pretreatment with P. chrysosporium for a period of sixteen days, indicated a total
reduction in energy content of the material of an average of 22% ± 3%, a total reduction in carbon
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content of 22% ± 2%, and a total reduction in nitrogen content of 14% ± 8%. Energy content
determinations were conducted through bomb calorimetry (a description of this bomb calorimetry
method can be found in Appendix B), while carbon and nitrogen content were determined by
Taylor Maher through the use of a CE Instruments EA 1110 CHNS-O elemental analyzer.
Unfortunately, given the collected data, it is not possible to discern the extent to which the loss in
total energy and carbon content can be attributed to metabolism of lignin as opposed to
consumption of cellulose or other valuable fermentation material. However, the previously
described experiment that demonstrated a significantly improved fermentation yield when P.
chyrsosporium was used to pretreat switchgrass suggests that this fungal pretreatment resulted in
either greater accessibility of lignin or conversion of the cellulose portion of switchgrass biomass
into a more easily-digestible form. This pretreatment process and the associated literature are
discussed at greater length in a thesis by Taylor Maher [14].

Fermentation by Consortium – Producing Ethanol and Advanced Biofuels
Once fungal pretreatment has been completed, the remaining switchgrass biomass will be
fermented into the desired fuel products. Although most large-scale fermentation processes in use
today depend on the use of a single, specific organism, the unique challenges associated with the
fermentation of a lignocellulosic substrate create a compelling case for the use of multiple
organisms in a fuel-producing consortium. This approach is a limited example of consolidated
bioprocessing (CBP), in which one organism carries out the hydrolysis of cellulose and the other
is responsible for fuel production.
The specific system under development in the Curtis lab would utilize a co-culture of a
cellulolytic anaerobe, Clostridium phytofermentans, and a yeast species that has been genetically
engineered to allow it to consume cellodextrins, Saccharomyces cervisiae. The use of both
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organisms in a consortium confers several advantages on the proposed production platform,
namely, a higher yield of ethanol than either organism is capable of independently. Further, the
genetic engineering of a strain of Saccharomyces cerevisiae cdt-1 to express a production
pathway for triterpene oils natively produced by a species of algae, Botryococcus braunii, would
allow this consortium to produce usable hydrocarbons, in addition to ethanol.
These hydrocarbons (henceforth referred to as botryococcenes or botryococcene oils)
have previously been isolated from samples of B. braunii, and were found to contain
hydrocarbons in the C30 to C34 range. These hydrocarbons were analyzed through the use of GCFID, as part of an ongoing collaboration with the Chappell Laboratory (University of Kentucky)
to develop the ability to move this isoprene hydrocarbon synthesis pathway into alternative hosts,
including yeast. The structure of the C30 botryococcene is shown below in Figure 2. Through the
use of bomb calorimetry, (and as a part of my initial involvement on this project), the heat of
combustion of these oils was determined to be 44.8 ± 1.3 kJ/g. A detailed explanation of how this
value was obtained can be found in Appendix B.
The obtained heating value is similar to those of commercially available heavy fuel oil,
used primarily as a maritime fuel, a relatively small market and narrow application. However,
botryococcene oils have also been shown to be usable as a feed stream for the hydrocracking
process in traditional petroleum refineries, yielding significant quantities of high-value products,
including gasoline, jet fuel, and diesel [15].

Figure 2: Structure of C30 botryococcene [16].

In terms of evaluating the usability and value of botryococcenes to an existing refinery, a
reasonable estimate may be reached through a basic comparison of the properties of this material
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to existing crude oil streams within a refinery. Although a significant portion of any barrel of
crude oil will need to undergo some form of cracking in a modern refinery, this barrel will also
yield some amount of “straight-run” fuels, which can be removed from the oil via the
comparatively inexpensive process (relative to cracking) of distillation. As a result,
botryococcenes would be expected to sell for a lower price than crude oil on a volumetric basis,
just as petroleum-derived hydrocracker and catalytic cracker feed streams (typically traded as
“gasoil”) are bought and sold by refineries at prices below those of crude oil.
As a hydrocracker feed, botryococcene oils have the disadvantage of containing carboncarbon double bonds, which will be hydrogenated during the hydrocracking process, utilizing
valuable hydrogen. On the other hand, botryococcene oils lack heteroatoms (e.g. nitrogen and
sulfur), which normally must also be removed through reaction with hydrogen. As a result, the
forthcoming economic analysis will assume that botryococcene oils can be sold at somewhat less
than the price of crude oil, specifically a discount of 10% to current crude oil prices. Ultimately,
such a disposition is almost certainly preferable to the direct use of botryococcene oils as an
energy source, due to the more widespread usability of refined fuels (an important consideration
if the proposed platform is to be scalable), and the inability to use the unprocessed botryococcene
oils in most heating applications due to its high viscosity at room temperature (reported as 58.2
cSt at 25 °C, comparable to No. 5 fuel oil [17]).
The proposed consortium has the added advantage of forming an “engineered symbiosis,”
in which there is a “division of labor” between hydrolysis of fuel production. This relationship
between the two species is termed as such due to their dependence on each other for survival.
Because of its inability to consume cellulose, the yeast is reliant on C. phytofermentans to
hydrolyze cellulose into soluble carbohydrates. Similarly, the addition of small amounts of
oxygen to the fermentation mixture means that C. phytofermentans, as an obligate anaerobe, is
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dependent on the yeast to maintain nearly anaerobic conditions by consuming the supplied
oxygen. These consortium dynamics are illustrated below in Figure 3.

Figure 3: Depiction of the proposed microbial consortium for use in fermentation.

Fermentation Fuel Products and Subsequent Processing
Once fermentation has been completed, the liquid phase of the vessel will contain a
mixture of water, ethanol, and botryococcene. This fermentation step is proposed to be conducted
in a trickle-bed reactor, in which the liquid phase is continually pumped out of the bottom of the
fermentation vessel and redistributed at the top of the vessel through several spray nozzles.
Biomass concentrations of 2000 grams of substrate per liter of circulating fluid have been
demonstrated [18] (reported as a specific static holdup of approximately 0.5 mL/gFW), and higher
substrate concentrations are generally considered desirable in order to reduce the total volume of
liquid that must be processed subsequent to fermentation. However, work by Trevor Zuroff has
shown that ethanol toxicity begins to affect consortium growth and fuel production at
concentrations above 4% by volume, although an ethanol-tolerant strain of C. phytofermentans
was also shown to survive in concentrations up to 7%. For the purposes of this analysis a
maximum desirable ethanol concentration of 6% by volume will be assumed. As a result, a lower
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substrate concentration of 1330 grams of switchgrass per liter of circulating fluid has been chosen
in order to keep the final ethanol concentration below this level.
Assuming a substrate (switchgrass) concentration of 1300 g/L, as well as ethanol and
botryococcene yields of 32% and 1% of soluble carbohydrates, respectively, and a 15% yield on
the conversion of pretreated switchgrass biomass to soluble carbohydrates, the liquid
fermentation product would be expected to consist of approximately 93.8% water, 6.0% ethanol,
and 0.19% botryococcene. These yields, which are summarized below in Table 1, are reflective of
yields obtained on a laboratory scale in preliminary experimentation and presumably under nonoptimal conditions. For the purposes of this analysis, they are considered appropriate for a basecase analysis of the current state of the proposed fuels-production process, given the amount of
further characterization and optimization of the system that would be expected to occur prior to
its commercialization. To demonstrate this system’s theoretical potential, however, analyses that
are based on much more optimistic assumptions are conducted in Chapters 5 and 6.
Table 1. Summary of assumed product yields for base case economic analysis, based on
preliminary laboratory data.

