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Abstract

Energy Analysis of Sweet Sorghum Ethanol Using a Bottom-Up Energy
Return Ratio Matrix Approach

John A. Veracruz, M.S. in Energy and Earth Resources

The University of Texas at Austin, 2015

Supervisor: Carey King, Ph.D.

Between 2012 and 2013 the world increased biofuel consumption by 6.1% and if
forecasts hold, according to the International Energy Agency, by 2050 27% of the
world’s transport energy will come from biofuels. Rather than succumb to a shortage of
corn, alternative feedstocks must gain the same traction corn has gained within the
ethanol production industry. When considering an alternative feedstock what must also
be considered it is that energy output from ethanol production exceeds the energy needed
to produce one liter of alcohol. With origins traced back to Africa, sweet sorghum, or
Sorghum bicolor(L) Moench, has gained traction as a viable ethanol feedstock due to the
plant’s ability to reach a harvest maturity in as little as four months. With similarities to
that of sugarcane, sweet sorghum’s stalk contains a relatively balanced amount of both
insoluble and soluble carbohydrates. Although sweet sorghum will flourish with the
appropriate amount of water, its drought resistance provides versatility other ethanol
feedstocks do not possess. However, lower inputs, drought resistance, and the ability to
grow on fallow land are all meaningless if growers miss a relatively short harvesting
window, or even worse, allow fermentable sugars to decay by not expediting
fermentation. If sweet sorghum ethanol is to displace any amount of corn and prove its
feedstock viability, its energy balance must show more energy is output than is input. By
using a bottom-up matrix based approach using energy return ratios (ERRs), a product’s
system may be evaluated to determine its usefulness to society. The Brandt et al.
framework requires the creation of two matrices; a technology matrix, A, and an
intervention matrix, B. Devising information from these matrices requires the use of three
main vectors which serve as the foundation for calculating the desired ERR. Using this
method in conjunction with four ERRs allows the study of energy processes used to
create inputs for sweet sorghum pathways and possibly allude to how this energy is used
to eliminate waste or improve efficiency through cleaner energy sources.
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Chapter 1: Introduction

Between 2012 and 2013 the world increased biofuel consumption by 6.1% and if
forecasts hold, according to the International Energy Agency (IEA), by 2050 27% of the
world’s transport energy will come from biofuels (BP, 2014) (IEA, 2011). The United
States led the world by producing over 28 million metric tonnes of oil equivalent (MMtoe)
of biofuels while the Renewable Fuels Standard (RFS) mandated over 69 billion liters of
renewable fuels must be consumed per year; 10% of all transportation related fuels used
(BP, 2014) (EPA, 2015). Of this amount, in 2014 there were an estimated 65 billion liters
of ethanol produced with 98% being produced from corn (RFA, 2015). During the 2013 to
2014 crop marketing year, the United States produced 351.3 MMt of corn with
approximately 11% of the harvest being exported to international markets (U.S. Grains
Council, 2014). The food for fuel debate arises not only domestically but also
internationally when the United States is also the leading corn exporter in the world with a
39% share of the commodity’s international trade; Brazil being the next closest corn
exporter with a 17% share (U.S. Grains Council, 2014). As more of the population become
aware and stress about the dangers of carbon emissions, the U.S. RFS is mandated to
gradually increase with the purpose of improving emissions. Rather than succumb to a
shortage of corn, alternative feedstocks must gain the same traction corn has gained within
the ethanol production industry. Other feedstock options could include, but are not limited
to, sugarcane, sugarbeet, wheat, and sweet sorghum (Regassa and Wortmann, 2014).

When considering an alternative feedstock what must also be considered it is that
energy output from ethanol production exceeds the energy needed to produce one liter of
alcohol; also called a net energy ratio (NER) or net external energy ratio (NEER),

depending on the calculation method. Numerous studies have been conducted on the NEER
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of corn ethanol and have produced varying NEER outputs. Some conclude corn ethanol
has a favorable NEER, >1, while others suggest corn ethanol requires more energy inputs
than the energy it yields, <1. However, much of this research is dependent on if corn
coproducts are accredited to ethanol production and the method used (Farrell et al., 2006).
Regardless, there must be an alternative to alleviate a fraction of corn’s status as the
nation’s leading ethanol feedstock. One feedstock which seldom gets attention is sweet
sorghum.

Sweet sorghum has been compared to sugarcane due to its high sugar content while
its stalks only require four months to grow 6 meters. When the maximum ethanol yield for
an acre of corn is 420 gallons, depending on the cultivar, sweet sorghum has the ability to
produce anywhere from 530 to 700 gallons of ethanol per acre (Pfeiffer et al., 2013). It also
boasts other favorable attributes over corn such as requiring less nitrogen and the ability to
grow on marginal lands. Using the aforementioned information, studies have concluded
ethanol produced from Sweet Sorghum has a better energy return than that of its maize
counterpart. However, the purpose of this paper is to reevaluate the crop using a “bottom-
up” approach and apply the data to a life cycle assessment (LCA) matrix framework where
energy inputs and outputs are used to calculate Sweet Sorghum ethanol’s energy return
ratio (ERR) (Brandt et al., 2013). The matrix based computation is an adaptation of the
method used in Brandt et al.’s 2013 paper titled “Calculating systems-scale energy
efficiency and net energy returns: A bottom-up matrix based approach” where they have
adapted and expanded on Heijungs and Suh’s work in “The computational structure of life
cycle assessment” (Brandt et al., 2013). Using sweet sorghum’s matrix derived data to
calculate four ERRs the data will also be compared to that of corn using the same method.
The conclusion of this paper aims to provide an outlook for sweet sorghum should it gain
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further traction in addition to ideas with the goal of increasing its standing as a feedstock
option. The data will also provide a benchmark so sweet sorghum’s environmental and
economic sustainability can be compared to other biofuels in follow-on on research.

This section will be followed by six chapters. Chapter 2 will detail sweet sorghum’s
benefits while Chapter 3 details its associated drawbacks. The fourth chapter will feature
the feedstock’s cultivation and harvest processes so all related LCA inputs are known for
the ERR calculations. The fifth chapter is similar to the fourth chapter except it applies to
the ethanol biorefining process with the addition of identifying coproducts produced. It will
also explain the possible variations which may explain inconsistencies between ethanol
producers; such as the difference between conventional and integrated processes. The sixth
chapter will explain the theory behind the energy analysis matrix and the four ERRs; in
addition to comparing results reached with previous studies. Finally, the seventh chapter
will relate ERR matrix conclusions to sweet sorghum’s outlook as a feedstock and ideas

on how to expand its use.

Chapter 2: Benefits of Sweet Sorghum as a Biofuel Feedstock

With origins traced back to Africa, sweet sorghum, or Sorghum bicolor(L) Moench,
has gained traction as a viable ethanol feedstock due to the plant’s ability to reach a harvest
maturity in as little as four months when planted in late Spring within a temperate,
subtropical, or semi-arid climate while requiring lower inputs when compared to other
more common feedstocks (Chohnan et al., 2010). Although tropical areas provide growers

with the flexibility to grow more than one sweet sorghum crop per year, the sugar-based



composition of the stalk has caused the plant to gain increasing notoriety with the flexibility
to be grown within subtropical and temperate zones (Chohnan et al., 2010).

Four sorghum types naturally exist in nature; grain sorghum, forage sorghum, fiber
sorghum and sweet sorghum. Nonstructural carbohydrates are considerably higher in sweet
sorghum rather than the structural carbohydrate nature of the other types (Zegada-Lizarazu
and Monti, 2012). Ethanol production is attainable from the other types however
lignocellulose must be converted to ethanol using second generation biofuel production
methods. In contrast, sweet sorghum’s stem soluble sugars and structural carbons make it
a great feedstock for both first and second generation ethanol production methods (Zegada-

Lizarazu and Monti, 2012).

Sorghum type Main characteristics Typical/potential end use Application for bicenergy
Grain sorghum Dwarf varieties (50—80 c¢m) rich in starch Grain harvested for food Grain can be used as a starch and
in the grains. and fodder. cellulose feedstock for 1st and 2nd

generation biofuels. Crop residues
can be used as cellulose feedstock
for 2nd generation biofuels.
Sweet sorghum Varieties with thick and long stalks and Juice harvested for molasses, Sweet sorghum juice can be used to
high content of sugars in the stem syrup and sugar. produce ethanol.
(about 53 and 37% are structural and
non-structural carbohydrates,
respectively).>?
Forage sorghum Varieties with high protein and)fiber Biomass harvested for fodder. Biomass can be used as a cellulose
content (between 59 and 63% are feedstock for 2nd generation biofuels.
structural carbohydrates, and 22—28%
are non-structural carbohydrates).®
Fiber sorghum Tall varieties with fine stems and rich in Cellulose for paper production. Biomass used for combustion and
cellulose and hemicelluloses (about 77 and 2nd generation biofuels.
20% are structural and non-structural
carbohydrates, respectively).©

a Structural carbohydrates include hemicellulose, cellulose, and lignin, while the non-structural carbohydrates include sucrose, glucose,
fructose and starch.

b Data taken from [5].

c Data taken from [6].

Table 1: Types of Sorghum, their characteristics, and bioenergy applications. Source:
Zegada-Lizarazu and Monti, 2012.
Grain sorghum, sweet sorghum, and forage sorghum tend to be the most researched

types of sorghum especially as a potential biofuel feedstock. Grain sorghum attributes its
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name to the large seedheads it grows at the top of its stalk and has principally been used as
livestock feed (Whitfield et al., 2012). When compared to other types of sorghum, drought
resistance is one of sweet sorghum’s most favorable attributes; a primary reason why it is
typically grown in the southern plains and central United States (Cai et al., 2013). Sweet
sorghum has much smaller seedheads however it grows up to six meters tall with thick
stems full of sugars which were mostly used to make syrup before gaining traction as an
ethanol feedstock (Whitfield et al., 2012). Forage types possess similar properties to sweet
sorghum however they are shorter and do not contain as much water and sugar (Whitfield
et al., 2012). Research into its feedstock capabilities have been centered on using it for
cellulosic ethanol due to its high biomass yield and ability to be grown when conditions
are unfavorable for other feedstock crops, such as corn (Cai et al., 2013).

However, advances in cross breeding techniques and genetic modification have
allowed growers to achieve unique outputs. New sorghum offshoots are not limited to
crossbreeding one of the four aforementioned types but also includes crossing various
cultivars from within each type. Seed breeders have succeeded in developing sub-types of
sweet sorghum more applicable for storing sucrose or have higher amounts of glucose and
fructose for syrup production (Zegada-Lizarazu and Monti, 2012). These are only a few
possibilities sorghum presents as a biofuel feedstock and by manipulating these
characteristics it allows growers to identify the sub-type of sorghum to maximize harvest
yield depending on agricultural landscape and/or cultivation methods. It also allows
growers to sell ethanol producers the optimal feedstock for their ethanol production
process.

Research into sweet sorghum as an ethanol feedstock is relatively novel when

compared to that of more traditional feedstocks such as corn, sugar beet, or sugarcane due
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to the nascent history correlating around its management and breeding (Zegada-Lizarazu
and Monti, 2012). While sugarcane can only be grown in tropical regions and the root
nature of sugar beets requires additional energy inputs, sweet sorghum’s drought resistance
as well as lower water and nutrient use when compared to the other aforementioned
feedstocks are recognizable qualities when considering the movement to find a cleaner
alternative to petroleum gasoline (Whitfield et al., 2012). Recently, sweet sorghum’s
reduced input requirements have provided developing countries, such as India, with an
alternative in an area where arable land is scarce and other areas are highly susceptible to
drought making it difficult to validate the growth of more input intensive ethanol
feedstocks. For example in India, ethanol is used as an alternative fuel for cooking and
basic lighting needs. In addition, sugarcane bagasse is used to produce electricity although
due to lower inputs, sweet sorghum bagasse may provide an improved alternative when
coupled with local biofuel production (Prasad et al., 2007).

Narrowing the focus of this paper, sweet sorghum and its various characteristics
will be highlighted to emphasize and elaborate on what sweet sorghum ethanol can offer

from the energy analysis conducted in later chapters.

SOLUBLE CARBOHYDRATE CONTENT

With similarities to that of sugarcane, sweet sorghum’s stalk contains a relatively
balanced amount of both insoluble and soluble carbohydrates with the latter of the two
being the most influential as an ethanol feedstock (Yu et al., 2012). Sweet sorghum’s
biomass dry weight can be composed of as much as 25% to 50% soluble carbohydrates
with the majority of these sugars within the stalk consisting of fructose, monosaccharides
glucose, and disaccharide sucrose; unlike corn which holds approximately 85% of its

carbohydrates in the seeds rather than stalk (Whitfield et al., 2012) (Calvifio and Messing,
6



2011). Although it is variety and climate dependent, studies estimate that prior to
fermentation, sweet sorghum juice is made up of anywhere between 50% to 60% sacchrose,
25% to 35% glucose, and 7% to 20% fructose (Prasad et al., 2007).

Another method of calculation is to identify the juice’s sugar content in degrees of
brix. This form of measurement measures sucrose using a refractometer to gauge the
degrees of crude sucrose within a plant at any desired moment during its growth. To
calculate the percentage of crude sucrose, brix content is divided by two and the quotient
represents the amount of simple sugars present if the plant’s juice was extracted and dried
to 0% moisture; with brix content represents the overall amount of crude carbohydrates
(Ag-USA, nd). Once a sweet sorghum plant has reached maturity, its °brix could reach an
estimated 22.85°B, depending on the variety, while at the inception of its growth the plant’s
sugar concentration is an estimated 12.5°B (Prasad et al., 2007).! Considering this data, if
100 kg of raw freshly harvested sweet sorghum had its juice extracted and dried to 0%
moisture it would contain 22.85 kg of crude carbohydrates at maturity and 12.5 kg of crude
carbohydrates at its initial growth stages while the respective simple sugar quantities would
be 11.43 and 6.25 kg, respectively.

It is reasonable to assume growers do not intend on harvesting prior to maturity
however sorghum’s extensive root system allows the plant to regrow if it happens to be cut
at the base causing immature brix content to be a measurable metric since there is no
segregation between mature and immature plants at the time of harvest. For example, in

the Texas Panhandle sorghum is routinely rotated with land where corn was previously

I To further define Brix, it is a measurement metric based on light refraction to determine the percent of
total soluble solids in plant juice and not only includes sucrose and fructose but also vitamins, minerals,
amino acids, and other solids within one pound of plant juice. It is more commonly associated with the
manufacture of wine from grapes. http://bionutrient.org/bionutrient-rich-food/brix
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grown. When sorghum is grown, “volunteer corn” becomes an issue as it could outcompete
sorghum for nutrients and requiring it to be manually removed. Due to stark similarities in
their stalks, at times sorghum is mistaken and accidentally cut causing it to regrow at an
uneven pace with the rest of the crop.

The types of sugars within the stalk varies depending on the variety of sweet
sorghum. However typically as the plant matures sucrose content increases replacing the
amount of glucose and fructose in the stalk (Whitfield et al., 2012). With relatively high
soluble carbohydrate content, sweet sorghum does not need to undergo supplemental
treating prior to the microbial fermentation chemical process (Whitfield et al., 2012). It is
during this chemical process where the saccharides are consumed by yeast so fermented
alcohol can be distilled into ethanol through a follow on process (Whitfield et al., 2012).
In contrast, corn is starch-based and needs an additional enzyme based process to convert

starch into sugar.

Note however, as Almodares and Hadi state in their research, “...sweet sorghum
varies widely among years at different locations, fertility, moisture, planting/harvest dates,
and preclude a strict linear association between number of frost free days” (Almodares and
Hadi, 2009). This being stated, the amount of soluble carbohydrates available for ethanol
production varies greatly not only between varieties but can also vary from season to

season at the same geographical location.

RESOURCE USE EFFICIENCY

Farmers who have relied on the Ogallala Aquifer for generations are currently
experiencing a strain on water resources due to dropping aquifer levels. Although it does

not alleviate the water conundrum, sweet sorghum provides ethanol feedstock growers with
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an alternative. Depending on the strain, an extensive root system allows sweet sorghum to
require between 8,000 m/ha and 12,000 m’/ha of water whereas sugar beets require
roughly 18,000 m>/ha (Prasad et al., 2007). Separately, in areas where sugarcane is
predominantly grown such as in Florida or throughout Brazil, sweet sorghum’s water
requirements are relatively minute to the 36,000 m>/ha needed for sugarcane (Prasad et al.,
2007) (Almodares and Hadi, 2009). In tropical regions sugarcane will naturally produce
more sugar per hectare than sweet sorghum however within arid regions sweet sorghum’s
versatility allows it to outperform sugarcane (Whitfield et al., 2012). Its ability to be grown
on marginal land and low input requirements provide sweet sorghum with a strong case to
directly compete as a principal ethanol feedstock.

When grown on unmaintained tropical lands, sweet sorghum provides growers with
the flexibility to grow consecutive crops without the need to strip the soil and replant seeds.
Since sorghum will regrow once it is cut, it allows growers to cultivate an additional harvest
through ratooning by permitting entire fields to re-sprout after harvest. The only drawback
is a ratooned harvest will contain approximately 30% less soluble carbohydrates than the
primary harvest (O’Rear, 2015). However this cultivation technique provides farmers with
limited labor to continually grow sorghum and prevent erosion (Regassa and Wortmann,
2014).

Although not as significant of a factor as water, numerous studies have focused on
how nitrogen impacts sweet sorghum’s yield during harvest and although they all deduce
slightly different results, they all conclude nitrogen has the greatest impact on sugar yield,
although it is miniscule. Almodares and Hadi deduce nitrogen slightly increases sucrose
and the rate of growth while the addition of potassium increases overall yield. However

there were not any noticeable improvements with applications above 84 kg of N/ha or 22
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kg of K/ha (Almodares and Hadi, 2009). Whitfield et al.’s research denotes how nitrogen
promotes a slight, although inconsistent, increase on yield with 112 kg/ha but the outcome
is insignificant when the application was doubled (Whitfield et al., 2012). Separately,
Erickson and Sollenberger concluded in their research that sweet sorghum’s optimal
nitrogen requirements ranged between 90 and 110 kg of N/ha (Erickson et al., 2011). Based
on these three studies, it can be assumed the nitrogen needed to maximize sugar and
biomass varies between 84 and 112 kg per hectare. One conclusion all three studies share
in common is more nitrogen does not directly correlate to additional overall sorghum yield
due to a recovery ceiling.

When compared to corn, sweet sorghum requires roughly 36% less nitrogen to
achieve a comparable yield (Calviio and Messing, 2011). Not only are energy
requirements curtailed but less nitrogen requirements also reduces the possibility that
environmentally hazardous chemicals such as ammonia (NH3)and nitrous oxide (N2O) are
released to pollute the atmosphere (Calvifio and Messing, 2011). However, for the purpose
of this study, the emphasis should be how sweet sorghum does not require as much fertilizer

or nitrogen as sugarcane or sugar beets improving the overall net energy balance

(Almodares and Hadi, 2009).

DROUGHT RESISTANCE

Although sweet sorghum will flourish with the appropriate amount of water, its
drought resistance provides versatility other ethanol feedstocks do not possess. Drought
conditions should not be considered an ideal cultivation environment but even during water
stressed conditions sweet sorghum will still produce biomass and provide a more favorable
energy return than other feedstocks in the same circumstances. Through genetic response,

it also has the inherent ability to vary its transpiration rate when osmotic stress is detected
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in the surrounding environment (Whitfield et al., 2012). As with most other plants, there is
a direct correlation between moisture and biomass yield. In the Curt et al. study performed
in central Spain, the Keller cultivar was tested during three separate crop cycles to prove
this correlation by watering between 5.7 and 17.1 dm? a day per m? yielding 2.2 kg DM/day
and 4 kg DM/day, respectively (Curt et al., 1995). This is considering the sweet sorghum
Keller cultivar on average requires 9.5 DM/m per day during July and August when water
availability is stressed in the summer (Curt et al., 1995). The study proved with more water
there was a greater biomass yield while with less water there was obviously less biomass.
However the overall percentage of soluble carbohydrates did not parallel the biomass yield
and it was consistently in the vicinity of 41% of dry mater; from 1.3 kg of DM/m? during
stressed conditions and up to 4 kg of DM/m? during ideal water availability (Curt et al.,
1995). The only notable difference was with a stress on water availability there were higher
amounts of fructose and glucose at the expense of sucrose (Curt et al., 1995). This signifies
sweet sorghum is genetically predisposed to acclimate to available water resources and
during times of drought the soluble carbohydrate output at harvest will directly correlate
with the amount of water invested during cultivation. It does not signify the crop will be at
a loss and even though the harvest will reflect drought conditions, glucose and fructose will
be present for biorefining into ethanol at the expense of sucrose. Although not ideal, it still
represents a situation where yields under drought conditions will offer some amount of

return rather than a total loss.

SOLAR RADIATION EFFICIENCY

Whether a crop has been grown over the previous summer as a biofuel feedstock or
prehistoric organisms were turned into fossil fuels through hundreds of millions of years’

worth of heat and pressure, all energy finds its inception through solar radiation (U.S. DOE,
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2013). For this very reason Radiation Use Efficiency (RUE) is of consideration when
cultivating agriculture. Low RUE efficiency translates into higher loss of water during
irrigation, less yield, increased competition from weeds, and could overall imply how a
new crop may fair (Curt et al., 1995). Those concerned with a specific area’s change in
climate may be equally interested in knowing how much radiation goes unabsorbed by
agriculture and is reflected back into the atmosphere; thus heating the atmosphere.

RUE is defined as how efficiently a plant can use intercepted solar radiation and
convert it to dry matter with a typical value given in grams per MJ (Curt et al., 1995).
Central to determining the amount of solar energy used to calculate a LCA would be
calculating the photosynthetically active radiation (PAR) which is given in MJ per m? (Curt
et al., 1995). In order to calculate the RUE or PAR the plant’s physical parameters are
taken into account in addition to the angle of leaves, how much light the surface of the leaf
can reflect, chlorophyll concentration, thickness, and how much radiation the sun can
distribute on the area (Campillo et al., 2012). During a study performed in Madrid, Spain
Curt et al. defined an area of 0.70 m? while the leaf blade fraction was developed by
measuring leaf sheaths and leaf blades in addition to leaves which had not fully expanded
during the time of measurement (Curt et al., 1995). Even if a leaf within the canopy is in
position to receive 100% of the sun’s radiation, its biological nature will only allow a
maximum of 5% of solar radiation to be used for the conversion of solar radiation into
biomass with the remainder of the solar radiation being lost to non-absorbed wavelengths,
reflection, heat dissipation, and the plant’s metabolism (Campillo et al., 2012). Considering
the sweet sorghum researched in the Curt et al. research had a 2.3% efficiency alludes it

has a fair amount of energy efficiency as an energy crop (Curt et al., 1995).
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During the study, Curt et al. measured the difference in solar radiation at the top of
the canopy to that on the soil surface within the previously defined area biweekly between
21 and 96 days after the seedlings originally emerged from the soil (Curt et al., 1995). With
two samplings taken in 1991 and 1994 the study yielded a RUE of 5.51 and 4.59 g/MJ,
respectfully (Curt et al., 1995). The outcome of both studies at the same location highlights
the variability of sweet sorghum. This is further emphasized when the RUE for studies
performed in Italy ranged between 4.69 and 4.3 g/MJ while a similar study in France
produced results between 3.1 and 3.6 g/MJ (Curt et al., 1995). Placing this information into
context raises the question of how the RUE of sweet sorghum compares to that of other

ethanol feedstock competitors.

Feedstock Radiation Use Efficiency
Sweet Sorghum 3.1 g/MJ -5.51 g/MJ
Grain Sorghum 3.46 g/MJ

Sudan Grass 2.5-2.99g/MJ
Corn 2.38 —3.03 g/MJ

Table 2: Radiation Use Efficiency by biofuel feedstock. Source: Curt and Martinez,
1995.

Although the sun’s radiation could be considered an overly abundant energy source,
the data presented in the table alludes to the positive productivity potential for sweet
sorghum and that even the floor RUE obtained from the cultivar in France is more efficient
than corn’s ceiling RUE which was performed at the Elora Research Station in Ontario,
Canada, at roughly the same latitude as France (Curt et al., 1995) (Tollenaar and Aguilera,

1991).
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CROP ROTATION

Sorghum typically needs anywhere from 120 to 150 days from the time it is planted
until it reaches harvest maturity making it necessary to rotate with other crops to maximize
land use efficiency; also a key attribute as it does not occupy land all year like other
perennial crops (Zegada-Lizarazu and Monti, 2012) (O’Rear, 2015). It does not require
specific crop management practices or machinery however sweet sorghum greatly benefits
from crop management practices specifically tailored to sweet sorghum. During field work
in the Texas Panhandle, it was regularly rotated on the same fields where corn or cotton
had been previously cultivated. In areas where sugarcane is grown, sweet sorghum should
be the preferred crop to be used where sugarcane growth has faltered or in adjacent fallow
land because of its compatibility with the same exact equipment used by sugarcane growers
due to stalk similarities; a major benefit to smaller growers looking to maximize crop
management efficiency (Prasad et al., 2007).

Research conducted by Zegada-Lizarazu and Monti state, “...studies demonstrated
that soybean, cowpea, sunflower and winter rye are good predecessor crops for increasing
sorghum productivity...” (Zegada-Lizarazu and Monti, 2012) implying sorghum aides in
the maintenance of a sustainable crop rotation system. In addition, it is deemed beneficial
to grow sweet sorghum on a crop rotation with legumes and soybeans since this preceding
crop tends to contribute additional nitrogen into the soil and alleviate problems with
nematodes, respectfully. Although not required, a small amount of nitrogen contributes to
maximizing overall sorghum yield and increases sugar content (Zegada-Lizarazu and
Monti, 2012). In addition, sweet sorghum also offers growers an innovative way to use
fallow land due to its draught resistant nature and lower input requirement although these

minimalistic management practices will impact the overall sugar yield.
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VALUE ADDING BENEFITS

Once sweet sorghum has reached maturity a grain has grown at the top of the plant.
While the stem can be used for ethanol production, this grain provides a dual purpose. Even
though it can undergo the same pre-fermentation conditioning that such starches as corn
undergo, it can also be made into high fructose corn syrup or used for animal feed;
displacing corn animal feed (Almodares and Hadi, 2009). Seed growers are continually
trying to improve sweet sorghum’s yield. The creation of hybrid varieties provides high
sugar and a fair amount of grain yield which when sold, could cover feedstock production
costs and add to profit from the sale of ethanol. However, due to the nature of the matrix
based model used, instead of providing a monetary credit coproducts provide an energy
credit from displacing the energy needed to create comparable products in other processes

while also improving the model’s ERRs.

Bagasse Uses

After juice extraction, bagasse provides biorefiners with a feedstock for the
production of cellulosic ethanol. With lower lignin levels than both woody and non-woody
sources of fiber, sweet sorghum has cellulosic properties similar to that of cotton stalks and
corn stover making it applicable for uses other than compost production (Whitfield et al.,
2012). Long chains of sugar monomers make up polymers which make up cellulose and
hemicellulose; the principal components of bagasse (Yu et al., 2012). It can be turned into
ethanol through pretreatment and hydrolysis in the cellulosic ethanol refinement process
but requires additional additives and procedures beyond those required to ferment
unstructured carbohydrates into ethanol (Yu et al., 2012). Furthermore, research has shown
if biorefiners choose to use the seedhead, including the grain, to produce cellulosic ethanol
they will gain a higher mass and quality of pulp through the delignification process. If the
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rind is separated from the pith, it is understood that the pith’s shorter cellulose chain makes
it easier for hydrolysis to convert it to monosaccharides (Whitfield et al., 2012). This
process is much more expensive and extremely sensitive due to a low tolerance of
inhibitors in the hydrolysates left over from pretreatment while microorganisms have a
hard time converting hemicellulose (Yu et al., 2012). The cellulosic ethanol process will
be further explained in Chapter 5.

Although logistically challenging, research in the last five years has emerged
linking active carbons within the pith to those applicable in the manufacture of electrodes
for superconductors; a feasible alternative follow-on process for large scale sweet sorghum
cultivation (Whitfield et al., 2012). By integrating a follow-on use besides ethanol, waste
is reduced, provides additional value, and reduces the carbon footprint by mitigating the
need for energy inputs to grow or manufacture the replaced product.

Bagasse and lignin are commonly used for energy production within the ethanol
production process. However on a commercial scale, other ventures look to specifically
use sorghum bagasse for electricity generation. In Fort Lauderdale, FL, Southeast
Renewable Fuels has embarked on a new green electricity venture. By producing 20
million gallons of sweet sorghum ethanol a year the plan is to generate 165 million kWh
of electricity from bagasse coproduct, sell it for $0.08/kWh generating $13.2 million in
addition to an estimated $40 million from ethanol sales (Bahree, 2009). Due to the nature
of Florida’s tropical climate, local farmers will be able to achieve at least two yields from
their sorghum crops per year. Southeast Renewable Fuels also plans to build a CO; dry ice
plant on the property to use CO> produced by bagasse combustion to generate additional

revenue from the sale of dry ice or liquid CO; (Jessen and Geiver, 2010).
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Further elaborating on sweet sorghum bagasse’s lower soluble sugar content, other
research has shown it is more applicable as a feedstock for the production of syngas using
pyrolysis (Whitfield et al., 2012). Using a process called the Waterloo Fast Pyrolysis
Process, which uses atmospheric pressure, it aims to quickly yield alternative liquid fuels
from biomass (Piskorz et al., 1998). Initially the process was focused on using wood
however the presence of residual soluble carbohydrates within sweet sorghum bagasse after
juice extraction caused Piskorz et al. to further study sweet sorghum as a feedstock for the
process. With a large geographic region where growth can be achieved, if sweet sorghum
ethanol ever took advantage of an economies of scale business model for the manufacture

of ethanol, there would be an abundance of bagasse to make syngas using pyrolysis

(Piskorz et al., 1998).
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Recognizing how high sugar content may cause a certain volatility with high
temperatures, the study used less heat than it would have if wood would have been used
(Piskorz et al., 1998). Comparing the yields using a percentage of the feedstock weight
with the absence of moisture and ash, sorghum bagasse provided more organic liquid fuel
than wheat chaff and sunflower hulls, but less than poplar and spruce sawdust (Piskorz et
al., 1998).

In an effort to produce additional liquid fuel content, a separate experiment acid
washed sweet sorghum bagasse to deionize and remove additional sugar content. This
additional step slightly improved liquid fuel yield but it still did not compare to poplar and
spruce sawdust yields while also adding additional cost and inputs (Piskorz et al., 1998).
However, the most noticeable benefit sweet sorghum bagasse could provide to the
production of syngas using fast pyrolysis is the lower temperature required to provide a
maximum liquid fuel yield; an energy balance improving benefit over other feedstocks.
Raw sorghum and its bagasse only required a temperature of 427°C while competing
feedstocks needed anywhere between 475 and 525°C; roughly 10% more energy was
needed (Piskorz et al., 1998). Further analysis is required but theoretically if sweet sorghum
were to ever reach a large commercial scale for ethanol production with syngas as a
coproduct in the business model, then a reduced energy requirement for syngas production
would favorably contribute to ERRs and cost requirements to reach these temperatures for

prolonged periods of time.

Livestock Feed

Converting bagasse into animal feed in the form of hay or silage has provided an
additional dual use however transportation related costs reduce economic benefits and also

increase the overall carbon footprint (Almodares and Hadi, 2009) (Whitfield et al., 2012).
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Further research into pelletizing tends to improve the venture’s feasibility while the
addition of various types of fungi provide nutrition benefits to livestock by increasing
overall protein content and improving marketability (Whitfield et al., 2012). Yet, the
production of high protein animal feed is not limited to the introduction of fungi. Separate
research has used reverse osmosis through ultrafiltration to concentrate post fermentation
solubles for animal feed purposes (Whitfield et al., 2012).

However, the economic feasibility of sweet sorghum ethanol continues to be
dependent on the price of ethanol and not how much animal feed coproduct can be attained.
During a study performed within Mongolia, Wang and Liu evaluated two diverse methods
to convert sweet sorghum into ethanol with each one yielding a different amount and type
of coproduct for livestock feed, or as called in their research, feedstuff. The first strategy
used submerged ethanol fermentation where immediately after harvest juice is extracted
and the bagasse coproduct is later converted into livestock feed using a mixed culture of
the Aspergillus niger and Geotrichum candidum fungi (Wang and Liu, 2009). The second
strategy used solid state fermentation (SSF) which did not necessitate immediate post-
harvest juice extraction however it did require the stalk to be mechanically ground into a
mesh powder prior to fermentation while its associated livestock feed coproduct was
produced from post-distillation residue using the same mixed culture fungi (Wang and Liu,

2009). For further clarification both strategies are depicted in Figure 2.
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Sorghum stem - o .| Ethanol
1 ton A—p Sweet juice B g 69.7 kg
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Bagasse ———C—p 144.7 kg
Strategy 1
Sorghum stem Dry sorghum Ethanol
1 ton stem powder E 76.5 kg
L Feedstuff
Distillage ——C—P 1313 kg
Strategy 2

Figure 2:  Figure 2. Depicts the two methods used to compare coproduct use from 1
metric ton of sweet sorghum. Source: Wang and Liu, 2009.

Even though the first strategy, submerged fermentation, yielded more livestock
feed with a higher protein value allowing the feed to fetch $13.70/ton more than the SSF
coproduct, its economic feasibility is unable to compete with an ethanol price of
$600.00/ton when SSF produces almost 10 kg more ethanol per ton of feedstock (Wang
and Liu, 2009). By maximizing the amount of ethanol produced, as with the SSF medium,
it also contributes to an improved energy balance as distribution costs for livestock feed do
not have a linear supply chain and may require numerous stops using petro-diesel freight
between master distributors, distributors, and retail stores to reach its final customer. In
addition, the cost of energy inputs must be weighed against the net profit generated by
converting bagasse into animal feed since many ethanol production processes will use

bagasse to fuel boilers and generate electricity.
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BENEFICIAL USES BEYOND SOLUBLE CARBOHYDRATES

The main purpose of this paper is to draw attention and value to the benefits of
sweet sorghum with an emphasis on bioethanol and other sustainable methods to alleviate
a portion of fossil fuel emission. However, if other industries benefit from sweet sorghum,
additional diversification will increase demand opening the door to niche uses. Coproduct
uses outside agriculture or transportation will displace energy inputs in other industries and
although indirectly, reduce certain industrial carbon emissions.