Conversion
Switchgrass biomass to soluble carbohydrates
(performed by C. phytofermentans)
Soluble carbohydrates to ethanol
(performed by S. cervisiae)
Soluble carbohydrates to botryococcene
(performed by S. cervisiae)

Assumed Yield
15% (gSol. carb./ gSwitchgrass)
32% (gEtOH/
gSol. carb.)
1% (gOils/
gSol. carb.)

In order to create marketable fuels, the ethanol and botryococcene components will need
to be extracted from this crude product mixture. Because a large portion of the botryococcene
produced by the yeast (and the only portion considered easily recoverable) is extracellular, and
the molecules are less dense than, as well as insoluble in water, these oils will naturally rise to the
top of the liquid phase, allowing them to be removed through decantation if sufficiently large
quantities are produced. On a smaller scale, botryococcene oils can be isolated from liquid
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cellular cultures through liquid-liquid extraction and column chromatography. The removal of the
botryococcene leaves behind a mixture of water and ethanol, which can be separated via
distillation, as is done in existing ethanol production facilities.
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Chapter 3
The Farm-Scale Conversion of Lignocellulose to Liquid Fuels

Selection of Farm Basis
For the purposes of this report, a farm size of 500 acres, along with a stock of 300 dairy
cattle, was assumed. Additionally, due to its higher yield per acre and its significantly lower
nitrogen demand relative to its competitors (e.g. sorghum), this report will assume switchgrass to
be the crop of choice.
Table 2: Summary of basic assumptions about proposed farm.

Farm Size (acres)
Cattle Stock (Dairy cows)
Annual Switchgrass Yield (ton/acre) [19]
Nitrogen Demand (lb N/acre) [20]
Rainfall Demand (in/year) [21]

500
300
7.5
45
27.6

Planting, Harvesting, and Storage
In terms of nutrient and irrigation requirements, one of the primary benefits of utilizing
switchgrass for biofuel production is its relative lack of attention it demands after it has been
planted. An optimum annual rainfall level of 27.6 inches can be achieved during the growing
season in many parts of Pennsylvania, assuming the crop is planted in April and harvested in
October. As a result, no irrigation process is necessary, thereby eliminating what can be a major
cost in the production of many crops. It is worth noting that the proposed model of highly
distributed production reduces the importance of the logic of using marginal lands, as the
production of fuels in such a system is envisioned to become an integral component of the larger
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farming operation. This case study therefore assumes that the dedication of 500 acres to the
production of switchgrass would require the transferring of acreage from the remaining farm
operations. A closer examination of the agronomic land use issues is outside the scope of this
preliminary analysis.
In terms of nitrogen demand, although higher levels of nitrogen may be needed during
the first few seasons, long-term growth trials have demonstrated that switchgrass can grow well
in the mid-Atlantic region when supplied with 45 lb of nitrogen per acre [19]. This is notably
lower than the nitrogen demand associated with corn production, which is often on the order of
180-200 lb of nitrogen per acre [22]. While this amount could be supplied through the use of
traditional fertilizers, the presence of dairy cattle on the proposed farm would provide a
convenient and inexpensive nitrogen source in the form of manure. This material will be
composted first in order to reduce the threat of pathogens such as Salmonella and pathogenic
strains of E. coli [23], but the remaining nitrogen content has been calculated to be more than
sufficient to cover the nitrogen demand of the switchgrass (approximately 39 tons per year and
11.3 tons per year, respectively).
Aside from fertilizing and planting, the only major step in the production of the
switchgrass crop itself is harvesting and baling. Assuming the process can be treated as similar to
that for harvesting hay, this step of production will require approximately 2.38 gallons of gasoline
per acre (1.75 and 0.63 gallons per acre for harvesting and baling, respectively) [24], a figure that
is taken into account in later scalability analyses, which examine the net fuel production of the
proposed farm.
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Pretreatment and Fermentation of Biomass
As a base case scenario, this analysis will assume the utilization of only fungal
pretreatment of the harvested switchgrass prior to the start of fermentation. After harvesting and
storage, the switchgrass will be fermented in batches throughout the calendar year. Since fungal
pretreatment requires 30 days and the fermentation itself requires 15, a total of eight batches may
be fermented over the course of a year. Given this timeframe, an annual switchgrass harvest of
3750 tons of biomass, a bulk density of switchgrass of 266 kg/m3 [25], and a substrate
concentration of 1330 g of switchgrass per liter, it is possible to calculate the volume of the
needed vessel, approximately 422,000 gallons. Note that 25% of bulk volume is needed for gas
phase void fraction, which facilitates trickle flow as well as heat removal. In part, this reduced
productive volume is part of the rationale for utilizing lower-cost fermentation tanks.

Fungal Pretreatment
Once the batch of biomass has been loaded into the pretreatment vessel, it can be
inoculated with spores of P. chyrsosporium. After fungal inoculation of the fungus, little effort is
required on the part of the process operator until the treatment period ends 30 days later, when the
material is ready to be fermented.

Fermentation
Following fungal pretreatment, the fermentation step would then be carried out in the
same vessel that the pretreatment was carried out in. Doing so eliminates the need for the system
owner/operator to transfer several hundred tons of switchgrass and fungal biomass from one
vessel to another in between the two steps. Instead, the fermentation step can be initiated by
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adding a volume of second stage media to the vessel corresponding to a substrate concentration of
1330 grams of switchgrass per liter of circulating fluid and then inoculating the vessel with
cultures of C. phytofermentans and S. cervisiae.
Additionally, because the switchgrass and fungal biomass do not contain a sufficient
level of accessible nitrogen for the fermentation consortium (noting that the production of
chitinases by C. phytofermentans allows nitrogen held in the fungi in the form of chitin to be
accessed as well), supplemental nitrogen must be added. Based on the growth patterns of the
consortium organisms on various media on a laboratory scale, the nitrogen content of a media
containing 6 g/L yeast extract and 1 g/L urea is considered a suitable basis for determining the
nitrogen needs of a scaled-up fermentation system. Based on nitrogen weight fractions in urea
and yeast extract of 47 gN/gurea and 11 gN/gYE, respectively, the amount of supplemental nitrogen
required in the scaled-up fermentation system was determined to be 4100 kg N per year, or
approximately 510 kg per fermentation batch. This material can be supplied in the form of 1100
kg of urea per batch. Urea is chosen in part because of its availability as an agricultural fertilizer
and also because its metabolism is more stoichiometrically balanced, helping to minimize issues
of pH control.
Also important to the success of the fermentation is the control of the consortium’s
growth dynamics through the addition of small amounts oxygen. In laboratory-scale work by
Trevor Zuroff, this addition was carried out through the incorporation of a length of oxygenpermeable polymer tubing through the fermentation vessel and subsequently forcing air flow
through this tubing. In the proposed scaled-up fermentation, this effect could be achieved simply
by minimizing exposure of the vessel’s contents to air and through the natural displacement of
oxygen that takes place due to the production of respiratory CO2, as occurs in large-scale
alcoholic fermentation.
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Finally, to facilitate trickle-flow of the liquid phase inside the fermentation vessel, this
liquid (along with any suspended organisms) will be continuously recirculated by pumping fluid
out of the bottom vessel and redistributing it at the top through a spray header. This circulation,
which can be accomplished using the same pump that is used to fill and drain the fermentation
vessel, provides a residence time of approximately 12 hours within the trickle bed. This residence
time was also used to calculate the pumping rate and associated operating costs.