Sweet sorghum may be able to lend its benefits outside of food and fuel to over 29
million Americans (CDC, 2014). Alpha glucosidase inhibitors are currently used by
patients with Type 2 diabetes to slow the digestion of glucose in the gastrointestinal system
to give the pancreas the opportunity to release enough insulin for carbohydrate digestion
(Marino, 2014). Alpha amylase is an enzyme that assists in the breakdown of starches and
is similar to alpha glucosidase; the reason why it is used to turn corn into ethanol. Research
into sweet sorghum solvent extracts have shown they too can inhibit both enzymes similar
to how current drugs on the market perform (Whitfield et al., 2012) (Marshall University,
nd).

Chapter 3: Sweet Sorghum Shortfalls

CAPITAL INVESTMENT IN INFRASTRUCTURE

Sweet sorghum is not without its own hindering factors which, depending on the
barrier, could dismiss it as an ethanol feedstock. Most notably, the seasonal aspect of sweet
sorghum has become a key shortfall. While it is hailed for its ability to grow 6 meters in
120 days, it also means ethanol producers potentially have high capital costs for equipment
that will only be used once a year. Even though harvests are not always consistent, this is

not an issue in areas where sugarcane is grown as sweet sorghum ethanol can be produced
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using the same equipment. However, sugarcane is only grown in tropical climates meaning
in other climates investments in ethanol processing equipment will sit idle for the
remainder of the year unless outfitted to produce ethanol from other feedstocks. Corn
ethanol production within the United States has avoided this quagmire. If needed, corn can
easily store for over a year in proper silo conditions and recent record 2014 to 2015 corn
harvests are estimated to be over 14.2 billion bushels with 1.2 billion bushels carried over
in storage (Wisner, 2015). An estimated 36% of this recent harvest is used as ethanol
feedstock keeping 54.1 billion out of 57.1 billion liters of United States ethanol production
capacity engaged (RFA, 2015).

Ethanol processors must not only have a profit generating end use for both
fermentable juice and bagasse but also potentially shift to a biorefinery approach to
accommodate multiple feedstocks (Yu et al., 2012). The ability to produce ethanol from
multiple feedstocks in addition to marketing their associated coproducts improves return
on investment from a single facility by keeping it functional year around. However it is not
without its own faults. If the biorefining facility is not located in a centralized geographical
location where seasonal feedstocks are readily available year around and instead have to
be long hauled in, then transportation costs will reduce profitability and more importantly

reduce the net energy balance of the feedstock due to tractor trailer emissions.

GEOGRAPHICALLY SPECIFIC SEEDS

The availability of high quality, namely certified commercial, sweet sorghum seeds
appropriately suited for widespread cultivation has also limited extensive commercialized
sweet sorghum production (Zegada-Lizarazu and Monti, 2012). Controlled breeding
programs have succeeded in producing seeds guaranteed to provide more biomass and

soluble sugars however the appropriate seed for the most suitable geographical location is
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not always regionally available. Different sweet sorghum types react differently to not only
the climate but also soil conditions. Whether the soil is naturally highly organic, sandy, or
silty could greatly impact a certain sweet sorghum’s harvest while another type may be

able to provide a better yield.

IMPACTS OF PROLONGED WINTER

Although more tolerant than others, the duration of winter significantly impacts
sweet sorghum planting. If a location’s winter drags too far into the spring and temperatures
stay below 13°C, it could cause a short growing season and impact sugar yield (Almodares
and Hadi, 2009). Low temperatures not only prevent the plant from reaching maturity but
also leave it exposed to pests or diseases which are normally less active during the growing
period (Almodares and Hadi, 2009). In addition, the grower is also placed in a financial

predicament due to lack of yield and also because crop rotations could be delayed.

PESTS AND WEEDS

Sorghum has touted itself as one of the more resilient crops to pests however sweet
sorghum is more susceptible than other types. Lepidoptera larvae have targeted sorghum
as one of their preferred crops by targeting the stalks leading up to a 30% loss in sugar and
sometimes killing the plant due to the excessive creation of cavities (Zegada-Lizarazu and
Monti, 2012). Aphids will disrupt photosynthesis by not only consuming leaves but also
injecting toxic honeydew (Zegada-Lizarazu and Monti, 2012). These two pests may be
countered through the use of pesticides however it could also adversely affect the growth
of certain sweet sorghum varieties.

Mainstream herbicide use has also presented a challenge. Genetic modification has

produced Roundup® resistant strains of corn yet a sweet sorghum equivalent has not been

23



produced and mass herbicide distribution methods could eliminate an entire sweet sorghum
crop. In the Texas Panhandle farmers must use contract labor to specifically target weeds
and most importantly, johnsongrass. If left unmanaged and allowed to grow in sync with
sorghum, during flowering a single johnsongrass plant will pollinate every sorghum plant

within a 50 ft radius thus disrupting the overall fermentable sugar output of the crop.

SHORT WINDOW FOR HARVEST

As previously mentioned, sweet sorghum may be harvested using the same
equipment used to harvest sugarcane. However if sweet sorghum commercializes, farmers
need equipment to improve harvesting and more importantly, efficiently manage the post-
harvest product to prevent sugar deterioration. The specific time varies with the cultivar or
hybrid but normally there is a 30 day window to harvest. If it was to ever reach large scale
cultivation logistically efficient equipment would need to be engineered to prevent missing
a field’s harvest window (Zegada-Lizarazu and Monti, 2012). Most importantly,
incorporating a method to delay how quickly soluble carbohydrates decay after harvest
should be a point of emphasis in any post-harvest improvements. Growers would benefit
immensely if next generation farm equipment could efficiently separate juice from the stem
which would reduce follow-on handling. The process would improve shipping efficiency
by immediately allowing juice and bagasse to be sent to follow-on processing but it would
also allow smaller growers to easily manage their feedstock crop. Furthermore, immediate
juice extraction would allow the introduction of yeast to begin fermentation without
needing growers to have an expansive knowledge on ethanol production (Zegada-Lizarazu
and Monti, 2012). Out of all the biological downsides the relatively short shelf life of sugars
after harvest seems to be the most limiting factor preventing sweet sorghum from taking

off as the quintessential ethanol feedstock.
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SUCROSE INVERSION AND MICROBIAL SPOILAGE

Lower inputs, drought resistance, and the ability to grow on fallow land are all
meaningless if growers miss a relatively short harvesting window, or even worse, allow
fermentable sugars to decay by not expediting fermentation. If the latter two barriers are
allowed to hinder sweet sorghum ethanol production then it could adversely affect what
should be a positive energy return. The presence of neutral invertase and acid invertase
enzymes are responsible for both a short harvesting window and an immediate need to
begin juice fermentation after harvest (Kumar et al., 2013). As the plant matures past the
optimum harvesting window sucrose inversion reduces the amount of soluble
carbohydrates prior to harvest and once the stalk begins to deteriorate after harvest, sugars
will not only be vulnerable to residual acid invertase enzymes from within but also
microbial containments (Kumar et al., 2013). In comparison, corn kernels may be stored
up to 18 months if moisture levels are maintained at 15.5% while sweet sorghum could
lose between 20 and 30% of its fermentable sugars three days after harvest if chopped to
improve transportability and stored at room temperature; on average a 50% loss in sugars
after one week of storage (Bernick, 2007) (Cai et al., 2013). Sugar degradation is even
quicker on sweet sorghum juice after extraction. Regassa and Wortmann found that if the
stalks are stored in a heap, after 24 hours the amount of juice extracted from the stalk had
decreased by 3% while the juice’s sucrose concentration in relation to TSS, also known as
purity, decreased by 5% (Regassa and Wortmann, 2014) (Corn, 2009).

High moisture content gives sweet sorghum poor drying characteristics when its
high sugar content is the perfect catalyst to foster microbial growth (Whitfield et al., 2012).
Per the USDA, in order for sweet sorghum to become a commercially viable feedstock in

a scenario where it is the sole feedstock, it needs to store for at least six months without
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significant sugar deterioration (Jasberg, 1983). Although unstated in the research, it is
assumed a storage timeframe as such would allow enough stockpiled feedstock to produce
enough ethanol to validate infrastructure capital expense and the hire of seasonal
employees. This theory was part of a sweet sorghum biomass deterioration study released
in 1985 and it could be assumed over 30 years later this window could be shortened due to
the development of the Renewable Fuel Standard in 2005. But even if the commercial
viability time frame was halved to three months, it would still be a challenge as the sugars
in sweet sorghum start to deteriorate the same day it is harvested. Research into sugar
stabilizing pretreatments and long term storage methods are underway however there is

hope that within the coming years they will be commercially viable (O’Rear, 2015).

Overcoming Post Harvest Sugar Deterioration

Both growers and ethanol producers have pursued varying approaches to prevent
the loss of sugar during the time between harvest and ethanol production. Sharing another
process with sugarcane ethanol, the most common method is pasteurization. Widely used
throughout the food industry, it succeeds in eliminating most sugar decaying microbes
through high temperature. During studies conducted by Kumar et al. fresh sweet sorghum
Jjuice was pasteurized using temperatures of 70°C for 10 minutes, 80°C for five minutes,
and 90°C for two minutes followed by a 21 day heated incubation at 35°C, 40°C, and 45°C
(Kumar et al., 2013). The juice’s fermentable traits were sustained for an additional 21
days while a control sample that did not undergo pasteurization started to decay within 12
hours after extraction with noticeable browning and amplified viscosity (Kumar et al.,
2013). In every sample fructose and glucose increased during the incubation period which
is a viable tradeoff at the expense of sucrose. In what provides an additional roadmap for

follow-on studies, the highest fermentation efficiency, 93%, was achieved with the samples
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that were pasteurized at 70°C and 90°C (Kumar et al., 2013). There were also noticeable
consistent changes to the juice’s pH levels from pH 5 to pH 4 throughout all of the samples
(Kumar et al., 2013). Believed to be due to the release of carbon dioxide, the slight change
towards alkalinity prevents microbial spoilage improving ethanol’s shelf life and providing
additional value to the product once it leaves the production facility (Kumar et al., 2013).
Regassa and Wortman further adds to Kumar et al.’s research by explaining the addition
of 0.25 grams of yeast per liter of juice during fermentation will reduced the optimal
temperature needed to maximize yield from 85°C to 60°C. By decreasing the temperature
needed it would improve the energy return of the process’ energy demands to operate
boilers and other heating equipment; or allow more electricity to be sold to the local
electrical grid (Regassa and Wortmann, 2014). However pasteurization requires additional
energy and even the use of a closed loop biomass burning system would either use any
electricity normally sold back to the electrical grid or require the use of outside energy

decreasing energy returns.

Using Gasses to Delay Deterioration

Gasses have also been used to explore the possibility of delaying sweet sorghum
sugar degradation. Sulphur dioxide and nitrogen have been used with varying results. In
studies conducted by Eiland et al. and Eckhoff et al. they concluded the introduction of
4,000 micrograms of Sulphur per gram of chopped sweet sorghum could preserve it for up
to four months without notable deterioration soluble carbohydrates (Jasberg et al., 1983).
However, when Jasberg BK et al. conducted a similar study for the USDA and treated the
chopped sweet sorghum with SO2 at a 2% wet basis prior to sealing the samples away
within a large clay tile covered in plastic and placed outdoors for 200 days a different

outcome was observed (Jasberg et al., 1983). In contrast to the other two SO» treatment
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studies, the Jasber BK et al. study found only 19% of the original sugar content remained
but have a theory that the majority of sugar degradation may have occurred during the last
50 days of storage due to warm weather (Jasberg et al., 1983). If this is in fact the case then
possibly storing sorghum anywhere but outside may improve the amount of sugars
preserved, however most kinds of climate control environments would drastically affect
the overall the energy balance due to additional electricity requirements. Even if the SO>
storage treatment process was perfected it would further put the local environment and
those treating the sorghum at risk due to toxicity (Zegada-Lizarazu and Monti, 2012). On
a broader scale, if sweet sorghum cultivation was expanded from its current 12,000 ha to
25% of the agricultural land currently used for corn, it would be an estimated 9.17 million
ha (Wisner, 2015). Without accounting for loss/waste and the removal of the seed head this
would amount to 696.9 billion kg of sweet sorghum and a release of 2,787 metric tons of
SO, if it became the most suitable method for sweet sorghum preservation; a microscopic
quantity when compared to the 2.9 million metric tons emitted by coal fired plants each
year (EPA, 2015).2
Ensilage

Compacting biomass fodder in airtight spaces such as a silo, also known as creating
ensilage, is a method commonly used to store animal feed for the winter. With the
exception of its grain, other sweet sorghum parts are not usually used for cattle feed. Even
though it has low protein properties, at times it is used for feed due to its ability to be grown
in low quality soil, produce higher yields, or a combination of the two. When used for feed
it is routinely stored using ensilage and the method fits particularly well due to high

moisture and soluble carbohydrate content (Whitfield et al., 2012). When stored using

2 Assuming the data is in short tons on the EPA website; converted 3.2 short tons to 2.9 metric tons.
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ensilage, acid-producing bacteria are inherently present in the storage facility or are
induced into the biomass and begin consuming soluble saccharides. The process will cause
a drop in pH instigating an anaerobic environment preventing most sugar degrading
microbes from growing (Whitfield et al., 2012). As time elapses pH will continue to drop
even to the point where the induced acid-producing bacteria will be unable to affect the
storage environment (Whitfield et al., 2012). Although this storage method has improved
on normal sugar degradation, there are still substantial losses in sugars. Miron et al. found
that after being ensiled for 60 days sugar losses still managed to reach almost 50% of what
was originally stored (Schmidt et al., 1997) (Miron et al., 2005). This figure may seem as
if it represents a steep loss in sugar content however it is relatively impressive considering
the same amount of sugar is lost in seven days after harvest in conventional storage.
Schmidt et al. recognized this issue in the mid-1990s and used a comparative research
method by comparing two forms of sweet sorghum ensilage. The first method used enzyme
assisted ensiling, similar to the aforementioned pH dropping methods where lactic acid is
produced, while the other method used formic acid. Formic acid naturally inhibits the
formation of lactic acid and preserves sugar content but will not prevent yeast’s ability to
ferment sugars into alcohol (Schmidt et al., 1997). Enzyme-assisted ensiling (ENLAC)
used in situ produced enzymes and they found that after 30 days sugar losses were at a
modest 28.3% and had reduced the fiber content by degrading the feedstock’s cell walls
(Schmidt et al., 1997). By the 60" day of storage using ENLAC, yeast had become
increasingly active and consumed the majority of the remaining sugars rendering the
storage method unappealing. While this method only reasonably prolongs the feedstock’s

ethanol viability for an additional 30 days, it is made more attractive considering the in situ
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enzyme can be recycled for use and is capable of being produced on location using basic
technology found on most farms (Schmidt et al., 1997).

Using 0.5% formic acid the study showed that by the 30" day sugar was still present
almost in its entirety without any adverse effects on its ability to be biorefined into ethanol
and without any reduction in cell wall characteristics with similar values on the 60™ day
(Schmidt et al., 1997). While these results hint formic acid may be the key to prolonging
the shelf life of harvested sweet sorghum, economic feasibility may present a different
outcome. If farmers were able to recycle or easily re-produce lactic acid in situ enzymes,
storage costs would be sharply reduced and overshadow the 30% loss of sugar during 30
days of storage. Per Schmidt et al., due to the costs of using formic acid there would only
be a net gain of $50/MT of sweet sorghum while even with a 30% loss of sugar content
there would be a net gain of $95/MT due to the re-use of lactic acid (Schmidt et al., 1997).
While it appears formic acid could be the answer to sweet sorghum’s post-harvest inability
to be stored, economic factors weigh heavily. Although, if a biorefining backlog was
immediately recognized after harvest and storage is needed past 30 days then formic acid
seems as if it would be the most viable alternative. With further research into ensilage
methods, there is anticipation that eventually the technique will become commercially
viable and not only provide biorefineries with stable supply of feedstock year around but
also expand sweet sorghum’s geographical scope (O’Rear, 2015).

Each of the aforementioned storage methods has attempted to overcome the storage
barrier currently riddling the use of sweet sorghum as an ethanol feedstock at a commercial
level. They all present numerous upsides while also possessing negative aspects which
would ultimately hinder the financial return if a bioproduction backlog occurred requiring

the need for long-term storage. The financial burden or loss of feedstock happens to be

30



what most investors would notice prior to investing in a large scale sweet sorghum
biorefining venture however it also must be recognized that any kind of pasteurization,
introduction of gasses, or other additional post-harvest mechanical processes would have
adverse effects on sweet sorghum ethanol’s energy balance reducing any positive

advantages it may have over corn, sugarcane, or sugar beets.

RENEWABLE FUELS STANDARD

The Energy Policy Act of 2005 created the original Renewable Fuels Standard
(RFS) of 2005 with a mandate to blend 7.5 billion gallons of renewable fuel into gasoline
by 2012 (EPA, 2015). Since then the Energy Independence and Security Act (EISA) of
2007 expanded the RFS, now called RFS2, mandating by the year 2022 there should be 36
billion gallons of renewable fuels blended into American transportation fuel (EPA, 2015).
In order for a biofuel from a feedstock to be reviewed and added to the RFS2, a petition
must be submitted to determine if the pathway meets RFS2 standards. The feedstock,
production process, and fuel type, also referred to as pathway, must meet minimum
lifecycle greenhouse gas emissions by having 20% less emissions than the fossil fuel it is
replacing and 50% less GHG emissions to be considered an advanced biofuel (EPA, 2012).

To date two grain sorghum pathways and one sugarcane pathway have been
approved for the renewable fuel standard program and a petition with sweet sorghum as a
pathway has yet to be submitted. Further focusing in on grain sorghum and in particular on
step three and four of the petition review process, “Petition Review and Prioritization” and
“Lifecycle Analysis and Determination,” respectfully, the EPA has clearly identified the
food versus fuel impact should grain sorghum ethanol use be expanded. In this particular
case, animal feed would be impacted and require additional sorghum or corn production to

cover the feedstock being used for ethanol. In addition, the United States is one of the
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largest grain sorghum producers in the world and increased ethanol production would also
impact the global grain sorghum market. The other two largest producers, Nigeria and
India, only produce for domestic use meaning their production would not cover the market
gap should U.S. exports decrease (EPA, 2012).

If however a sweet sorghum pathway was submitted and approved to qualify for
RFS2 subsidies, there is a possibility land used for grain sorghum cultivation may be
repurposed for sweet sorghum and further fuel the food versus fuel debate. In addition,
using their Forestry and Agricultural Sector Optimization Model (FASOM), in 2010, the
EPA projected that roughly an additional 1,600 ha would be needed to cover the additional
demands of grain sorghum ethanol. Yet there would need to be an additional 57,000 ha of
corn by 2022 to cover the feed demand left by repurposed grain sorghum (EPA, 2012). An
additional 1,600 ha of grain sorghum would bring the total harvested area to 4.5 million
ha. On average grain sorghum yields 3,400 kg / ha with 0.42 Lemano’kg (EPA, 2012) (Cai
et al., 2013). According to the EPA’s land use assumptions, if grain sorghum was solely
dedicated to ethanol it would yield 6.42 billion liters of ethanol per year; not even 10% of
RFS mandated use. Table 3 reflects these calculations and for the sake of comparison it

also includes those of sweet sorghum and corn, a 4.5 million hectare land constant.
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Ethanol Yield Using 4.5 million Hectares of Land
Feedstock Raw Output L/kg of Output Ethanol Yield
Grain Sorghum 3,400 kg/ha (Grain) 0.42 6.42 billion L
Sweet Sorghum 6,840 kg / ha (Sugar) 0.58 17.85 billion L
Corn 8,746 kg/ha (Grain) 0.40 15.74 billion L

Table 3: Comparison of ethanol feedstock using EPA designated grain sorghum land
area. Source: Farrell et al., 2006; DOE, 2014; Cai et al., 2013.

If sweet sorghum’s cultivation area was increased from 12,000 to 4.5
million ha it would yield 17.85 billion liters of ethanol achieving just over 25% of the 69
billion liter RFS mandate; assuming 6.84 metric tons of sugar achieved per ha and sweet
sorghum sugar produces 0.58 liters of ethanol per kilogram (DOE, 2014) (Cai et al., 2013).
Using the same 4.5 million ha and considering corn produces 8,746 kg/ha with 0.4 L/kg
the output would be 15.74 billion liters of ethanol (Farrell et al., 2006). In a side by side
comparison sweet sorghum out produces competing feedstocks; although this information
is highly dependent on cultivar.

Should sweet sorghum catch on as a viable RFS2 ethanol feedstock then an
economies of scale business model could also reduce any gap created in the animal feed
market through grain produced and possibly by converting its bagasse into a high protein
animal feed. Yet, sweet sorghum does not have an approved pathway and per the EPA,

there is not even a pending pathway petition while five grain sorghum petitions are
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pending. If sugarcane ethanol has been approved as an advanced biofuel and grain sorghum
ethanol’s two approved pathways qualify as an advanced biofuel and also renewable fuel,
then it makes sense to assume sweet sorghum should also qualify for the RFS2 once a
pathway petition is submitted (EPA, 2015). Until then, it will be difficult for sweet sorghum
to not only gain traction with the EPA and the subsidies the RFS2 could provide but also

national recognition as a viable feedstock that would come with an approved pathway.

Chapter 4: Sweet Sorghum Cultivation Process

Chapter 6 explains the methods of how four ERRs will be calculated as well as
describe inputs needed during both sweet sorghum’s cultivation and manufacture into
ethanol. This chapter will provide additional depth to sweet sorghum’s cultivation so as to
understand what impact those inputs have on sweet sorghum’s cultivation in addition to
more information on the variances between different varieties of sweet sorghum.

Prior to laying seed the land is normally tilled; however sweet sorghum will also
grow when a no-tillage farming system is employed (Zegada-Lizarazu and Monti, 2012).
Depending on the grower’s practices and geographical location the application of
fertilizing inputs, such as nitrogen, phosphorous, and potassium widely varies. Although
dependent on soil conditions, it is common practice to have one uniform application on the
field prior to sowing, also known as a basal application, and re-applied as needed
depending on conditions during cultivations (Curt et al., 1995). However, this is highly
dependent on soil conditions. Fertilizer application widely varies with location and
methods. As it will be shown, fertilizer uptake varies and each part of the plant consumes

a different percentage of each fertilizer. Herbicide application varies and is very dependent
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on the weeds native to a location. However due to sorghum’s sensitivities, herbicide is not
typically applied using a basal application and is used as needed in conjunction with
pesticides.

Sweet sorghum seeds are most susceptible to diseases and funguses before
emergence. Prior to sowing, seeds should be treated with insecticides and funguses to
reduce the chance of seed rot and infestation from sucking sap insects (Zegada-Lizarazu
and Monti, 2012). Sorghum seeds vary in size depending on variety used however they are
smaller than both corn and soybean (Vanderlip, 1972). Regardless, sweet sorghum is a row
crop and sowing can be performed using corn planters and a density of 12 to 20 plants/m?
is easily attainable. However if planted too densely there is a risk of toppling over, called
lodging, at later stages of maturity; even more vulnerable in areas known for high wind
and thunderstorms (Zegada-Lizarazu and Monti, 2012). Row widths vary depending on
climate, soil type, and competition from local weeds ranging anywhere from 53 to 105 cm
(Zegada-Lizarazu and Monti, 2012).

Transplanting from controlled conditions to the outside environment after the initial
growth stages could lead to higher yields since it fosters an environment where stems could
become thicker earlier in the life cycle. It allows growers to initiate cultivation earlier
causing the plant to mature earlier in the season which may lead to higher sugar yields.
This method may be more applicable in a large scale commercial growth environment
where additional capital is available to cover added handling costs and it would be easier
to stagger harvest periods to prevent any sugar degrading backlogs at the biorefinery.
Although it varies by sweet sorghum type, typically growers should wait until soil
temperatures are at least 60°F/15.55°C to sow (Zegada-Lizarazu and Monti, 2012). If

planted prior to reaching this temperature threshold it will take longer for seeds to emerge
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making it more vulnerable to microorganisms within the soil and weed control will be more
costly (Vanderlip, 1972). There is a balance related to when to plant as it should be warm
enough to accommodate soil emergence but also so flowering happens before the hottest
times of the summer. Sweet sorghum requires daily temperatures of at least 10°C/ 50°F to
reach later stages of maturity and if planted too late in the summer the weather will not
allow the plant to develop into its later growth stages causing a decrease in sucrose yield
(Zegada-Lizarazu and Monti, 2012). The data from Rio and Roma cultivars grown in
subtropical climates shown in Table 4 reflect this decrease where sucrose yield data is the

only measurable data output which can be compared between the two cultivars.

Cultivar Treatment Dry matter yield Extractable Sucrose Juice purity Sucrose yield
(sowing date) (Mg ha™) juice (%) (%) (%) (Mgha™)
Rio* April 15 = 44.1 14.8 73.0 34
May 15 = 455 14.7 732 34
June 15 - 444 14.3 722 25
Roma® October 12 133 = 12.0 83.0 5.2
December 12 103 = 11.7 85.0 3
December 21 85 = 11.0 823 32
Average® April 24-29 23.0 - - - 4.2
May 4-6 213 - - - 4.0
May 15-16 20.8 - - - 36
May 26—25 203 - - - 38
ni¢ June 8 = 412 133 79.8 =
June 23 - 40.2 123 76.2 -
July 8 - 346 11.4 74.8 -
July 23 - 30.4 10.2 68.8 -

a Data taken from [25]; average of four years (subtropical climate).

b Data taken from [26] (subtropical climate).

¢ Data taken from [20] average of four cultivars (301, 405, 8361A Northup King Co. hybrids and Keller) and two years (temperate climate).
d Data taken from [27]; n.i. not indicated the cultivar name (tropical climate).

Table 4: How sowing date effects sugar yield. Source: Zegada and Monti, 2012.

The Rio cultivar, grown in Meridian, MS, shows consistent data over four years of
cultivation cycles when planted in either April or May. However when sowing was delayed

to mid-June there was a loss of 0.9 MG, or 900 kg, in overall sucrose yield in addition to
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losses in both sucrose and juice purity. The Roma cultivar’s data, grown in the Natal
Midlands of South Africa, represents only one growth cycle however it shows drops in

sucrose and juice purity with only a nine day difference in sowing.

STAGES OF GROWTH

Per R.L. Vanderlip nine stages make up sorghum’s growth development and range
from initial emergence to physiological maturity. They are the same between both grain
and sweet sorghum cultivars with each of their varieties requiring a varying amounts of
time to reach maturity. Table 5 places this in perspective by providing a macro view on the

time it takes each variety to go through the nine stages of growth.

Sweet Sorghum Physiological Maturity Timelines by Variety in Days
Simon 100
Sugar Drip 105
Rox Orange 106
Umbrella 112
Della 114
KNMorris 115
Dale 120
Keller 125
Top76-6 130
Theis 135
MSI1E 135
Grassl 150
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Table 5: Sweet sorghum cultivation timelines by variety. Source: Blitzer, 2009.

Growth stage 0

Three to ten days after planting emergence will occur when the seedling’s pointed
protective sheath, called a coleoptile, emerges from the soil. Fertilizing inputs have no
effect on growth and growth depends on nutrients from within the seed (Vanderlip, 1972).
This initial stage typically lasts 10-15 days and if the environment is too wet or cold there

is a heightened vulnerability to diseases.

Figure 3: Sorghum seeds with emerged coleoptile at stage 0 - Emergence. Source:
Vanderlip, 1972.

Growth Stage 1

Once three leaves can be visibly counted at the point where the leaf blade and leaf
sheath are conjoined the growth has reached stage 1 and will typically last 10 to 15 days
(Blitzer, 2009). Growth is still occurring beneath the surface and any fertilizing inputs put
out through basal application mostly contribute to leaf growth. Due to a lack of leaves, the
sun’s radiation has more to do with keeping the soil warm rather than promoting

photosynthesis.
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Figure 4: Growth stage 1. Source: Vanderlip, 1972.

Growth Stage 2

When five leaves have fully expanded stage 2 has been reached typically occurring
20 to 25 days after emergence and lasting 10 to 15 days. Even though it is still growing
from beneath the soil, five outstretched leaves have started using the sun’s radiation for
photosynthesis and an expanding root system can begin to consume nutrient inputs as
needed (Vanderlip, 1972). However, significant leaf loss would still not cause capitulation.
When this stage concludes the sorghum plant will have grown approximately 11% of its

total dry matter and fertilizing inputs will continue to prioritize the growth of leaves.




Figure 5: Growth stage 2. Source: Vanderlip, 1972.

Growth Stage 3

Once stage 3 is reached approximately 30 to 35 days after initial emergence
sorghum’s growth priority transitions from a leaf producing vegetative state to a
reproductive status where the grain head begins to grow (Blitzer, 2009). Nutrient
absorption increases substantially during this period where 25% of total potassium, 18%
of total nitrogen, and 17% of total phosphorous needed is consumed during this relatively

short period (Vanderlip, 1972).

Figure 6: Growth stage 3. Source: Vanderlip, 1972.

Growth Stage 4

Sorghum has reached stage 4 when the final leaf at the top, also known as flag leaf,
is visible around day 40 or 45 and will also consist of approximately 10 to 15 days (Blitzer,
2009). Even though by this stage sorghum has only grown to one-fifth of its total growth,
80% ofits total leaf area has developed and nearly the maximum amount of solar radiation
the plant can physically capture has been attained (Vanderlip, 1972). As with stage 3,

nutrient absorption continues at a rapid pace and by the end of this stage approximately
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60%, 50%, and 48% of potassium, nitrogen, and phosphorous, respectfully, has been

consumed.

Figure 7: Growth stage 4. Source: Vanderlip, 1972.

Growth Stage 5

In what is referred to as the boot stage, stage 5 begins 50 to 60 days into growth
when maximum leaf area has been achieved and the grain head is gradually emerging from
a sheath within the flag leaf (Blitzer, 2009). During the 10 to 15 days it takes to complete
this stage the seed head is also extremely vulnerable to both moisture stress and any

misplaced herbicide as it could hinder development (Vanderlip, 1972).
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Figure 8: Growth stage 5. Source: Vanderlip, 1972.

Growth Stage 6

The 6" stage is also referred as the half-bloom stage signifying throughout this
stage at least half of the plant is undergoing some phase of flowering and is characterized
as the milk-dough stage (Blitzer, 2009). Milk-dough refers to the initial development of
grain kernels and when squeezed, they emit a white liquid which could be compared to
dairy milk (Gerik et al., 2003). This stage starts between 60 and 65 days after emergence
and will be complete by day 70 or 75 with the plant achieving approximately two-thirds of
total maturity and obvious increases in stalk thickness (Vanderlip, 1972). Once this stage
has been reached grain formation has begun and any inconsistencies with overall size and
leaf area cannot be corrected (Vanderlip, 1972). If growers use the “deheading” cultivation
practice, it is performed during this stage to promote sugar development within the stalk
by concentrating photosynthates (Zegada-Lizarazu and Monti, 2012). By deheading, it

theoretically reduces the plant’s nutrient competition with the developing kernel and also
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mitigates the chance of lodging at a later growth stage (Zegada-Lizarazu and Monti, 2012).
However, it is a controversial method within the sweet sorghum cultivation community
since it is difficult to efficiently cut the top off a three to four meter plant. If performed too
early the stalk may grow seed bearing tillers which the plant will prioritize resources

towards mitigating the effort put into deheading (Zegada-Lizarazu and Monti, 2012).

Figure 9: Growth stage 6. Source: Vanderlip, 1972.

Growth Stage 7

By stage 7, the soft dough stage, only 8 to 10 leaves at the top of the plant are
functional to receive solar radiation since the stalk has grown to approximately 80% of its
total height which could be over 4-1/2 m depending on the variety (Blitzer, 2009).
Characterized by the grain’s pliability but lack of fluid, the soft dough stage will last the
standard 10 to 15 days (Gerik et al., 2003). If the cultivated variety is known to produce a

significant amount of grain then during this stage the stalk will lose a small amount weight
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due to the grain’s nutrient demands (Vanderlip, 1972). Typically, and depending on the
type of sweet sorghum used, this is the growth stage when sweet sorghum harvest is
considered most optimal as it is believed during later stages the juice quality diminishes
due to an increase in starch at the expense of sucrose (Zegada-Lizarazu and Monti, 2012).
In addition, if ensile is the post-harvest destination, harvest will also occur during stage 7

(Gerik et al., 2003).

Figure 10: Growth stage 7. Source: Vanderlip, 1972.

Growth Stage 8

At day 80 or 85 the hard dough stage has been reached and will last until day 90 or
100 depending on the cultivar (Blitzer, 2009). Characterized by a hardened uncompressible
grain, by this stage most, if not all, nutrients needed for growth will have been consumed

(Vanderlip, 1972) (Gerik et al., 2003). Depending on the size of the grain grown by the
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cultivar, during growth stage 8 crops are more vulnerable to lodging from being too top
heavy. However, this is characterized as more of a grain sorghum issue. The presence of
thick stocks packed with soluble carbohydrates also aid in providing stability against

lodging (Gerik et al., 2003).

Figure 11: Growth stage 8. Source: Vanderlip, 1972.

Growth Stage 9

Physiological maturity has been reached between day 90 and 100 and can be
identified when grain kernels develop a dark spot or black layer on the opposite side of its
embryo, as seen in figure 12 (Blitzer, 2009) (Vanderlip, 1972). In addition, stalks will have
slightly increased in girth between stages 8 and 9 alluding that harvest should happen as

close to maturity as possible if the planted cultivar’s optimal harvest is known to be closer
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to full maturity. By this stage all potassium, nitrogen, and phosphorous needed for growth

have been consumed.

Figure 12: Growth stage 9. Source: Vanderlip, 1972.

Figure 13: The grain kernel on the left is from a physiological mature plant with a
noticeable black spot while the kernel on the right has yet to develop this
feature. Source: Vanderlip, 1972.
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NUTRIENT INPUT CONSUMPTION

In overview, all three inputs slow their rates of consumption as physiological
maturity is reached. Referring to Table 6, potassium has a relatively high uptake during the
initial two-thirds of growth and phosphorous consumption is considerably high during
three out of 9 stages. Nitrogen has a relatively consistent uptake from stage 2 to stage 7
supporting research that the timing of nitrogen fertilizer distribution is more important than
amount given per dose (Zegada-Lizarazu and Monti, 2012). All uptake remains relatively

consistent and relatively close from emergence to maturity.