Fuel Separation and Finishing
Upon the completion of the fermentation process, the contents of the liquid phase will
need to be separated in order to isolate the fuel products. The proposed system for processing
these fermentation products on a farm scale is depicted below, in Figure 4.

Figure 4: Flow diagram of proposed process for separation of fermentation products.

Once drained from the fermentation vessel after fermentation has been completed, the
resulting liquid phase is pumped out of the temporary storage tank, through a coalescer, and into a
holding vessel for distillation. The coalescer’s purpose is to provide sufficient settling time for
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extracellular botryococcene oils to phase separate from the aqueous culture media, allowing them
to be isolated in a relatively pure form by simply pumping this layer out of the downstream end of
the coalescer. The remaining water and ethanol mixture would then be pumped into a distillation
column after being pre-heated by a pair of heat exchangers. The first of these exchangers (E-2)
also serves as the condenser for the distillation column, while the second exchanger obtains its
heat from the column’s bottoms (aqueous stream) product cooler.
Following distillation, the aqueous stream can be retained for use as irrigation water for
other crops, or could be used for other general purposes (such as cleaning in cattle stalls) on the
proposed farm. The ethanol-rich distillate, on the other hand, must undergo more processing
before it becomes a finished fuel. Because water and ethanol form an azeotrope at a ratio of
approximately 95% ethanol/5% water, the designed distillation process is unable to achieve
ethanol concentrations above this point. Instead, the remaining water must be removed using a
molecular sieve material, which will absorb water while allowing ethanol to flow by unimpeded.
Because this material will periodically become saturated, a second molecular sieve vessel must be
present in parallel so that one may always be in use while the other is dried using hot air.
Following this final water removal step, all that remains is to add a denaturant to the ethanol to
render it unsuitable for human consumption (and thereby avoid federal excise taxes on alcohol).
Due to its ease of availability, gasoline was chosen as the denaturant for this process.
HYSYS process simulation software was used to model the various equipment needed for
this separation process and to determine the energy inputs necessary to carry out the distillation
and run the associated pumps. The model that was utilized is shown below in Figure 6.
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Figure 6: Diagram of proposed process for separation of fermentation products, as modeled in HYSYS.
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Chapter 4
The Economic Analysis of a Lignocellulose-to-Liquid Fuels Platform, Using
Parameters Demonstrated on a Laboratory Scale

Base Case Economic Analysis – Revenue Streams and Costs
For the purposes of analyzing the current “state-of-the-art,” the economic analysis
explored in this chapter applies product yields and fermentation parameters similar to those
demonstrated on a laboratory scale under presumably non-optimal conditions, and put forward in
Chapters 2 and 3. Given the current degree of characterization and optimization of the proposed
system, such an analysis was not expected to indicate that the system would be profitable in its
current form, but is also not intended to render an absolute verdict on the potential viability of a
more mature system. Instead, it is intended to provide a baseline for comparison with scenarios
that are predicated on more optimistic and forward-looking assumptions, which are examined in
Chapters 5 and 6.
The described farm would create two major products – ethanol fuel and botryococcene.
At a current market price of approximately $2.50/gal, the 43,500 gallons of ethanol produced
annually would result in revenue of approximately $108,800 per year, while the annual
botryococcene production of approximately 30 barrels would be expected to create approximately
$2,800 per year in revenue, assuming a spot price of $100 for West Texas Intermediate crude and
a selling price discount of 10% relative to the price of crude oil, due to the expensive and energyintensive nature of the hydrocracking process that must be performed on botryococcene oils in
order to produce usable fuels. Together, the sale of these products would result in total annual
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revenue of approximately $111,600 for the proposed farm. In terms of costs, the largest single
item is the cost of planting and harvesting the crop each year, followed by the capital cost of the
entire system, which total $85,500 and $63,300 per year, respectively. A listing of all major
revenue streams and costs by category is shown below in Table 4. In addition, a listing of major
assumptions made as the basis for this economic analysis is shown below, in Table 3.
Table 3: Summary of basic assumptions for economic analysis.

Parameter
Price of Ethanol ($/gal)
Price of Gasoline ($/gal)
Price of Oil ($/bbl, WTI)
Botryococcene Discount Rate to WTI
Price of Natural Gas ($/MMBTU)
Price of Electricity ($/kWh)
Price of Urea ($/kg)
Lifetime of Facility (years)

Assumed Value
$2.50
$3.10
$100
10%
$4.25
$0.10
$0.325
20

Table 4: Annual revenue streams and expenses by category.

Revenue Sources
Ethanol
Botryococcenes
Total Revenue:

Value (per year)
$108,800
$2,800
$111,600

Expenses
Planting/Harvesting Costs [26]
Capital Cost
Distillation Heating (Using natural gas)
Fermentation Electricity
Separations Electricity
Gasoline (Denaturant)
Added Nitrogen (Urea) for Fermentation
Total Expenses:

Value (per year)
$85,500
$63,300
$3,700
$2,000
$500
$3,900
$2,800
$158,800

Net Profit/Loss:

($47,300)

As can be easily discerned from Table 4, the proposed system in its current form is not a
profitable enterprise. In fact, the cost of simply harvesting the switchgrass and maintaining the
field requires an expenditure of $85,500 annually, equal to nearly 80% of the value of both
revenue streams combined. However, there is likely relatively little that can be done from a
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process engineering perspective to reduce the planting cost, and so efforts to reduce the costs of
the proposed system are likely best focused elsewhere. In addition, the capital cost (amortized
over an assumed 20-year life of the system) amounts to over 50% of total revenue. In order to
illustrate the relative magnitude of different expenses (and the associated opportunities for
improvement), the sizes of the process’s various expenses are depicted below in Figure 8, along
with each category’s contribution to the total cost of ethanol production in dollars per gallon.

Figure 8: Relative sizes of process costs and their cost per gallon of ethanol
produced.