Percentage Nutrient Input Consumption By Stage

! 1 2 3 4 5 6 7 8 9
Potassium 5% | 20% | 17% | 18% | 14% | 11% | 7% 3% 5%
Nitrogen 6% | 14% | 13% | 17% | 14% | 11% | 11% | 6% 8%
Phosphorous | 2% | 18% | 10% | 18% | 18% | 10% | 9% 10% | 5%

Table 6: Shows estimated nutrient consumption percentage by type and by stage. Source:
Vanderlip, 1972.

While input uptake is relatively similar between all inputs and nitrogen
consumption shows more consistency across all stages, potassium’s distribution is different
when compared to nitrogen and phosphorous. However, this is not an indication that
additional nitrogen will provide additional yield as each sweet sorghum cultivar has its own
nitrogen uptake threshold. In fact, if too much nitrogen is applied sucrose levels will
decrease since it may prolong vegetative growth and cause less sugar to be stored within
the plants soluble carbohydrate storing organs; a common issue among other sugar crops.
Phosphorous application is not necessarily needed to properly cultivate sweet sorghum and

although it aids in development, its application is only necessary in acidic or marginal soils
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(Zegada-Lizarazu and Monti, 2012). Per Figure 14, throughout all nine stages nitrogen and
phosphorous mirror one another by gradually changing distribution to promote the growth

of leaves to stalk and to the grain head during flowering.

Figure 14: Nutrient uptake and distribution after emergence. Source: Vanderlip, 1972.

Potassium initially follows the same distribution trajectory however according to
figure 14, it contributes far more to the stalk than any of the other two nutrients making it
important to sugar buildup; as it also does with sugar beet and sugarcane (Zegada-Lizarazu
and Monti, 2012). By guaranteeing enough potassium is available to satisfy uptake needs
throughout all nine stages, it ensures the stalk has an essential nutrient to promote stem
strength and mitigate lodging in the later stages.

However, while input consumption percentages are relatively close for all inputs,
the allocation quantity of each input is vastly different. According to data used to calculate
this paper’s energy return ratios, from the GREET1 2014 model, sweet sorghum cultivation
requires 1.57 kg of nitrogen, 0.93 kg of potassium, and 0.59 kg of phosphorous per wet
metric tonne of sweet sorghum (DOE, 2014). These fertilizing inputs will vary in addition
to the length of each stage during cultivation according to the variety planted, however

sorghum typically requires less energy inputs than its corn competitor. Pulling data once
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again from the GREET1 2014 model, to cultivate one bushel of corn the feedstock inputs
needed would be 0.423 kg, 0.146 kg, 0.151, and 1.15 kg of nitrogen, phosphorous,
potassium, and calcium carbonate, respectively. Using the calculation that one bushel of

corn is equal to 56 lbs (25.42 kg), this data is converted to kilograms per metric tonne in

side by side comparison with sweet sorghum’s inputs in Table 7 (DOE, 2014).

Sweet Sorghum and Corn Input Comparison per Metric Tonne

_ Sweet Sorghum Corn
Potassium 0.93 kg 5.95kg
Nitrogen 1.57 kg 16.65 kg
Phosphorous 0.59 kg 5.73 kg
Calcium Carbonate 0 kg 45.23 kg

Table 7: Fertilizer input comparison between sweet sorghum and corn. Note, numbers for
sweet sorghum are to produce one wet metric ton and do not account for any

nutrient displacement by vinasse fertigation. Corn figures are in dry tonnes.
Source: DOE, 2014.

Even without the addition of 45 kg of calcium carbonate there is a large disparity

in inputs needed to cultivate corn when compared to sweet sorghum.

WATER

Sweet sorghum uses significantly less water than corn. Using the data from the
GREET1 2014 model, during cultivation sweet sorghum only required 0.066 L of water
per kilogram of wet biomass while corn needed 8.30 L per kilogram of kernels. Note
however, the large disparity in this figure is due to the fact the entire sweet sorghum plant
is harvested whereas only corn cobs are harvested with the remaining biomass left in the
field. Depending on the climate, irrigation is not necessary for sweet sorghum cultivation.
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However, research performed in Mediterranean conditions found a lack of irrigation could
cause a 5,000 kg/ha difference in yield should the crop experience medium stress during
the growth cycle, or even worse, a 10,000 kg/ha yield difference when under severe stress
(Zegada-Lizarazu and Monti, 2012). Even if irrigation is present, differences in irrigation
systems will also significantly affect yield. Research conducted in Greece using the Keller
cultivar of sweet sorghum compared a subsurface drip irrigation system with 80% potential
evapotranspiration (ET) and two surface drip irrigation systems; one surface drip system
held a 100% potential ET while the other had a 80% ET. Through one growth cycle, the
subsurface drip system yielded 7% more biomass than the 100% ET surface drip system
and 43% more biomass than the 80% ET surface drip system (Sakellariou-Makrantonaki
et al., 2007).

Expanding on drought tolerance, a significant loss in yield does not parallel the
occurrence of drought at any moment during the growth cycle. Drought has a significantly
higher impact during the vegetative stage, up until the start of growth stage 4, when leaf
growth is the plant’s priority. If strained water conditions occur any time after growth stage
6, after the plant’s flower has bloomed, research has shown only a yield reduction of
approximately 1% however during the vegetative stage it could mean up to a 36% loss of

yield (Zegada-Lizarazu and Monti, 2012).

HARVEST AND EXPRESSION

As annotated in the growth stage 7 section, the soft dough stage is generally the
best time to harvest sweet sorghum to maximize sucrose content and possibly prevent the
unnecessary transportation of unneeded biomass to the biorefinery. However other
research has suggested there is an increase in brix between flowering and the end of the

hard dough stage; between growth stages 6 and 8. If the grower has a refractometer to
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measure °Brix, then simple sugar quantities within the juice should be tracked
approximately 30 days after flowering has started to determine when peak sugar content
has been attained (Zegada-Lizarazu and Monti, 2012).

Harvesting when sucrose content is at its most elevated content will lead to a higher
yield however it also creates a window of urgency. This window could be referred to as a
period of industrial utilization lasting between 20 and 40 days and is characterized as the
timeframe where harvesting will yield the maximum amount of sugar content and provide
the most economic benefit. If not harvested within this timeframe, starches will begin to
accumulate at the expense of sugars (Zegada-Lizarazu and Monti, 2012). This window
would present a significant challenge if sweet sorghum was used within an economies of
scale feedstock production platform. Thousands of metric tonnes of sugar content could
be lost due to only a week delay in harvesting translating into a large loss in profit.
However, careful agricultural planning could mitigate losses by staggering when fields are
planted or by simultaneously planting cultivars with varying timelines to reach harvest
maturity (Zegada-Lizarazu and Monti, 2012).

When actually harvesting the ideal method is to use equipment which will chop
stalks into 20 — 40 cm to improve handling and juice extraction. The tradeoff is if the juice
is not immediately fermented, then sugars will decay quicker than if the stems were left
whole when cut (Zegada-Lizarazu and Monti, 2012). Due to high capital costs, most
equipment used to harvest sweet sorghum consists of equipment made for other uses such
as silage harvesters, straw balers, and sugarcane harvesters (Zegada-Lizarazu and Monti,
2012). Unless its growth as a feedstock became highly commercial, it is well within reason
to believe growers will not invest in sweet sorghum specific harvesting equipment which

will only be used one month out of the year. Prototypes that can harvest, extract, and store
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juice have been tested however unless the aforementioned magnitude barrier is overcome
they will remain concept equipment (Zegada-Lizarazu and Monti, 2012). Until these scales
have been reached, the most efficient harvester for sweet sorghum is the self-propelled 4-
row forage harvester because the chopped product will have a better biomass density for
better transportation mobility than if a sugarcane harvester were used (Saballos, 2008). In
addition, using the forage harvester gave farmers an economically competitive net farm to
gate cost of $17 to $33 per wet metric tonne for fermentable carbohydrates when coproduct
values were included; far less than corn’s net fermentable carbohydrate cost of $79 per
metric tonne (Anex, 2005).

Regardless if chopped or harvested by the stalk the juice still needs to be extracted
through crushing or pressing, or expressed as it is called in the industry, so it could
transition into ethanol production. If equipment is available on site, expression of juice and
pressed stalk residue may be performed in the field and like sugarcane, the removal of
leaves and the grain head will improve juice extraction efficiency (Regassa and Wortmann,
2014). Even though it is more labor intensive, by soaking stalks in water to increase density
followed by expression improves juice extraction efficiency and the process can be
repeated to extract additional juice left within the stalk after initial expression, especially
when plant water content is below 45% (Regassa and Wortmann, 2014). Once harvested,
Juice expression yields will vary depending on the cultivar, expression method, and total
time elapsed between harvest and expression. However, for the purpose of outlining data
inputs for Chapter 6’s ERR calculations, it is estimated one hectare will yield
approximately 76,000 kg/ha of biomass with a 72% moisture content. Grain is estimated
to be 3.8% of total wet biomass yield and sugar content is estimated to be 9% (Cai. et al.,

2013) (DOE, 2014). When accounted for as a coproduct, grain yield will provide a
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coproduct energy credit since it displaces corn products used as animal feed. Although
cellulosic ethanol conversion uses biomass, conventional ethanol does not make sugar

yield more important than if an integrated or cellulosic conversion process was used.
Chapter 5: Sweet Sorghum Ethanol Production

FIRST GENERATION ETHANOL PRODUCTION PROCESS

First generation ethanol from a soluble carbohydrate loaded juice, such as that from
sugarcane or sweet sorghum, is fermented using yeast and distilled to produce anhydrous
ethanol. The process using corn as a feedstock is relatively similar with the addition of a
step to convert corn’s starches into glucose. During this additional step, corn kernels
undergo saccharification through the application of alpha amylase and gluco amylase
enzymes converting starches into simple sugars prior to screening (Almodares and Hadi,
2009). The same enzyme application is used when converting grain sorghum or sweet
sorghum’s grain to ethanol.

Ethanol production systems vary however they generally include additional steps
to guarantee a quality product. Prior to entering the ethanol production process, sweet
sorghum is washed and mechanically shredded to facilitate juice extraction. Referring to
figure 15, after expression the juice is screened for solids then moved to sterilization where
it is heated up to 100°C and is followed by clarification to separate any impurities
(Almodares and Hadi, 2009). Note, output products are in grey boxes while the system is
characterized as everything within the dotted rectangle; Electricity, grain, and ethanol are

all product outputs created by the process and consumed outside of the system.
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Figure 15: Conventional Ethanol Production Pathway for Sweet Sorghum. Source:
Taherzadeh and Karimi, 2007; Humbird et al., 2011.

Following clarification the juice undergoes fermentation, which will last between
5 and 14 hours depending on the method and type of yeast, trailed by the distillation
segment (Whitfield et al., 2012). Finally, the alcohol is dehydrated to remove any excess
water, yielding pure ethanol (Marina et al., 2011). Theoretically, the maximum efficiency
which can be achieved is in the vicinity of 94% (Wang and Liu, 2009). Modern first
generation plants use sweet sorghum bagasse as a fuel through combined heat and power
(CHP) generation to produce steam for the boilers and electricity which may either be used
on-site or distributed back to the grid (Marina et al., 2011).

This conventional ethanol process will be modeled in the next chapter. Corn’s
ERRs will be modeled and compared to sweet sorghum’s ERRs using the same
conventional process or one similar. This however is not the only method to produce

ethanol from sweet sorghum. After juice expression there is still a presence of sugars within
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the bagasse. During conventional ethanol this bagasse is used for CHP generation to
provide production process energy and an electricity coproduct however by using second

generation ethanol production the bagasse could be converted into additional ethanol.

SECOND GENERATION BIOETHANOL PRODUCTION PROCESS

Also known as cellulosic ethanol, second generation ethanol uses lignocellulosic
matter from bagasse, or other biomass, to produce ethanol. Cellulosic ethanol in itself is a
promising innovation in ethanol conversion as it eases the food versus fuel debate and
provides feedstock to an ethanol production facility when conventional feedstocks are not
available.

Referencing figure 16, if cellulosic ethanol production were to use sweet sorghum
biomass, after the bagasse has its juice expressed it is sent to pretreatment. During this
process dilute sulfuric acid treats the biomass at high temperatures for a short amount of
time breaking down hemicellulose, a prominent polysaccharide in plant cell walls, into
sugars and exposing cellulose for enzymatic hydrolysis (Humbird et al., 2011).
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Figure 16: Cellulosic Ethanol Production. Source: Taherzadeh and Karimi, 2007;
Humbird et al., 2011.

After sulfuric acid application the slurry is extremely acidic. It is then cooled and
ammonia is applied to neutralize the pH by raising it from one to five so the slurry can
proceed to enzymatic hydrolysis (Taherzadeh, 2007). There are other ways to pretreat
bagasse prior to hydrolysis and two of the more common methods are using ammonia fiber
explosion (AFEX) or steam explosion; however sulfuric acid is the most commonly used
pretreatment method in commercial cellulosic ethanol production (Taherzadeh, 2007).
Dilute sulfuric acid can also be used in the hydrolysis step when one of the other
pretreatment methods are used. This provides the biorefiner greater flexibility since
sulfuric acid is ineffective at breaking down hemicellulose on hard and soft wood biomass
yet it can still be used during hydrolysis if needed (Taherzadeh, 2007).

In the follow-on process, the slurry undergoes enzymatic hydrolysis where without
the protection of lignin and hemicellulose, cellulase enzymes penetrate into the fibers
degrading cellulose into soluble sugars; xylose and glucose (Humbird et al., 2011).
Enzymatic hydrolysis uses cellulase enzymes, which is actually the name given to an
amalgam of three different enzymes which target different cellulose elements;
endoglucanases, exoglucanases, and B-glucosidase (Humbird et al., 2011). Besides being
effective at converting cellulose to glucose, cellulase enzymes are also easily produced on-
site. These enzymes can be produced at will by mixing a celluloytic enzyme secreting
fungus with glucose, fresh water, and a small amount of a cellulase inducing disaccharide
to trigger cellulase secretion in submerged aerobic fermentation (Humbird et al., 2011).
After enzymatic hydrolysis, any solids are separated and sent to CHP generation as a fuel

for the entire process while the glucose liquor is sent to fermentation using the same follow-
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on steps to yield pure anhydrous ethanol. Typically, the entire process takes seven days to

complete with fermentation taking the majority of the time (Humbird et al., 2011).
INTEGRATED ETHANOL PRODUCTION

When conventional and cellulosic ethanol production processes are combined it is
known as integrated ethanol production. Systems vary, however a hydrolyzed glucose
liquor produced from the cellulosic portion of the system is commonly mixed with the
sweet sorghum juice in the fermentation step. The point where these two processes merge
can be seen in figure 17.

Integrated Ethanol Production
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Figure 17: Integrated Ethanol Production. Source: Taherzadeh and Karimi, 2007;
Humbird et al., 2011.

After expression and depending on the system, an estimated 50% of soluble
carbohydrates remain in the bagasse. By using an integrated ethanol process it capitalizes

on the availability of feedstock already available but that could not fully be processed using
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the first generation method. (Yu et al.,, 2012). An integrated process releases more
emissions than conventional production since the absence of bagasse for CHP generation
requires a small amount of fossil fuel input (Cai et al., 2013). The seasonality and volatility
of sweet sorghum’s sugar degradation may have caused some ethanol ventures to avoid the
feedstock altogether until long term storage methods are improved. However when the
investment is made in a production facility, there is a flexibility which would not only
maximize ethanol output but would also allow the conversion of other biomass into ethanol
the other 10 or 11 months out of the year when sweet sorghum is unavailable. Besides the
need for starch-to-sugar enzymes, the integrated production method used to process sweet
sorghum stalk and bagasse into ethanol is similar to the process used to convert corn kernels
and corn stover into ethanol using a dry-mill ethanol process suggesting corn could
complement sweet sorghum during ethanol production; when sweet sorghum feedstock is
unavailable stored corn could quickly be substituted to keep the facility running and
profitable. Although sweet sorghum is not modeled using an integrated ethanol production
in this paper, the opportunity is presented for follow-on research especially if sweet
sorghum grows in use as a feedstock.

During both conventional and cellulosic ethanol production there are a variety of
coproducts produced with the addition of ethanol. Besides electricity generation, vinasse
is a by-product of distillation. It varies depending on the feedstock used however it is
usually over 90% water with the remainder consisting of organic solids and minerals with
low amounts of nitrogen and phosphorous (Christofoletti et al., 2013). Follow-on uses vary
however it is usually used as an irrigated fertilizer, also called fertigation, on growing sweet
sorghum, displacing a small amounts of fertilizer. Other uses consists of animal feed,

conversion to biogas, and CHP generation (Christofoletti et al., 2013). Other coproducts
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produced from ethanol production are glycerol, fusel oils, aldehydes, and ketones however

these amounts are significantly lower than vinasse (Almodares and Hadi, 2009).

Chapter 6: Energy Analysis

The simplicity of growing sweet sorghum and the ease at which its soluble
carbohydrates can be converted into alcohol ascertain a high upside as a viable ethanol
feedstock. However if it is to displace any amount of corn and prove its feedstock viability,
its energy balance must show more energy is output than is input. Throughout the lifecycle,
also referred to as “cradle to grave,” within this model every energy and non-energy input
which directly and indirectly influences the production, or output, of sweet sorghum
ethanol has to be taken into consideration. The production and transportation of various
inputs ranging from the nitrogen used in the soil to the diesel trucks used when transporting
feedstock from the field to the ethanol production facility all influence sweet sorghum
ethanol’s energy balance. Researching a product’s energy return aims to identify
inefficiencies throughout the supply chain, how its fabrication impacts the environment,
and may also provide details on how a process can be improved with better techniques or
technology; all practices which would assist businesses in improving their overall bottom
line. Typically when a process inefficiently uses energy, excess capital or labor will be
required to compensate for the inefficiency which underscores its usefulness to society due
to energy waste and unnecessary carbon emissions (Brandt et al., 2013). In sweet
sorghum’s case, where inputs for its agricultural development and ethanol production are
relatively low compared to other feedstocks, any waste of energy could lead to a skewed
return on energy ratios and where true feedstock potential could be diminished by waste

within the analysis.

This chapter draws heavily on Brandt et al.’s “Calculating systems-scale energy
efficiency and net energy returns: A bottom-up matrix-based approach” to compare four

ERRSs using sweet sorghum and corn inputs using the same method. Accurately modeling
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energy ratios can be highly variable among studies, to ensure consistency and keep the
model relevant, the net energy ratio achieved for sweet sorghum will be compared to what
the GREET1 2014 model considers its source material; Cai et al.’s 2013 paper entitled
“Life-cycle Energy Use and Greenhouse Gas Emissions of Production of Bioethanol from
Sorghum in the United States.” In addition, corn’s net external energy ratio will be
compared to six corn energy ratios provided in Farrell et al.’s “ERG Biofuels Analysis
Meta-Model” which is also commonly called the EBAMM model. Should the Brandt et al.
method yield a sweet sorghum energy ratio value close to the 5.2 energy ratio in the Cai et
al. paper, then it could be assumed accuracy has been achieved and the model can serve as
a baseline for follow on ERR research.

In total, this chapter will contain five sections with the intention of building on one
another and fulfilling the obligation to promote the understanding on how the concluding
results were attained. The first section will detail certain definitions which will continually
appear so as their terms are not misrepresented. The second section will explain the method
being used, why it was used, and provide an overview on the four ERRs calculated. The
third section will explain the system, inputs, and processes used in the analysis. The fourth
section will explain the results and compare these results to those achieved in other studies.
Finally, the fifth section will explain certain caveats which could positively or negatively

affect energy analysis results.
KEY DEFINITIONS

Processes

Borrowing from the Brandt et al. definition, a process takes a set number of inputs,

whether they be of multiple energy types, physical materials, or a combination of the two,

60



and uses the inputs to output a product and in some scenarios, also coproducts. Per Brandt
et al., processes typically involving energy will accomplish one of five functions which
necessitate the need for energy: harvesting, transport, storage, upgrading, and conversion
(Brandt et al., 2013).

During each process the input will undergo one of the stated functions and create a
flow so it becomes the input for a follow-on process. Processes create flows between

themselves until the end user receives the output for its final use.

Products

Per Brandt et al. a product is defined as a ““...material flow processed, transformed,
or handled by one or more processes in a system” (Brandt et al. 2013). The main products
used in this model are sweet sorghum and corn as each product follows the flow from the
agricultural stage and through its manufacture into ethanol. However, other products will
flow into the same process to interact with this product and at times these products are

introduced from outside the system.

Pathways

A pathway is a sequence of multiple processes causing multiple products to interact
to produce new products to be used in other processes and pathways (Brandt et al., 2013).
Some tools, such as the GREET.net v1.2.0.11425 software model®, use the cradle to grave
approach and the complete pathway ends when the product has been delivered to the end

user. Unlike pathways in the GREET.net v1.2.0.11425 software model, this paper will only

3 GREET is defined as “Greenhouse gases, Regulated Emissions, and Energy use in Transportation.” It is a
common model used to perform LCA simulations and is the work and research of the Argonne National
Laboratory.
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focus on sweet sorghum ethanol’s energy analysis meaning it will conclude when raw

sweet sorghum has completed the ethanol conversion process.

Consumption

When a product enters a process not all of the product will be used or converted to
the follow on product. Under the Conservation of Mass Law, the portion of the product not
used to convert a product is either lost as wasted heat or converted into a coproduct. When
a coproduct is not created, for the purpose of this paper and as with the Brandt et al. paper,
the term “consumed” is used since the unused energy could be considered waste heat
released outside of the system back to the earth (Brandt et al., 2013). The amount of heat
consumed, or wasted, is dependent on how efficiently an energy process can convert one
form of energy into another. An example would be how a coal power plant can only
efficiently convert to electricity around 35% of the energy content of the coal it receives

while the remaining 65% is consumed by the process and ends up as waste heat.

System

The system is defined as an encapsulating environment with set boundaries where
pathways interact with their processes and products (Brandt et al., 2013). Defining
boundaries are extremely important as different energy analyses may not fully involve
processes ranging from the cradle to the grave. In addition, there may be a grey line on
what outside processes should be incorporated within the system and which ones should
be left out. Although it may project an accurate understanding of what inputs are needed
to portray in an energy analysis study, it opens a Pandora’s Box of inputs and boundaries
requiring strict accounting. If a system attempted to identify the processes and products

needed to create the rubber soles a worker’s boots or what products were needed to make
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their cotton shirts it could cause the system to lose focus of the energy analysis of ethanol
production. All of these products would require both energy and non-energy processes,
however defined system boundaries act as research guidelines to ensure the focus on the
main product is not lost. Below, as an example, figure 18 details how both energy and non-

energy processes would interact within and outside a system.
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Figure 18: Example of a clearly defined system and its interactions outside of the system.
Source: Brandt et al., 2013.

Within the Brandt et al. paper, examples of non-energy sector processes consisted
with the manufacture of steel. Xsi, X5z, Xs3, and Xs4 are all steel product flow inputs but
are not necessary in every energy process. “A non-energy process does not extract primary
energy from the earth, but instead consumes output from energy pathways to produce a
material product or service” (Brandt et al. 2013). Figure 18 is conducting an energy
analysis on petroleum and thus shows how the non-energy process within the system would
require both raw and refined fossil fuels, such as natural gas and petroleum, in additional

to accounting for how much is consumed or wasted during its refining.

METHOD AND ENERGY RETURN RATIOS

As with varying system boundaries there are a multitude of methods to calculate
the LCA of a product. Methods are similar yet they each emphasize different energy related
inputs to achieve the desired outcome. From a macro perspective there are methods which
emphasize either a bottom-up or top-down approach with the selection criteria dependent
on if the LCA resolution has a monetary or energy emphasis (Brandt et al., 2013). When
using a bottom-up approach, depending on the boundaries of the system, the emphasis is
on inputs as they follow the flow of processes to achieve a desired product. By using this
approach long-term capital investments in equipment and infrastructure get pushed aside
in favor of tracking how efficiently energy and non-energy processes are used. There also
tends to be a problem with truncation as datasets may not clearly capture every process
involved in all inputs (Brandt et al., 2013). In contrast, when using a top-down approach,
there is an emphasis on how financial figures function in relation to energy output while

the flow of energy processes will not be as clearly defined (Brandt et al., 2013). This paper
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will focus on four bottom-up ERRs using a matrix framework used by Brandt et al. which
was adopted using the general mathematical framework by Heijung and Suh’s 2002 paper
entitled “The computational structure of life cycle assessment.”

In contrast to Brandt et al.’s focus on ERRs, Farrell et al.’s focus is on calculating
the net energy value (NEV) by subtracting energy input from energy output. Recognizing
the difficulty in accurately portraying an energy analysis to achieve a product’s NEV,
Farrell et al. normalized six different studies to calculate the NEV of corn ethanol. Using a
fairly simple equation from a bottom-up approach, and unlike Brandt et al., all inputs were
converted to MJ/L or MJ/kg depending on the product represented. Instead of using a series
of vectors and matrices, Farrell et al. divided output energy by input energy and represented
it as:

_ Output Energy (MJpyel/ Lruel)
NER (M]/LFuel) B Input Energy(MJgyel/ Lruel) (1)

Depending on chosen inputs, the NER result could widely vary regardless if a ratio
or matrix is used since the addition of more processes widens system boundaries causing
the need to account for additional energy expenses; which tends to lower any ERR return
value (Brandt et al., 2013). In addition, methods to calculate NER definitions will also
vary. What Farrell et al. have defined as the NER is defined as the NEER using the Brandt

et al. definition since input energy does not account for the waste heat from corn feedstock.

Method

Energy analysis calculations can carry a very loose definition. This paper uses a
method outlined by Brandt et al where a technology matrix and an intervention matrix are
used in conjunction to yield ERR values by accounting for energy consumption and waste.

While the Farrell et al. approach calculated the energy ratio by dividing the sum of energy
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output by the sum of energy input and is far simpler, its emphasis surrounds a favored
ethanol feedstock where research has fully evaluated its LCA with the assistance of
multiple government agencies and private research entities. However, even though a
different method was used, the NEER output is still comparable to the NER produced using
the Farrell et al. approach.

Even in Farrell et al.’s comprehensive EBAMM ethanol research, each study uses
varying inputs in their calculations which required an adjustment to normalize each study
so a comparison could be performed using a consistent method. However, by employing
two matrices to calculate four ERRs the importance of these singular units is diminished
since the emphasis is on how many units of a product is consumed to produce one unit of
output from the product of choice within the entire system. In addition, the method provides
the user with the flexibility to change input values whether it is due to novel research, data
availability specific to a region, or any other reason.

By using a process based bottom-up approach using ERRs, a product’s system may
be evaluated to determine its usefulness to society. Depending on the study, the information
provided by the use of ERRs may determine an energy technology’s economic benefits,
energy intensity, or other energy related information depending on the data used in the
ratios (King, 2014). The Brandt et al. paper emphasizes four different ERRs which are
applicable to researching sweet sorghum as an ethanol feedstock. Each of these four ratios
will be defined in the next section and can be used to determine the input/output energy
invested throughout the life cycle of sweet sorghum ethanol’s technology system up until
alcohol has been produced at the biorefinery (King et al., 2015). This method only
considers the production of a 100% ethanol output and does not account for its blending

with gasoline prior to reaching the end user. The system boundary employed will only
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present ERRs of sweet sorghum ethanol once it has been produced and does not account
for any follow on processes which include transportation from the production facility and
any additional processes to convert it into an E10 or E85 blend with petroleum gasoline
(Farrell et al., 20006).

The EBAMM study does not assume energy ratio calculations to produce a robust
metric however due to obscurities in sweet sorghum ethanol, the method should provide
an accurate picture of sweet sorghum ethanol’s energy balance based on each of the ERRs
(Farrell et al., 2006). As with the Brandt et al. paper, the overall intention is to place known
sweet sorghum ethanol metrics in conjunction with other generally used agricultural inputs
in a computational bottom-up matrix with the intention of allowing follow on studies to

compare ERRs of other ethanol pathways using the same method.

Bottom-Up ERR Computation

The first step when employing the Brandt et al. framework requires the creation of

two matrices; a technology matrix, A, and an intervention matrix, B. Represented as:

51 &

The technology matrix is constructed by relating processes to products which are
represented in columns and rows, respectively. In order for the matrix to properly function
there must be an equal number of processes and products in addition to their layout
transposing one another on the matrix. As an example, using a simplified three process

version of matrix A using sweet sorghum, ethanol production, and water is represented as:
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Sorghum EtOH Water
Cult. Prod. Prod.

Kg of Sweet Sorghum 1 —1.388 0
M] of Ethanol 0 1 0 (3)
L of Water —0.066 0 1

Note how sweet sorghum cultivation outputs 1 kg of sweet sorghum but also
consumes 0.066 L of water. Ethanol production consumes 1.388 kg of sweet sorghum to
yield 1 MJ of ethanol. In addition, since the process is consuming the product unit’s input,
it is given a negative sign. How and where these figures where attained will be explained
in the next section.

The intervention matrix, B, “...corresponds to physical flows between the
processes in the system and the environment” (Brandt et al., 2013) and represents flows of
how waste from process inefficiencies in matrix A are directed back to the environment as
well as how resources are consumed from outside environment, or earth, into the
technology matrix of the system (Brandt et al., 2013). Expanding on the same three process

example with the addition of matrix B, it is represented as:

Sorghum EtOH Water
Cult. Prod. Prod.

Kg of Sweet Sorghum 1 -1388 0
M]J of Ethanol 0 1 0
Al _ L of Water —0.066 0 1 4
Bl = Kgof Sweet Sorghum Waste | 0.005 0 0 4
M] of Ethanol Waste 0 0.859 0
L of Water from Earth 0.066 0 -1

Within the intervention matrix the 0.005 kg of sweet sorghum is attributed to the
average amount of sweet sorghum lost during temporary storage before being sent to
ethanol production. The 0.751 MIJ value is the sum of the internal bagasse waste heat
processes to output 1 MJ of sweet sorghum ethanol. Using an 80% efficient biomass boiler

0.534 MlUpagasse/MJEton is consumed and 0.217 MIEiectricity/ MJEton 1s consumed in a 30%
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efficient power plant. When water is produced it consumes 1 L of water from the earth into
the system while sweet sorghum cultivation consumes 0.066 L of water per kilogram of
sweet sorghum cultivated. In the technology and intervention matrices used for the
calculations in this paper there are a total of 24 processes/products and 17 interventions;
all of which will be named within the following section.
Devising information from this matrix requires the use of three vectors which
serve as the foundation for calculating the desired ERR. The first vector called “f,”
represents final demand from products outside of the system (Brandt et al., 2013). Once
the technology and intervention matrices are complete with all associated vectors, the user
can manipulate this vector by demanding output energy needed from one of the products.
The rows within this vector must equal to the amount of rows represented in the technology
matrix, A. The demand vector is calculated by using the s vector which is defined as a
scaling factor ““...which determines the total throughput across all processes required to
provide the final demand vector £’ (Brandt et al., 2013). Vector f is defined as:
f =AXxs (5)
However, if vector s is to be calculated it requires the inverse of matrix A to be
multiplied by the user demand vector f. Just as it is represented in the Brandt et al. paper
being used as a guideline, the formula to define vector s with a desired output of 1 MJ of

ethanol using the formula above is:

1 1388 0] [0 1.388
s=Alxf=1] 0 1 o|x|1]=| 1 (6)
0.066 0.092 11 lol [0.092

The third vector, entitled “g,” represents how vector s interacts with the

environment. Although vector g is not a vector manually manipulated by the user, it must
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have the same amount of rows as matrix B just like the relationship between vector f and
matrix A (Brandt et al., 2013). Again, using the data from the same sample system, vector

g is calculated as:

0.005 0 0 1.388 0.007
g=B><s=[ 0 0.859 OIX[ 1 ]=[0.859] (7)

0.066 0 -1 0.092 0.000
In addition to these three vectors, input indicator vectors t, i, and e are used to
assist in defining each of the four ERRs. Per Brandt et al., vector t is used to track the flow
of waste heat and normalizes vector g’s data so any figures which are a product of the
natural environment are not included in the vector as an inefficiency associated with waste
heat (Brandt et al., 2013). When vector t’s waste heat flows are separated into waste heat
from internal and external consumption vectors i and e are created, respectfully. Vector t
is used to define all four ERRs while vectors i and g are only used to calculate net external
energy ratio (NEER) and gross external energy ratio (GEER). The following subsections

defines each of these four ERRs.

Net Energy Ratio

The net energy ratio (NER) is the most common ERR calculation. Within the
analysis conducted it is defined as the ratio of the energy put through to the end user, or
furthest limit of the system boundary, over the energy consumed during the process to
create the final amount of energy (Brandt et al., 2013). The following formula was used by

Brandt et al. as a representation of NER:

Energy to final consumption

NER =

(®)

Energy consumed due to supply of final energy
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When applied to the matrix and using the previously defined vectors, the
mathematical formula is represented as the sum of vector f divided by vector t multiplied
by vector g.

Yiegf
txg

NER = (9)

Gross Energy Ratio

The GER has the same denominator as NER but within the numerator, in addition
to including the energy being output, it also includes the energy consumed within the
processes to create this output (Brandt et al., 2013). As a visual representation, the

following formula is used by Brandt et al. to represent GER:

Gross energy output

GER =

(10)

Energy consumed due to supply of final energy
When applied to the matrix and using the previously defined vectors, the
mathematical formula is represented as the sum of the multiplication of vectors t and g

added to vector f divided by vector t multiplied by vector g. Represented as:
GER = Ziee (X (11)

txg

By definition, GER is always the equivalent of NER plus one (King, 2014). Using
the same example as Brandt et al., the GER would provide a more variable output in an
analysis to calculate the GER of petroleum diesel since the ratio would dictate any diesel
between and during processes would be added to the numerator along with the final amount

of diesel energy delivered at the end of the pathway (Brandt et al., 2013).