Aside from planting and harvesting costs, which for the purposes of this analysis are
considered difficult to reduce, several of the major costs associated with fuel production in this
proposed system are tied to the separation and processing of ethanol. In particular, over 40% of
the capital cost (to be discussed in detail in the following section) is attributable to the purchase
of equipment associated with the distillation process and subsequent purification and denaturing
of the ethanol. Aside from the planting/harvesting and capital costs, the next two largest expenses
(gasoline for denaturing purposes and heating for distillation) are also specifically associated with
the production of ethanol, and not botryococcenes. This distinction is notable, as it serves to
highlight the inherent disadvantages of ethanol production in comparison to hydrocarbon
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production, the implications of which are explored in greater detail in Chapters 5 and 6 of this
thesis.

Capital Costs
The contributions of different categories of equipment to the total capital cost are shown
below in Figure 10. Somewhat surprisingly, a plurality of the capital cost associated with this
process, $519,000 out of a total of $1.27 million, is attributable to the fermentation tank and the
fermentation product tank, both of which must be relatively large (approximately 425,000 and
73,000 gallons, respectively), due to the large mass and relatively low bulk density of switchgrass
being fermented. Also of significance were the costs associated with the various vessels in the
separation train, with other equipment contributing to a lesser extent. Note that a more thorough
accounting of all capital costs can be found in Appendix A. All capital estimates conducted for
the purposes of this analysis were conducted using ASPEN Process Economic Analyzer software.

Figure 10: Capital cost for various process equipment, in thousands of
dollars.

However, examining the costs of pieces of equipment in this way overlooks the relative
contributions of the major systems in the systems within the separation train. When equipment
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costs are instead sorted by whether each piece of equipment is used for fermentation, ethanol
separation, or oils separation, the greater capital cost impact of the distillation system relative to
the oils separation system becomes clearer. As is illustrated in Figure 8, the total cost of
distillation equipment is more than double that of the oils separation equipment. This potential
reduction in capital cost (along with previously discussed savings in operating costs) lends
support to the idea of re-tooling the existing consortium for maximized hydrocarbon production,
an approach which will be explored in greater detail in the following chapters.

Figure 12: Capital costs of process equipment, in thousands of dollars,
divided by larger process system - fermentation, distillation (broken out),
and oils separation.

Case Studies: Potential Opportunities to Improve Economic Viability

Alternative Approach I: Maximization of Ethanol Production
One approach that could potentially be utilized in order to improve the economics of this
base-case process would be to utilize a different strain of yeast for the fermentation. In particular,
a non-genetically modified strain of Saccharomyces cervisiae could perform the fermentation
with a higher ethanol yield (38% of soluble carbohydrates, compared to 32% for the strain of S.
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cervisiae that was genetically engineered to produce botryococcenes), but at the expense of
eliminating production of oils.
Optimizing the proposed process in this manner could be viewed as a simple trade of
botryococcene for ethanol, or vice versa. Given a current ethanol price of approximately $2.50
per gallon, and an assumed botryococcene value of approximately $90 per barrel (equivalent to
$2.15 per gallon), it can be seen that absent a dramatic rise in petroleum prices relative to ethanol
prices, sacrificing an additional 6% of ethanol yield in order to gain a 1% yield of botryococcene
oils is not economically advisable.
Assuming that substituting the botryococcene-producing strain of S. cervisiae with one
that produces only ethanol results in no other noticeable changes to the process or its economics
(slightly reduced costs associated with distillation due to a higher ethanol concentration are
neglected), this change would result in a decrease in capital cost of $239,000 (due to elimination
of the coalescer, storage tanks for the removed oils and decanted fermentation products, and two
associated pumps) and increase in ethanol fuel production to 51,700 gallons per year, resulting in
a new final production cost of $2.89 per gallon, and a net annual loss of $20,600 (compared to an
annual loss of $47,300 in the base case). While this is certainly a step in the right direction, it
alone is still not sufficient to tip the scales towards profitability.

Alternative Approach II: Utilization of Steam Pretreatment
Alternatively, one opportunity to increase lignin degradation and the subsequent fuels
yield of the proposed fuel-production process would be through the use of steam pretreatment.
Doing so would potentially increase the yield of both ethanol and botryococcene, but would also
substantially increase the energy usage associated with the process.

30
Pilot-scale steam pretreatment of lignocellulosic material has been demonstrated using an
electric steam generator using approximately 6.3 kW of power at steady state to supply ~150
psig steam, along with two 1/3 HP motors, and one 1 HP motor to achieve a biomass throughput
of approximately 2 kg of dry weight per hour. Although the heating requirements would not be
expected to scale linearly with the amount of mass to steam treated (approximately 390 kg of
switchgrass per hour if all material is steam-treated and the process runs continuously throughout
the year), it seems very unlikely that such treatment could be done affordably. Even when the fuel
source is assumed to be natural gas instead of electricity, conducting such treatment would
require approximately $155,000 annually, which exceeds the currently predicted total process
revenue. In addition, given the lack of demonstrated improvement in either fungal growth or
fermentation performance for the chosen microbial consortium on a laboratory scale, this step
seems very unlikely to positively contribute to the economic forecast at the present time.

Alternative Approach III: Sharing Equipment and Capital Cost across Multiple Farms
Finally, one method that could be used to reduce the effective capital cost of the postfermentation processing system would be to share the required equipment between multiple
farms. Implementation of a co-op system for sharing the costs and profits associated with a
somewhat larger fuel production platform would be comparatively simple, but would come at the
cost of needing to transport the fuels separation apparatus. Provided the cost of transporting the
separation equipment from farm to farm is comparatively small, the key consideration is the
impact that such a proposal would have on the capital cost felt by each farm owner. At first
glance, scaling up the separation equipment to reduce capital cost (since capital cost does not
linearly increase with equipment size) seems like a sensible solution. However, because the
equipment would need to stay at each farm for a period of time, other farms would be forced to
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store more of their fermentation product during that time period. Since the largest driver of capital
cost in this case was the fermentation vessel and fermentation product storage tank, such a
proposition does not, in fact, appear to be a viable process improvement from an economic
perspective.

Process Scalability
One final concern that must be addressed when examining a prospective new source of
energy is the source’s scalability, or its ability to noticeably impact the American fuel/energy mix
on macroscopic scale. A simple way to address this question for the proposed system is to
determine the amount of land that would be needed in order to replace a significant portion (say,
10%) of the automotive fuel supply in the United States. A series of figures needed to make such
a calculation are shown below in Table 6.
Table 6: Key figures for determining process scalibility.

US Gasoline Usage, 2012 (gal) [1]
Gallons of Ethanol/Gallon Gasoline Equivalent
Proposed Farm Annual Ethanol Production (gal)
Farm Gasoline Usage (gal)
Net Gallons of Gasoline Equivalent Produced (gal)

133 billion
1.5
51,700
2,400
32,000

Using these figures, it is possible to determine the amount of land that would need to be
devoted to this farming process in order to replace 10% of the gasoline supply in the United
States, a figure that was calculated to be 324,700 mi2. For comparison, the area of the state of
Texas is 268,596 mi2, once again highlighting that in its current form, the proposed platform is
unlikely to realize wide utilization, even if it may become profitable and/or feasible on a smaller,
local scale.

32
Requirements for Future Feasibility
Although the proposed system is unlikely to prove economically viable in its present
form and under current market conditions, there are scenarios under which such a business plan
could prove profitable. As is true of many alternative fuel sources, the primary problem at hand is
not the technical feasibility, but rather the cost of the liquid product in comparison to its
alternatives, namely, petroleum. As a result, there will be a “break-even point” in petroleum
prices, above which the ethanol and botryococcene produced from this platform could be
profitably sold in the open market.
To that end, it is necessary to recognize the degree to which petroleum and ethanol fuel
prices are intertwined. The correlation between these prices was examined for the period or
January 2001 through December 2013. Below, Figure 13 depicts the prices of crude oil (West
Texas Intermediate, at Cushing, OK) and ethanol fuel (FOB at Omaha, NE) over this time period,
while Figure 15 shows the price of ethanol fuel as a function of that of crude oil. A relatively
strong linear relationship can be seen in this data (R2 = 0.65), and from this linear fit, it is possible
to project an approximate price of petroleum above which production of ethanol fuel from the
proposed system would be economical advisable.

Figure 13: Prices of West Texas Intermediate
crude and ethanol fuel, January 2001 to December
2013 [1].
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Figure 15: Price of ethanol fuel as a function of crude
oil price, January 2001 to December 2013.

Given a total production cost of $2.89 per gallon (using the ethanol-only production
strategy proposed in the Alternative Approach I section), and a total capital investment of $1.03
million (reduced due to removal of coalescer and associated equipment), the proposed ethanolproduction platform would break even at crude oil prices in excess of $122 per barrel.
Additionally, in order for a farm owner to receive a worthwhile level of income from this
investment, say, $50,000 annually, crude oil prices would need to exceed $183 per barrel. Figure
11, below displays the net profit or loss of the proposed fuel production system as a function of
crude oil pricing. Note, however, that these calculations do not take into account the increased
cost of various steps of the production process (e.g. gasoline needed, or any petroleum-derived
fertilizers or crop-protection products used during planting) that would be expected to accompany
a steep increase in crude oil prices.
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Figure 17: Platform profitability as a function of crude oil price.

Alternatively, absent a relatively significant rise in the price of fossil fuels, the proposed
platform could also become feasible given a sufficiently large government-instituted program to
encourage the widespread adoption of alternative liquid fuels. Such support could come either in
the form of direct subsidies, or in the form of a carbon tax, which would effectively force an
artificial increase in the costs of all fossil fuels, by amounts proportional to their carbon content.
Given ethanol fuel’s use primarily as a replacement for gasoline, the magnitude of the
necessary subsidy or carbon tax to bring the price of the produced ethanol fuel to parity with that
of gasoline can be determined. As the calculated cost of ethanol production under the best-case
scenario (using the strain of S. cervisiae that produces only ethanol) totaled $2.89 per gallon, and
ethanol prices are currently approximately $2.50 per gallon, a subsidy for cellulosic ethanol of
approximately $0.49 per gallon or an equivalent carbon tax on gasoline would need to be
implemented in order to bring the current production process to its break-even point. Given the
scale of US gasoline consumption (133 billion gallons annually), a subsidy of this magnitude
would result in a government program that could potentially cost billions of dollars annually if
cellulosic ethanol production were to subsequently rapidly grow, while an equivalent carbon tax
on gasoline would result in tens of billions of dollars in tax revenue. Unfortunately for the
prospects of the proposed system, both of these scenarios seem unlikely at this time.
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Chapter 5
Economics of Ethanol vs Oils – Feasibility of Proposed System when
Optimized for Production of Botryococcene

Differences from Base Case Scenario
The economic analysis conducted in the previous chapter examined the proposed fuel
production system based largely on early-stage laboratory data, but it is also worthwhile to
examine what this system would look like under a scenario that achieves a primary goal of the
engineered consortium: to effectively produce almost exclusively botryococcene, rather than a
mixture of botryococcene and ethanol. Although such a conversion has yet to be demonstrated, a
consortium of genetically modified strains of C. phytofermentans and S. cervisiae that was able to
produce botryococcenes at the same yield that can be achieved for ethanol (on a carbon-yield
basis, i.e. total mass of carbon incorporated into fuel per mass of carbon consumed from
switchgrass) would confer several major advantages on the proposed system, relative to the
ethanol-focused production platform discussed in the previous chapter. While botryococcene oils
are of approximately the same value as ethanol on a volumetric basis, they are far easier to
remove from a fermentation product mixture. The production of strictly botryococcenes would
allow for the elimination of the distillation step of post-fermentation processing, thereby
eliminating the vast majority of the heating energy costs associated with producing fuels, as well
as significantly decreasing the system’s capital cost.
It should also be noted that eliminating ethanol production removes the limit on substrate
concentration within the trickle-bed fermenter that was set to prevent accumulation of ethanol to
toxic levels. As a result, the system examined in this analysis will assume the higher
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concentration of 2000 grams of substrate per liter of circulating fluid [18], thereby cutting capital
and pumping costs by reducing total liquid volume. Additionally, because of the high volume of
oil production relative to consortium mass (unlike in the base scenario, in which very small
volumes of oil were produced), all botryococcenes produced by the consortium will be assumed
to be extracellular in this case.
A revised process flow diagram, depicting the equipment needed for the proposed
separation process when the fermentation consortium has been configured for exclusive
production of botryococcenes, is shown below in Figure 18. Another HYSYS model (not shown)
was also constructed in order to model this simplified system.

Figure 18: Flow diagram for proposed process when reconfigured to produce
botryococcenes exclusively.

Revenue Streams and Costs
The modified proposed system, which produces botryococcene as its only major fuel
product, exhibited marked differences from the base-case scenario in two different aspects of its
economic performance. First, as expected, operating and capital costs were significantly reduced
through the elimination of the distillation process. To a lesser extent, capital costs were also
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reduced due to the lower volumes of liquid resulting from the higher substrate concentration in
the trickle-bed fermenter. However, the analysis also conducted concluded that the switch from
primarily ethanol to exclusively botryococcene production resulted in a significant reduction in
revenue as well. Using the same economic/pricing assumptions as stated in Chapter 4, the values
of revenue streams and expenses were able to be re-calculated for this botryococcene-only
production scenario, as tabulated below in Table 6. Note that the assumption of a carbon yield
identical to the one calculated for the base case resulted in a total production rate for
botryococcenes of approximately 700 barrels per year.
Table 8: Annual revenue streams and expenses by category.