71



Net External Energy Ratio

The net external energy ratio (NEER) is used to indicate sweet sorghum ethanol’s
ability to increase society’s energy supply. It is calculated by dividing the energy supplied
to final demand by all external energy inputs. NEER omits the energy consumed within a
system’s internal processes but instead focuses on the energy used from external sources
during energy processes for the system’s product inputs (Brandt et al., 2013). For Example,
NEER will not count the energy content of the bagasse from sweet sorghum that is used to
generate heat and electricity for the ethanol biorefinery as an energy input (King, 2015). In
theory, the NEER will always have a greater value than the NER since it has a smaller
denominator by omitting energy used during the internal system’s pathway (Brandt et al.,

2013).

Energy to final consumption

NEER =

(12)

External Energy consumed due to supply of final energy

During the NEER calculation vector t is separated into vectors e and i so either

internal or external waste heat consumption within the process can be segregated,

respectfully. The equation is similar to the NER equation, however instead of multiplying

vector t by vector g to calculate the energy consumed in the denominator, vector e is used
in vector t’s place.

NEER = Zictf (13)

exg
Gross External Energy Ratio

As GER relates to NER, GEER relates to NEER. The ratio will neglect to account
for energy consumed within the internal system’s pathway however it will focus on all

energy used during both energy and non-energy processes to produce product inputs for
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the local system. GEER is by definition always greater than the NEER, and specifically

GEER = NEER + 1. Brandt et al defines GEER as:

Gross energy output

GEER =

(14)

External Energy consumed due to supply of final energy

Similar to GER, during the GEER calculation waste heat is added to demand,
however as with the denominator of NEER, only external waste heat emission, vector e, is
used in place of vector t. As a result, just like with GER, the gross external energy ratio
will only be NEER plus one.

GEER = e (X8 (15)
exg

In addition, lack of direct external energy inputs during sweet sorghum ethanol
manufacture due to the use of bagasse to generate heat and electricity means there is
minimal external waste heat associated with ethanol conversion.

When using the sample matrix data used in the previous section, in conjunction
with each of the four defined ERRs in this section, the output is in Table 8. Note however,
this example system does not contain external energy processes meaning NEER and GEER
will yield infinite values since energy input in the denominator will be zero. Theoretically
this rudimentary system used as an example assumes that the max possible yield of sweet
sorghum is attainable without fertilizer and energy cultivating inputs, with any required
water production not involving the need of outside energy. This also assumes during

ethanol production yeast is not required to achieve fermentation.
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ERR Examples
NER 1.164
GER 2.164
NEER oo
GEER oo

Table 8: ERR Example System Results. Source: ERR Calculations.xlIsx, “ERR Sample
Data” tab.

In relation to sweet sorghum ethanol, either one of these ratios would serve to
emphasize energy processes used to create inputs for sweet sorghum pathways and possibly
allude to how this energy is used to eliminate waste or improve efficiency through cleaner
energy sources. Although all of the ratios aim to present an energy balance from different
angles they all allow the researcher to easily compare a myriad of energy products without
the need for a standard unit as long as the consuming process recognizes the energy input
unit. In addition, product inputs are easily interchangeable when using technology and
intervention matrices since datasets for inputs widely vary. As data for sweet sorghum
becomes more available, by employing a bottom-up matrix approach it allows the user the
ability to easily interchange data for agricultural inputs used in Mongolia, China with those

of the Texas Panhandle to create an accurate energy analysis with a location emphasis.

SYSTEM, PROCESSES, PRODUCT INPUTS, COPRODUCTS, AND WASTE HEAT

When using the bottom-up matrix approach, technology flows and environmental
interventions must be appropriately identified to accurately represent the system’s energy
interactions. In the first part of this section the system is defined along with the data
collection method for each type of product input. The following section provides an
overview for each process used in the matrix, its associated product inputs, and

environmental interventions.
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System

In total, this study has identified 24 energy and non-energy product flows which
contribute to the production of sweet sorghum ethanol while 17 environmental
interventions have been identified. In Formula 16 these processes and environmental
interventions are identified in their respective A and B matrices as they are arranged in the

ERR Calculations.xlIsx spreadsheet.

75



|

A
B

|

Kg of sweet sorghum
M] of sweet sorghum ethanol
Kg of Corn
M] of Corn Ethanol
M] of Coal (Raw)
M] of Coal (Electricity)
M]J of Crude 0il
M]J of Gasoline
M] of Diesel
M]J of Natural Gas (Raw)
M] of Natural Gas (Processed)
M] Nuclear Electricity
M] of Renewable Energy
M] of Grid Electricity
Kg of Nitrogen
Kg of Phospherous
Kg of Potassium
Kg of herbicide
Kg of Calcium Carbonate
Kg of seed

L of water used
Kg of Alpha Amylase

Kg of Gluco—Amylase
Kg of Yeast

Kg of Sweet Sorghum Waste
M]J of Waste Heat from Sweet Sorghum Ethanol Production
Kg of Corn Waste
M] of Waste Heat from Corn Ethanol Production
M] of Waste Heat from Coal Consumption
M] of Waste Heat from Crude Oil Consumption
M] of Waste Heat from Gasoline Consumption
M]J of waste Heat from Diesel Consumption
M] of Waste Heat from Natural Gas Consumption
M] of Waste Heat from Nuclear Energy Consumption
M] of Waste Heat from Renewable Energy Consumption
M] of Waste Heat from Electricity Grid Consumption
M] of Coal from the Earth
M]J of Crude Oil from the Earth
M] of Natural Gas from the Earth
M] of Uranium from Earth
L of water from the Earth
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Data for each product within the technology matrix and each intervention was
acquired from one of three sources depending on the type of product flow to maintain
consistency in inputs. The data sources in order of use priority were the GREET1 2014
model, GREET.net v1.2.0.11425 software model, followed by GaBi’s software and
database contents for Life Cycle Engineering. The priority of use was based on common
use, data availability, and accuracy. The GREET models are an open source information
researched by the Argonne National Laboratory and many papers, such as the Farrell et al.
paper, commonly refer to its data for LCA inputs. Due to the importance of sorghum and
corn’s cultivation and ethanol input processes, the GREET1 2014 model was the preferred
source for data inputs since it provided a more in depth glimpse at each product’s inputs.

Data for energy processes was more complex due to multifaceted inputs which were
unique to one energy process and not shared by others. For this reason the GREET.net
v1.2.0.11425 software model was used as it grouped all process inputs into general energy
categories. Notable quantities of interest for input needs are the amount of energy required
for extracting primary energy separated from the energy required for refining primary
energy; e.g. manufacturing gasoline from crude oil (King, 2015).

Through subtraction the energy needed to extract the energy from the earth could
be separated from the energy needed to refine the product. This type of datum was attained
by subtracting the “Well to Product” datum of the refining process from the extraction
datum “Well to Product” process within the same energy pathway. This segregation of
extraction and processing data can be viewed for each energy process in each energy
process’ respective tab within the ERR Calculations.xlsx spreadsheet and further

information can be found in Appendix A.
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In addition, the GREET.net v1.2.0.11425 software model also provides data inputs
for a singular process without the need to separate energy used during extraction. Within
the software model this data is referred to as “OnSite” since it only provides inputs needed
to perform that particular process within the pathway to yield a unit of the desired product.
This was used for non-energy inputs since their inputs are relatively few and can easily be
associated with one of the matrix’s defined product inputs. In addition, by only using the
“OnSite” data for each process it eliminated the possibility of double-accounting for energy
associated with extraction and refinement of primary energy sources as this energy is also
included in the “Wells to Product” data for each process.

The data used for energy products was still attained from the GREET.net
v1.2.0.11425 software model however it was not gained from each process’ “OnSite” data
inputs. Each energy product requires very specific inputs and if the “OnSite” inputs were
used it would create an almost infinite loop requiring the creation of additional processes
which would require additional product inputs. Although the addition of the additional
processes and products would give the system more accuracy, it had to be truncated to
prevent it from becoming too large due to the addition of these unique input processes and
products which would have a very small impact on sweet sorghum ethanol’s ERR
calculations. For example, to refine one unit of crude into diesel, the “OnSite” inputs
require not only crude oil but also natural gas, unfinished oil, gaseous hydrogen, electricity,
and gasoline. GREET.net v1.2.0.11425’s “Well to Product” data information consolidates
these inputs into product inputs shared by all processes in the matrix such as crude oil,
natural gas and coal but without the need to create processes/input products for gaseous

hydrogen and unfinished oil as well as processes/inputs for their respective inputs.* In

4 Both GREET models can be downloaded at https:/greet.es.anl.gov/.
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https://greet.es.anl.gov/

summary, GREET.net v1.2.0.11425 has already made assumptions about process
truncation that I have inherently included when using “Well to Product” information from
the software (King, 2015).

Finally, the only process to draw input data from GaBi’s software and database
contents for Life Cycle Engineering was the water production process. Water production
data was unavailable using either one of the GREET models causing data to be extracted

from the GaBi LCA software since it was a preferred data source within the Brandt et al.
paper.
Processes and Products

The technology matrix identified 24 different processes and each one uses energy
or non-energy product flows in some capacity to contribute to the manufacture of ethanol
from sweet sorghum or corn. Each of these processes are classified within one of three
categories; primary energy, secondary energy, and non-energy processes (Brandt et al.,
2013). However for additional information refer to Appendix A of this paper for data
pertaining to each process and product. Appendix A contains a comprehensive data table
for each process detailing all associated inputs and the origin of the data. While Appendix
A contains the data used in the matrix in the units used in the matrix, all calculations used
to produce matrix inputs are self-contained in their respective tab within the
ERR_Calculations.xIsx spreadsheet. The processes to create each one of these products

according to their energy classification are listed:

Primary Energy Processes/Products

1. Sweet Sorghum Cultivation

2. Corn Cultivation
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3.
4.

5.

Coal Recovery
Crude Oil Recovery

Natural Gas Recovery

Secondary Energy Processes/Products

1.

Conventional Sweet Sorghum Ethanol Production
Dry-Mill Corn Ethanol Production

Coal Electricity Production

Crude Oil to Gasoline Refining

Crude Oil to Diesel Refining

Natural Gas Production

Nuclear Electricity Production

Renewable Electricity Production Grid Electricity

Non-Energy Processes/Products

8.

9.

Nitrogen Production
Phosphorous Production
Potassium Production
Herbicide Production

Calcium Carbonate Production
Seed Production

Water Production

Alpha Amylase Production

Gluco-Amylase Production

10. Yeast Production
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Coproducts

Methods for evaluating coproduct impacts will differ. In Wang et al.’s “Methods of
dealing with co-products of biofuels in life-cycle analysis and consequent results within
the U.S. context” five methods are outlined to deal with a pathway’s product and coproduct
energy use and emissions; the mass-based method, the energy-content based method, the
market-value based method, the process-purpose-based method, and the displacement
method (Wang et al., 2011). While the market-value based method uses product and
coproduct prices based on market values, the other four are based on energy estimations.
The mass-based method is based on the theory that energy use and its associated emissions
are related to the mass output of both products and coproducts while the energy-content
based method allocates energy uses and emissions between products and coproducts based
on respective energy output (Wang et al., 2011). The process-purpose based method is
driven by solitary processes within a facility and will only allocate energy uses and
emissions to products and coproducts that use that individual process. Finally, the
displacement method estimates the energy uses and emissions of the product or coproducts
being displaced, and credits these estimates to the total amount of energy used in the
pathway (Wang et al., 2011). The displacement method is the most prevalent of the
methods and is advocated by the International Standard Organization’s ISO 14040 (Wang
et al., 2011). However, even Wang et al. states in their study that it is difficult to fully
capture a coproduct’s energy impact and value within the system when using any of the
methods. Sweet sorghum ethanol has three coproduct outputs when produced using a
conventional production process: grain, electricity, and vinasse fertilizer. Within this thesis
the energy-content based method, or also called the allocation method, was used to identify

coproduct energy values for corn while the displacement method was used for sweet
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sorghum’s grain coproduct and vinasse fertilizer; since sweet sorghum ethanol’s electricity
output is an energy output, it is added to each ERR’s numerator. Referencing Shapouri’s
“The 2001 Net Energy Balance of Corn-Ethanol” used in the EBAMM model, since each
corn kernel is made up of an estimated 66% starch, it is assumed using the allocation
method that 66% of external energy input is used for ethanol production while the
remaining 34% of energy is allocated to the DGS coproduct. Within the
ERR_Calculations.xlIsx spreadsheet the dot product of the e and g vector is 0.959 MJg,
Energy/ MJEtOH. When 34% is removed it provides the corn coproduct energy value which is
0.326 MIJpcs/MIEwon. This calculation is represented in Formula 19. Once calculated this
value is added to the other values within the numerator of the ERRs since the allocation

method has provided it with an energy output.

Corn DGS Coproduct
Energy Value

= (ecornEton X 8corn Eton) X 0.34 (17)
Per Cai et al. sweet sorghum grain displaces corn which is displaced by DGS animal feed.
With the correlation, it is assumed within the calculations that sweet sorghum grain
displaces corn DGS animal feed. Referring to Formula 20, since sweet sorghum grain on
average is only 3.8% of total biomass, this value has to be identified from the sweet
sorghum feedstock input value and serve as the numerator in a displacement ratio with

corn’s DGS to yield sweet sorghum’s grain coproduct energy value of 0.541

MJGrain/MJEton.

(18)

S.S.Grain Coproduct ((s.s. Inputyg,/m; ><0.038)) Corn Coproduct

Energy Value Corn DGSyg/mj Energy Value
Per the GREET1 2014 model each gallon of sweet sorghum ethanol produced will

also output approximately 13.76 kWh to the local electrical grid. The constant of 21.53
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MJEeon/Leron is used to convert this electricity value to 0.608 MJEiectricity/ MJEion. Since this
represents a direct energy output to the local electrical grid it is directly added to the
numerator of the ERR formulas.

Vinasse fertilizer is internally consumed as it displaces outside fertilizer
requirements. Per both GREET models vinasse was represented by displacing the need for
as much fertilizer as would be normally required during sweet sorghum cultivation. By
referencing Table 9 the far right column represents vinasse fertilizer displacement and
reflects the product inputs used in the bottom-up approach for sweet sorghum cultivation

while the middle column would be fertilizer product inputs if vinasse was not a coproduct.

Sweet Sorghum Fertilizer Inputs Depending on Vinasse Coproduct Output

(kg/ wet tonnesweet Sorghum)

_I Without Vinasse With Vinasse
Potassium 0.93 kg 0.00 kg
Nitrogen 1.57 kg 1.20 kg
Phosphorous 0.59 kg 0.53 kg

Table 9: Fertilizer input comparison with and without the output of vinasse fertilizer.
Source: DOE,2014.

These methods should not be considered the sole approach to modeling coproducts
using a bottom-up ERR method. Other viable methods would be to use the displacement
method for all coproducts or expand the research and use the market-value based method

since all coproducts hold a commercial value.
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With coproduct calculations identified, Formulas 19 — 22 incorporate sweet
sorghum coproducts into the previously defined ERR formulas. Note how vinasse is not

included since it displaces fertilizer requirements.

S.S Grain Coproduct S.S Electricity Coproduct
YieE f+< Energy Value ) ( Energy Value )
NER = (19)
txg
S.S Grain Coproduct S.S Electricity Coproduct
Yieg f+(tx g)+( Energy vr;lue )"'( Energ;yVaIEe )
GER = (20)
txg
S.S Grain Coproduct S.S Electricity Coproduct
EiEEH( Energy Value ) ( Energy Value )
NEER = 1)
exg
S.S Grain Coproduct S.S Electricity Coproduct
Yieg f+(e x g)+( Energy Vrz)allue ) ( EnergnyallI:e )
GEER = (22)

exg

While the comparison among sweet sorghum’s ERRs provides positive results, the
same method must also be used to calculate the ERRs of the ethanol industry’s most
prominent feedstock, corn. This includes the addition of corn ethanol’s DGS coproduct to
the numerator of each ERR. The following ERR formulas represent corn ethanol

calculations when a coproduct energy value is included in the ratio.

Corn DGS Coproduct
YieE f+( Energy Value )
NER = (23)

txg

Corn DGS Coproduct
Bien f+ (6 x )+( e )

GER = — Znergy Value (24)
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_ Corn DGS Coproduct
NEER = YicE f+( Energy Value ) (25)
exg
_ Corn DGS Coproduct
GEER = Yieg f+(e x g)+( Energy Value ) (26)

exg
Waste Heat

Waste heat values are necessary to properly model all ERR calculations as they
represent the energy input value in each ratio’s denominator. With sweet sorghum ethanol
production this value is critical to accurately represent the NER and GER since bagasse is
used internally to produce both the thermal energy and electricity needed to produce a unit
of sweet sorghum ethanol output. In contrast, corn ethanol requires external secondary
energy products during its production. Accurately portraying sweet sorghum waste heat
requires data on how much thermal energy and electricity is required to produce a unit of
ethanol and the efficiencies of these secondary energy processes. Formula 27 portrays how

sweet sorghum ethanol waste heat is calculated using this data.