Revenue Sources
Botryococcenes
Total Revenue:

Value (per year)
$63,300
$63,300

Expenses
Planting/Harvesting Costs
Capital Cost
Fermentation Electricity
Separations Electricity
Added N for Fermentation
Total Expenses:

Value (per year)
$85,500
$35,600
$1,300
$200
$2,800
$122,600

Net Profit/Loss:

($59,300)

As can be seen from Table 6, the proposed switch from ethanol production to
botryococcene production on an equal carbon yield basis in fact worsened the system’s economic
feasibility, despite a simultaneous 44% reduction in total annual expenses. Such a result was
unexpected, given the conventional wisdom that botryococcene is a “better” fuel than ethanol,
with a higher heat of combustion and a lack of oxidation. Such an assumption, however,
overlooks key economic and energetic factors, which are discussed in greater detail in the last
section of this chapter, “Implications for Future Efforts in Advanced Biofuels.”
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Capital Costs
As expected, the conversion of the proposed system from one that produces primarily
ethanol to one that produces exclusively botryococcenes resulted in a significant decrease in
capital costs, resulting primarily from the elimination of distillation equipment. The changes in
capital cost for various pieces of equipment associated with major processes are illustrated in
Figure 13. Note that an overall decrease in capital cost was observed, from $1.27 million in the
base case to $713,000 in the botryococcenes-only case. Again, a more thorough accounting of
these capital cost estimates may be found in Appendix A.

Figure 20: Comparison of capital costs for base case and oils-only
production scenario.

Feasibility and Scalability
The economic analysis conducted for this scenario indicated a total production cost of
approximately $174 per barrel of botryococcenes. This total cost is broken down into its major
components in Figure 14, below. Assuming a 10% discount relative to the price of WTI, this cost
of production can be used to calculate the price of crude oil at which this system would break
even, and the price at which the operator of such a system could expect a modest profit of
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$50,000 per year. These requisite benchmark oil prices were found to be $192/bbl of WTI and
$271/bbl of WTI, respectively, both of which are significantly higher than the all-time high
trading price of West Texas Intermediate.

Figure 21: Relative sizes of process costs and their cost per barrel of
botryococcene produced.

Although the crude oil prices needed to make such a system economically viable are
significantly greater than current prices, and also greater than those required to achieve
profitability using the base case system, the fuels-production process examined in this scenario
does have one notable benefit. Unlike ethanol fuel, which is relative narrow in its potential uses,
botryococcenes have the potential, through cracking processes, to replace a much wider variety of
petroleum-derived fuels and petrochemical feedstocks. Although the rate of depletion of
petroleum reserves is subject to interpretation and debate, especially given the expanding
utilization of unconventional fossil fuel resources, the basic notion that petroleum will eventually
become scarce requires the eventual replacement of all products currently derived from
petroleum, not just gasoline. As a result, ethanol fuel, while valuable as a substitute for gasoline,
is unlikely to replace petroleum in all of its uses.
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As was investigated for the base case scenario, a simple means of gauging the scalability
of the proposed system is to determine the land area that would be required to replace a
significant portion of fuel usage in the United States. In this case, the land area necessary to
replace 10% of US crude oil consumption was calculated, using an annual US petroleum
consumption figure of 6.87 billion barrels [1], and assuming that crude oil could be replaced by
botryococcene at a 1:1 ratio. Using these figures, the requisite land area was again found to be
unrealistically large, at 854,000 mi2, an area larger than the state of Alaska. This point illustrates
the need to demonstrate higher product yields than were assumed in the scenarios thus far if the
proposed fuel-production system is to achieve economic viability.

Implications for Future Efforts in Advanced Biofuels
The economic analysis conducted for this case of botryococcene-only production led to a
somewhat surprising conclusion. While ethanol was known to sell for a higher price on a
volumetric basis than either crude oil or, presumably, botryococcenes, this was expected due to a
few factors. This price difference can be attributed in part to the costs of converting petroleum
into finished fuels (reflected by the gap between crude oil and gasoline prices in $/GJ in Figure
15, below), and also to ethanol’s value as a high-octane additive, and its effectively mandated
blending into gasoline supplies under the Renewable Fuel Standards. However, conventional
wisdom would also indicate that purely in terms of energy density, hydrocarbons are significantly
more valuable than alcohols. While this assumption is correct when energy density is measured
on a mass basis, the more relevant metric for a carbon-limited biofuel production system is the
energy density per mass of carbon. Under this metric, ethanol in fact carries more energy per kg
of carbon than botryococcenes or petroleum-derived fuels, as shown below in Figure 15. This
phenomenon can be most easily understood through a comparison of the hydrogen/carbon (H/C)
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ratios in these compounds, as H-C bonds contain substantially more energy than C-C bonds.
Given molecular formulas for ethanol and C30 botryococcene of C2H6O and C30H50, respectively,
it can be seen that each additional carbon atom in ethanol will form an average of 2.5 C-H bonds
(one hydrogen is part of the alcohol group), while adding the same carbon atom to a
botryococcene molecule would result in an average of only 1.67 new C-H bonds.

Figure 22: Comparison of energetic properties of botryococcene, crude oil,
gasoline, and ethanol.

If the production of advanced biofuels from a substrate (lignocellulosic or otherwise) is
truly limited by carbon yield (i.e. the mass of carbon in the desired fuel per mass of carbon
consumed from the substrate), then selecting a fuel with a higher energy density on a total mass
basis may in fact be a poor choice not only from an economic perspective, but also from a total
energy production perspective. While valid arguments can be made to justify the production of
hydrocarbon biofuels over ethanol on other bases (such as the ability to produce a much wider
range of products from hydrocarbons through the use of cracking, while ethanol is largely limited
to use as an automotive fuel), if the goal of a carbon-limited fuel-production platform is to
maximize the total energy of its products, ethanol is a superior choice to all saturated
hydrocarbons with the exceptions of methane, ethane, propane, butane, and pentane. This
determination was made using the heats of combustion for various organic compounds from
NIST [27].
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Chapter 6
Ultimate Potential for Advanced Biofuels Production – Economics of an
Idealized System for Producing Botryococcene from Switchgrass

Basis for Comparison to Other Scenarios
While the two scenarios examined thus far appear unlikely to be commercially viable in
the near future, the assumptions on which they are predicated may be unnecessarily pessimistic
given the tremendous amount of “maturing” that production processes undergo during scale-up
and commercialization. To that end, it is worthwhile to consider a scenario that is reflective of a
theoretical maximum of sorts. In this final analysis, the proposed fermentation consortium is
assumed to be capable of producing botryococcenes from switchgrass at the same carbon yield
that is able to be achieved in the commercial production of ethanol from starches and sugars in
corn. The examination of such a system, while still very hypothetical, and potentially
unobtainable, allows for a recognition of whether or not further efforts to characterize and
optimize the proposed fuel-producing consortium could ultimately result in the development of an
economical means of producing a biologically-derived substitute for crude oil.

Process Design Differences
In order to determine an appropriate botryococcene production rate, typical yields of
ethanol from starches in corn were examined. The assumptions that were used are stated below,
in Table 7. From these figures, the overall carbon yield, defined as (kg of carbon in ethanol)/(kg
of carbon in available starch) was calculated to be 0.683. By applying this same carbon yield of
ethanol to botryococcene production, the total annual production rate of botryococcenes on our
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hypothetical 500 acre swtichgrass farm was found to be approximately 1.8 million kg or 13,700
barrels per year.
Table 9: Parameters used to calculate hypothetical botryococcene yields
from switchgrass under ideal conditions.

Parameter
Ethanol Yield from Corn (kg EtOH/kg dry corn) [28]
Extractable Starch in Corn (kg starch/kg dry corn) [28]
Carbon Content of Ethanol (kg carbon/kg EtOH)
Carbon Content of Starch (kg carbon/kg starch)

Value
0.364
0.66
0.522
0.421

Under such a scenario, the high volumes of oil produced relative to the volume of
recirculating liquid phase necessitate the removal of produced oils directly from the recirculation
stream during fermentation. Much like in the previously-modeled processes, such a separation
could be performed using a coalescer, from which the aqueous phase is recirculated while the
organic phase is pumped into a storage vessel. Such a separation of oils on a continuous basis
would also eliminate the need for various intermediate storage tanks and associated pumps, as the
botryococcenes could be continuously removed until the fermentation was complete, at which
point the remaining water in the fermentation vessel could be pumped directly to the water
storage tank. However, it should be noted that such a process simplification is not considered
feasible in the two previously-examined scenarios, due to the significantly lower oil
concentrations in the liquid phase before the end of the fermentation process. A process flow
diagram of the envisioned system is shown below, in Figure 16.

44

Figure 23: Flow diagram of proposed process for fermentation and separation of botryococcenes.

Revenue Streams and Costs
This final, highly idealized model of the envisioned biofuels production system benefits
significantly from far higher product yields (3.65 bbl of oils per ton of switchgrass in this bestachievable scenario, compared to 0.19 bbl per ton of switchgrass in the previous scenario), and
therefore revenue, as well as lower operating and fixed costs due to the simplified separations
process. A summary of the calculated revenue flows and expenses can be found in Table 8.
Table 10: Annual revenue streams and expenses by
category.

Revenue Sources
Botryococcenes
Total Revenue:

Value (per year)
$1,230,000
$1,230,000

Expenses
Planting/Harvesting Costs
Capital Cost
Fermentation Electricity
Separations Electricity
Added N for Fermentation
Total Expenses:

Value (per year)
$85,500
$28,900
$1,300
$100
$2,800
$115,800

Net Profit/Loss:

$1,120,000
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As can be seen from Table 8, when the proposed system is modeled to produce
botryococcene from switchgrass with the same carbon yield as is accomplished in commercial
fermentation of starch material from corn to ethanol, the process economics become highly
favorable. In fact, the break-even price of crude oil for the newly modeled system was found to
be only $9/bbl, roughly an order of magnitude lower than the current trading price of crude oil.
The scalability of the proposed system also dramatically improves with the assumption of an
improved yield; 10% of US petroleum consumption was calculated to be replaceable through
deployment of the proposed system across 39,400 mi2, which, while still roughly the size of the
state of Kentucky, is a significantly smaller area figure than those determined in the prior to
scenarios.

Capital Costs
Process simplification associated with the dramatically increased botryococcene yield
resulted in significantly reduced capital cost, at $578,000 total, compared to $713,000 in the first
botryococcene-focused scenario, and $1.27 million in the ethanol-focused base case scenario. A
detailed accounting of these cost estimates can be found in Appendix A.

Pathways to Paradigm Realization
While there may appear to lie enormous potential in the field of advanced biofuels, a
great number of technical challenges currently stand between the proposed fuels-production
system and the scenario put forth here. First and foremost is the need to demonstrate significantly
higher botryococcene yields from the proposed consortium. In order to achieve this goal, work is
expected to be necessary on several fronts. Namely, it will be crucial to demonstrate the ability of
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the consortium to utilize nearly all of the energy contained within the lignocellulosic biomass
following fungal pretreatment, and also ensure that a sufficiently high proportion of metabolized
carbon is devoted by the consortium to construction of biofuel molecules. The level of work
involved to achieve these goals is not trivial, but as this final economic analysis demonstrates, the
proposed process would not have to achieve yields nearly as high or costs nearly as low as those
assumed in order to be profitable, indicating that even a less-than-ideal system may still hold
promise in the future.

47

Chapter 7
Conclusions and Future Outlook

Outlook for Lignocellulose-Derived Fuels as Major Transportation Fuels
Due to the alluring promise of the ability to derive liquid fuels from easily-grown crops,
fuels derived from lignocellulose are likely to remain a major area of research and technological
potential. However, as this analysis has shown, the proposed base-case system (modeled using
current, preliminary laboratory data) is not currently economically feasible, and is unlikely to be
until either higher yields of ethanol or botryococcene from a given lignocellulosic substrate can
be achieved. One additional key point is the need to recognize that planting/harvesting costs alone
were often large enough to make the proposed system unprofitable [26]. Because these costs are
difficult to reduce, it is apparent that unlike many chemical processes, the proposed process is
unlikely to benefit from simply increasing the size of the system in an effort to take advantage of
economies of scale without first increasing the yield of fuel products created by the described
consortium, once again highlighting this area as the primary frontier for future efforts in this field.

Potential Future Work
Future work can be divided into two areas. One is the future work that is identified by
the analysis as being critical for process viability, the other future work relates to the specific
analysis that has been conducted, and what additional refined scenarios would contribute to a
better understanding of the process performance and its effects on process economics. A missing
component of the analysis is a head-to-head comparison of a 100% ethanol process, and a 100%
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hydrocarbon scenario. It is important to recognize that this comparison is likely to be dependent
on the critical parameter of process yield. For the ‘optimistic’ scenario of a botryococcene yield
comparable to starch conversion, the economics are so favorable (and capital costs so small) that
there is minimal ability to recognize the effects of the alternative processing equipment.
Therefore, while it makes sense to provide that ‘ideal ethanol’ scenario as an upper optimistic
boundary, a comparison executed at a more realistic yield that is reflective of current technology
from a literature review might be far more informative.
Future efforts to improve the performance of the proposed fuel-production system will
naturally need to focus first and foremost on obtaining a better understanding of and increasing
the yields of the desired fuels, as well as the yield of soluble carbohydrates from cellulose.
Additionally, further analyses to determine the effectiveness of the proposed fungal pretreatment
in selectively consuming lignin, while leaving cellulose and hemicellulose behind, would prove
valuable in understanding the amount of consumable material available to the fermentation
consortium for potential conversion to fuels after fungal pretreatment.
There is also significant room for improvement in the details of the economic analysis for
examining the impact of reducing capital costs by identifying creative opportunities to utilize
more affordable equipment (e.g. silos in place of more expensive fermentation vessels). A greater
understanding of how the costs associated with removal of ethanol (via distillation) and oils (via
phase separation) scale with increased yields of each fuel would also allow for a more complete
comparison of the relative value of each fuel across a range of product yields and process scales.
In addition to these proposed improvements, a few other notable opportunities for improvement
have been identified:
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Methane Recovery
Several relatively simple means of improving the proposed fuel production platform may
very well exist. One such opportunity for improvement that was recognized in the course of work
on this analysis was the potential to recover methane from the composting of cattle manure prior
to the manure’s use a fertilizer for the switchgrass crop. Doing so would provide a fuel source
that could be used to generate steam for either the pretreatment process or distillation columns, or
simply burned for residential heating, among other potential uses. In addition to reducing the
energy costs associated with fuel production, a methane recovery system could also further
improve the emissions intensity of the proposed system. Since composting of cattle manure prior
to its use a fertilizer is a necessary step [23] which will naturally release methane, a potent
greenhouse gas, capturing it for use not only eliminates these emissions, but also reduces carbon
emissions elsewhere that would have been necessary to provide the energy that will instead be
supplied by combustion of the recovered methane. A rather extensive assessment of biogas
recovery from dairy farms was conducted in California, which included a diverse portfolio of
farming scenarios [29]. A closer examination of the associated data in those actual farm
implementations may provide additional insight into the “on-farm” biofuel production concept
proposed here. The feasibility and impact of such a biogas system in the context of a liquid fuels
production scenario could be examined in a future life cycle analysis of the proposed system.

Extraction of Intracellular Botryococcene Oils
For the purposes of this analysis, only the extracellular botryococcene oils (i.e. those
excreted by the S. cervisiae) were considered recoverable. Experiments conducted by Nymul
Khan have shown only 60% of the oils produced by another organism that was genetically
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engineered to express the botryococcene production pathway, Rhodobacter capsulatus, were
ultimately found to be extracellular. As a result, future efforts aimed at identifying a means of
economically homogenizing yeast cells after fermentation or extracellular transport of
botryococcenes could allow for the recovery of the 40% of oils that remain within the yeast cells,
thereby increasing the total hydrocarbon yield of the process by up to 67% and potentially
improving the economics of the process.
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Appendix A
Process Equipment Sizing and Capital Costs
Table 11: Breakdown of capital cost by piece of equipment in base case scenario (examined in
Chapter 4).
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Table 12: Breakdown of capital cost by piece of equipment in botryococcene-only scenario
(examined in Chapter 5).

Table 13: Breakdown of capital cost by piece of equipment in idealized botryococcene production
case (examined in Chapter 6).
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Appendix B
Methods

Bomb Calorimetry
In order to obtain heat of combustion values for various materials examined for the
purposes of this thesis (namely, botryococcene oils and various substrate/biomass samples), bomb
calorimetry was employed. The device used was Parr model 1710 adiabatic bomb calorimeter,
owned by the Penn State Energy Institute. In order to ensure reliable combustion of the generally
small samples that were analyzed (generally <100 mg), the samples were each burned along with
a ~1 gram benzoic acid tablet of known mass and enthalpy. Oil samples, which were obtained
through liquid-liquid extraction of B. braunii culture samples and subsequent isolation of the
desired oils through column chromatography and the use of a rotary evaporator, were applied
directly to the benzoic acid tablets using a Pasteur pipette, while samples of lignocellulosic
substrate and/or fungal biomass were ball-milled and then placed into direct contact with the
benzoic acid tablets. Following combustion, determinations were made of the heat released by
combustion of the ignition fuse, as well as the heat resulting from the formation of nitric acid
within the bomb. This final value was measured through titration of the aqueous contents of the
bomb following combustion, using 0.03545 M sodium carbonate solution and a methyl orange
indicator. Finally, the enthalpy of combustion of the samples were able to be determined by
deducting the heat released from benzoic acid combustion, fuse combustion, and nitric acid
formation from the total heating value calculated by the calorimeter.
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Extraction, Isolation, and Energy Determination of Oils from Botryococcus braunii
In order to experimentally determine the heat of combustion of botryococcene oils, an
extraction and purification procedure was performed on algae samples obtained from cultures of
Botryococcus braunii. The oils were first extracted via liquid-liquid extraction. For every 20 mg
(fresh weight) of algae material, 1 mL each of distilled water and acetone were added to a
separatory funnel along with the algae sample and the contents of the funnel were then shaken for
1-2 minutes. An amount of n-hexane equal to the amount of water or ethanol utilized was then
added to the separatory funnel, which was again shaken for 1-2 minutes. The contents of the
funnel were then drained into 15 mL conical bottom glass centrifuge tubes with Teflon-lined
caps, which were then centrifuged for 3 minutes at 750 RCF in a Beckman-Coulter Allegra X12R centrifuge and SX4750 rotor in order to induce the separation of the organic and aqueous
layers. Following centrifugation, the organic (top) phase was removed from all centrifuge tubes
and pooled in a single, tared glass vial. The remaining aqueous material was then returned to the
separatory funnel and mixed with additional n-hexane, which was added in the same quantity as
before. The extraction and centrifugation process was then repeated, after which the organic layer
was again removed from each centrifuge tube and added to the vial containing the organic
material from the first round of centrifugation.
The n-hexane was removed from this mixture via evaporation in a Büchi HB-140 Rotary
Evaporator, which was equipped with a recirculated cooling bath that operated at temperatures
between -14 °C and -4 °C. Prior to starting evaporation, the apparatus was purged three times
with nitrogen. The evaporation was then carried out under a partial vacuum (16-20 in Hg), while
the bulb containing the mixture was maintained at a temperature of 40 °C through the use of a
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heated water bath. The resulting residue contained not only botryococcenes, but also pigments
and other n-hexane-soluble components, necessitating purification via column chromatography.
In order to carry out column chromatography, a silica gel column (1.2 cm ID x 31 cm)
was packed by the slurry method, using a silica gel to n-hexane ratio of 1 g/2.5 mL. The
chromatography process was expedited through the application of nitrogen to conduct flash
chromatography; the progression of the process was monitored by observing the movement of
pigment bands down the length of the column. Collection of eluted material was stopped shortly
before elution of the pigments. The n-hexane was then removed from the collected solution
through the use of a rotary evaporator, as described above, leaving only the desired triterpene
hydrocarbons. Following this purification procedure, the heat of combustion of the collected oils
was determined through the use of bomb calorimetry, as described in the previous section of this
Appendix.
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Appendix C
Summary of Undergraduate Research Work
My involvement in academic research began during the second semester of my freshman
year (Spring 2010). At the encouragement of Dr. Wayne Curtis, I chose to begin participating in
laboratory work at this time in order to begin exploring career path options within the chemical
engineering major and to become proficient at some of the techniques that would ultimately be
useful in later thesis research. My initial work, conducted primarily under the guidance of Amalie
Tuerk, involved maintenance (subculturing and sampling) of cultures of Chlorella vulgaris, an
algae species. My later work on the algae project focused mainly on developing and conducting a
liquid-liquid extraction procedure for isolating oils from samples of Botryococcus braunii, a
hydrocarbon-producing algae species, and determining the heat of combustion of the main
component of these oils (botryococcene) through bomb calorimetry.
In the summer of 2011, I then worked as an undergraduate research fellow under Trevor
Zuroff, with funding provided through his John D. and Jeanette McWhirter PhD Fellowship. My
efforts that summer focused on the growth of Clostridium phytofermentans and yeast mono- and
co-cultures for the purposes of cellulosic ethanol production, and analysis of these cultures’
fermentation products through HPLC. These efforts ultimately became a part of the basis of this
thesis.
After that time, my involvement in laboratory research became more intermittent, in part
due to my participation in internships and co-ops, but upon returning for my final semester in the
spring of 2014, I resumed work on the cellulosic ethanol project with Trevor Zuroff and Taylor
Maher, ultimately resulting in the economic analysis presented in this thesis.
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