Sweet Sorghum _ (( gr}ff;;nya]lafﬁi;iﬁ/ MIEtOH)) + ((Eéeecﬁfaifféy/ MlEtOH)) 27)
Waste Heat n n

This formula 1s reflected within the “Sweet Sorghum” tab of the

ERR_Calculations.xlsx  spreadsheet where 0.427 MJtherma/MJgion  and  0.065

MIElectricity/ MJEton have efficiencies of 80% and 20%, respectively. When divided by their

efficiencies thermal energy demand is 0.534 MJtherma/MIJEton and electricity demand is

0.325 MIJEectricity MJEton providing a sweet sorghum waste heat value of 0.859 MJwaste

Heat/ MJEtOH.
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In addition, verification of this waste heat value may be performed by calculating
how much of the 1.388 kgsweet sorghum/MJEt0n ethanol feedstock input represents dry bagasse
and the dry bagasse low heat value (LHV). Theoretically, after calculating the amount of
dry bagasse energy in the feedstock input and subtracting the sweet sorghum waste heat
value, the remaining energy should roughly equal the sweet sorghum electricity coproduct
output value. Per Cai et al. 15.8% of wet sweet sorghum represents dry bagasse and per the
Florida Department of Environmental Protection it has a LHV of 18 MJ/kg. When
calculated with the feedstock input of 1.388 kgsweet Sorghum/MJEt0H it provides a value of
0.219 kgpry Bagasse/MJEion meaning there are 3.945 MIpagasse/MJeion. When the sweet
sorghum waste heat value of 0.859 Mlwaste HeatMJEion is subtracted from 3.945
MJBagasse/ MJEton it provides a difference of 3.086 MIJpagasse/ MJEion. This energy difference
is the source of the 0.608 MlJEiectricity/ MJIEion sweet sorghum electricity output coproduct.
When a 20% electricity generation efficiency is calculated from the remaining 3.086
M Bagasse/ MJEton the product is 0.617 Ml Egiectricity/ MJEton; almost equivalent to the 0.608
MIElectricity/ MJEton. The 80% efficiency value was found in the GREET1 2014 spreadsheet
however an efficiency value for an ethanol power plant could not be found. This efficiency
1s assumed to be 20% since it enables the model to have a proper energy balance based on
mega joules of bagasse input versus mega joules of output as electricity and waste heat.

Calculating corn’s heat waste requires a different approach since all energy
requirements are external and there is a 90% ethanol production efficiency. Formula 28
shows how corn’s waste heat value is represented in the intervention matrix to reach 0.192

MJ Waste Heat/ Ml Corn.

Corn
Waste Heat = (KgCorn/M]EtOH) X (M]Corn/kgCorn) X (1 -7 Corn EtOH) (28)
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RESULTS

Once all product values for each process were input in the technology and

environmental matrices, the s vector was calculated by taking the inverse of the A matrix

and multiplying it by the demand vector, f. When demand was set to yield 1 MJ of sweet

sorghum ethanol, the s vector yielded the following results:

s = Alxf=A1 x

CO00000O0O000000OO0OO0OOOR O

11.38827

1.0000
0.0000
0.0000
0.0529
0.0104
0.1595
0.0181
0.0926
0.1555
0.1504
0.0081
0.0053
0.0180
0.0017
0.0007
0.0000
0.0001
0.0000
0.0000
0.2920
0.0000
0.0000

L0.0006-

(29)

The product given with the calculation of the s vector represents the total quantity

of all the products within the system, from raw sweet sorghum to yeast, needed to produce

1 MJ of sweet sorghum ethanol. A full representation of the math for this process is located
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in the “s Vector” tab of the ERR _Calculations.xlsx spreadsheet. Next vector g, representing
the intervention matrix, is calculated to represent energy consumption, waste heat due to

inefficiencies, and the extraction of raw energy from the Earth.

[ 0.0073 1
0.8593
0.0000
0.0000
0.0379
0.0504
0.0181
0.0926

g = BXxs=0.1578 (30)
0.0221
0.0038
0.0193
—0.0529
—0.1595
—0.1555
—0.0246

L 0.000 -

When one mega joule, or one unit, of sweet sorghum ethanol is produced, vector g
represents the waste heat values which will be returned to the Earth in the form of waste
heat while the negative numbers are the values extracted from the earth to complete the
vector demand request. Using vectors t, i, and e to segregate types of waste heat emissions
among the interventions, the ERRs for sweet sorghum can be calculated. The initial goal
was to a reach a result achieved from previously performed research. Both GREET models
use Cai et al.’s “Life-cycle energy use and greenhouse gas emissions of production of
bioethanol from sorghum in the United States” paper as the baseline data for either
platform. Within Cai et al.’s research, “Pathway III(b)” was identified as a conventional

ethanol process where sweet sorghum was produced using bagasse as waste heat while
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grain, vinasse, and electricity coproducts were produced yielding a 5.2 net energy ratio
(Cai et al., 2013). As previously stated, a Cai et al. 5.2 NER would be equivalent to the
NEER value using the Brandt et al.’s bottom-up matrix approach. If a value comparable to
a 5.2 NEER is achieved with the Brandt et al. method then it validates the model’s accuracy
alluding NER, GER, and GEER should also be within an accurate ratio of their respective
ERR values.

Due to the availability of data and the flexibility of the bottom-up approach, referencing
Table 10, ERRs for sweet sorghum ethanol with and without coproducts can be viewed

alongside one another.

Sweet w/0 W/ Both
Sorghum Coproducts Coproducts
NEER = 2.488 5.346
GEER= 3.488 6.346
NER = 0.793 1.704
GER = 1.793 2.704

Table 10: Sweet Sorghum Ethanol ERRs. Source: ERR _Calculations.xlsx spreadsheet.

In a best case scenario, sweet sorghum’s grain coproduct is used as livestock feed,
which displaces corn, and all other biomass after juice extraction is used in CHP generation
to provide the manufacture of ethanol with energy. Excess electricity produced is sold to
the local electrical grid. Using the bottom-up computational matrix approach yielded a
NEER slightly higher than the Cai et al. 5.2 target value. However it is a comparable value
where the deviation could be attributed to the bottom-up matrix method, how coproducts

were displaced or allocated, or one of the method caveats explained in the next section.
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Per the “W/ Both Coproducts” column, when sweet sorghum ethanol is produced
with both grain and electricity coproducts it yields the most favorable ERR values.
Additional energy outputs deliver a larger numerator which provides a more favorable
ratio.

Corn’s target NEER was between 1.1 and 1.4; consistent with NERs attained in the
EBAMM Model. Table 11 reflects the ERR values for corn using the same data collection

method as sweet sorghum and by applying the Brandt et al. approach.

w/o W/ DGS
Corn Coproducts | Coproduct
NEER = 1.043 1.383
GEER= 2.043 2.383
NER = 0.869 1.152
GER = 1.869 2.152

Table 11: Corn Ethanol ERRs. Source: ERR_Calculations.xlsx spreadsheet.

The NEER for corn using the Brandt et al. approach was within the 1.1 and 1.4
boundaries. However like the Cai et al. NER value, the NERs represented in the Farrell et
al.’s EBAMM model should be interpreted as NEERs since only external energy flows are
used in the calculations. If the EBAMM model’s values were instead classified as NEERs,
then the 1.383 NEER for corn achieved with the Brandt et al. approach would be consistent
with both the unadjusted value reached in the Wang study, 1.374, and the 1.307 adjusted
value Farrell et al. used to keep values among all the EBAMM studies consistent. When
compared to the Shapouri study, since the corn DGS coproduct allocation method was
borrowed from this research, there is only a 0.003 deviation from Farrell et al.’s 1.386

adjusted value.
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The deviations, although minute, are attributed to a difference in approach however
it could also be attributed to differences in technology or inputs since the data in the
GREET models cite data from not only Wang and Aurora’s 2008 paper entitled “Update
of Distillers Grains Displacement Ratios for Corn Ethanol Life-Cycle Analysis” but also
Wang et al.’s “Methods of dealing with co-products of biofuels in life-cycle analysis and
consequent results within the U.S. context” from 2011. In comparison, the referenced paper
for Wang’s calculations within the EBAMM model is based on Wang’s “Development and
Use of GREET 1.6 Fuel-Cycle Model for Transportation Fuels and Vehicle Technologies”
and Shapouri et al.’s “The Energy Balance of Corn Ethanol: An Update” from 2001 and
2002, respectively. However, the model seems to provide an accurate energy analysis
assessment considering a complex bottom-up matrix was employed with reasonably results
when compared to the source material for both sweet sorghum and corn ethanol. When

compared side by side the most obvious differences are in the NEER and GEER values.

Side by Side Comparison of Sweet Sorghum and Corn ERRs
Sweet Sorghum Corn
W/O Coproduct W/ Coproduct W/O Coproduct W/ Coproduct
NEER = 2.488 5.346 1.043 1.383
GEER= 3.488 6.346 2.043 2.383
NER = 0.793 1.704 0.869 1.152
GER = 1.793 2.704 1.869 2.152

Table 12: Side by Side Comparison of Sweet Sorghum and Corn ERRs. Source:
ERR_Calculations.xlsx spreadsheet.

The most obvious difference in ERRs are sweet sorghum’s NEER and GEER
compared to corn’s NEER and GEER. This is attributed to relatively low inputs during

sweet sorghum cultivation and the lack of external energy inputs during ethanol production
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due to the internal use of biomass for CHP generation. In contrast, dry-mill corn ethanol
production requires coal and other fossil fuels as external energy inputs in addition to
agricultural energy inputs. Mathematically, the difference is attributed to the magnitude of
the sum of elements in vector e - g dot product representing total external waste heat flows
for each process. The external energy for corn ethanol has a value of 0.9590 MJ while
ethanol from sweet sorghum has external energy equal to 0.4020 MJ. Corn ethanol requires
over two times more external energy than sweet sorghum ethanol. When calculating NEER
and GEER this has substantial effect on the denominator’s size providing sweet sorghum

with a far greater value for these ERRs.

METHOD CAVEATS

A standardized method was used throughout the process keeping a consistent data
collection method depending on the type of process and accounting for waste within and
between processes. However as with all energy analyses, certain caveats may slightly alter
ERR results whether related to system boundaries, varying process techniques and inputs,
or advances in technology. Ambiguities even exist between both GREET models. When
strictly using the GREET.net v1.2.0.11425 software model, not every consuming factor is
easily revealed as its pathways interconnect sharing processes in the background.

However, to successfully input data into the technology matrix using the Brandt et
al. model structure, key data had to be found within the GREET1 2014 model making it
the preferred source of data for feedstock and ethanol. For example, sweet sorghum
biomass has an average sugar content of 9% per wet tonne (DOE, 2014) (Cai et al., 2013).
The GREET.net v1.2.0.11425 software model does not reveal this information to the user
and only lists a local product input of 1.298 kg of sweet sorghum to produce one mega

joule of ethanol within the ethanol production process; it does not reveal to the user that
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only 9% of biomass is actually fermented into alcohol while 3.8% of biomass is attributed
to grain coproducts. In addition to providing a different value than the GREETI 2014
model, it is unknown if this accounts for the ethanol conversion efficiency or any other
associated biomass losses during storage or transportation. Within the GREET.net
v1.2.0.11425 software model this calculation is performed in the background of the
program. Even though data from Argonne Laboratory’s GREET models are widely
referenced within LCA research they still possess their own nuances which must be
considered when input specificities are important to the outcome. Besides variations in
data from the same source, other ERR calculation disparities may be associated with the
system boundary definitions and how inputs uncertainties or technological innovations

may also impact system results.

Disparities in System Boundaries

When a system’s boundaries are established certain “nice to have but not
necessary” process flows may be left out of the system in what is referred to as the
“truncation problem” (Brandt et al., 2013). The system in this paper involves 24 processes
and if every product input for every process was created to provide accuracy it would cause
the system to be exponentially larger than it already is and may cause a loss of focus.
Products such as liquefied petroleum gas, unfinished oil, residual oil, gaseous hydrogen,
bitumen, ammonia, sulfuric acid, and phosphoric rock were all truncated from the system
or substituted with a similar product due to their relatively low input quantities. If process
flows were created for each of these products it would have led to the creation of other
minor process flows and products along with the creation of processes and flows for their

respective inputs.
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In addition, this system only displays the “cradle to product” aspect of ethanol.
Other follow-on research or methods may expand on the ethanol pathway to include the
process to produce E85 or E90 gasoline and deliver ethanol to service stations or blending
facilities. Furthermore, other methods seeking to provide an accurate portrayal of the
system would also include the production of steel for biorefining equipment, or even the
energy used by labor during feedstock cultivation.

Finally, there are also disparities in the way coproducts were credited. Other
methods using a bottom-up matrix methodology may create a whole new product/process
in the system to account for these energy outputs or even use a monetary based

displacement method.

Varying Product Inputs and the Impact of Technology Innovation

Other variables which may return a disparity in values are related to the differences
in geographical location and the technologies used. Product inputs used to produce sweet
sorghum ethanol in Mongolia, China will be different then production in Europe or the
United States. For example, nitrogen from urea is the most common nitrogen fertilizer used
in the U.S. however, the GREET.net v1.2.0.11425 software model also provides the option
to choose from five other fertilizer pathways with the energy input demand varying by up
30 M1J per kg. Although it is a relatively minor difference considering one tonne of sweet
sorghum only roughly requires 1.2 kg of nitrogen during cultivation, enough small input
disparities will drastically alter ERR results. In addition, some climates and soil
concentrations may not demand irrigation or fertilizer application which would reduce the
s vector within the matrix due to reduced non-energy inputs during cultivation. Even within
the United States data disparities could be created when the electrical generation mix is not

kept consistent. Within both GREET models there were up to 15 electricity mixes to choose
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from yet each pathway where electricity was used referred to the U.S. average mix. Finally,
advances in technology may either reduce energy requirements, increase the efficiency of

energy processes, or make entire processes obsolete.

Chapter 7: Sweet Sorghum Ethanol Outlook

With relatively modest cultivation inputs and the use of post-expressed biomass for
CHP generation, sweet sorghum ethanol has an outstanding return on energy invested.
Even when compared to other energy ratio studies on corn ethanol, sweet sorghum
ethanol’s NEER still exceeds the nearest corn research comparison by over three times as

seen in figure 19.

Net External Energy Ratio

EBAMM - Wang Corn N 1.308
EBAMM - de Oliviera Corn N 1.235
EBAMM - Graboski Corn s 1.142
EBAMM - Shapouri Corn NN 1.386
EBAMM - Pimental Corn | 0.883
EBAMM - Patzek Corn | (0.942
Corn W/ DGS Coproduct IS 1.383
Corn W/O Coproducts N 1.043
S.S. W/ Both Coproducts I 5346
S.S. W/O Coproducts s 438

00 05 10 15 20 25 3.0 35 40 45 50 55 6.0

Figure 19: Comparison of sweet sorghum and corn’s NER value from this study as
compared with unadjusted corn NERs from the EBAMM comparison study.
Source: ERR _Calculations.xIsx spreadsheet; Farrell et al., 2006.
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Referencing Chapter 3, the NEER being referenced throughout this chapter is for a
perfect ethanol production system where sweet sorghum is immediately sent to ethanol
production without any backlogs or storage after harvest. The reality is, as with any supply
chain, production backlogs will manifest for a variety of options to include, but not limited
to, waiting on transportation to the ethanol facility and any associated lag time at the
ethanol production facility. Sweet sorghum grows fast, and as mentioned in Chapter 4,
there may only be a two to four week harvest window when optimal soluble carbohydrates
within the stalk have developed before natural degradation begins from maturing.

Per the “Sugar Inversion and Microbial Spoilage” section in Chapter 3, after three
days of storage there is up to a 30% loss of sugars. Within the bottom-up model this is
simulated by multiplying the amount of feedstock needed to produce 1 MJ of ethanol by
1.3 but also multiplying the amount of coproducts produced by 1.3. When the NEER is

recalculated, it has dropped by almost 10% from 5.346 to 4.821 as noted in Table 13.

W/ Both Coproducts at
Sweet Sorghum 30% Sugar Loss
NEER = 4.821
GEER= 5.821
NER = 1.811
GER = 2.811

Table 13: Sweet Sorghum ERRs with 30% Sugar Loss due to Degradation. Source:
ERR_Calculations.xlsx spreadsheet.

In addition, the same section states there is an average of a 50% loss of soluble
carbohydrates after one week of pre-ethanol production storage and when the same

calculation principle is applied by doubling feedstock requirements and coproduct yield
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the NEER will drop from a 5.346 to 4.195; a 22% decrease. The other ERRs can be viewed

in Table 14.
W/ Both Coproducts at
Sweet Sorghum 50% Sugar Loss
NEER = 4,195
GEER= 5.195
NER = 2.004
GER = 3.004

Table 14: Sweet Sorghum ERRs with 50% Sugar Loss due to Degradation. Source:
ERR_Calculations.xIsx spreadsheet.

Although the NEER is still over twice as much as corn ethanol, the rapid rate of
soluble sugar degradation presents itself as a high risk investment due to the possibility
sweet sorghum cultivation and ethanol production costs on rented land can double in one
week from $11.90 and $4.10/ wet tonne to $23.80 and $8.20/ wet tonne, respectively, due
to a minor delay (Anex, 2005). Due to sweet sorghum’s seasonality, the harvest and ethanol
production window is relatively short and may last anywhere from two weeks to a month
and a half. In contrast, although ERR values are far less, when stored properly corn can
hold its energy value for 18 months and always provide a predictable ethanol output. Any
ethanol production facility using sweet sorghum ethanol would need the ability to
accommodate other feedstocks to sanction a $150 to $450 million 20 year investment
(Gnansounou et al., 2004) (Humbird et al., 2011).

This outlook would change if advances in sweet sorghum storage could
commercially store sorghum for extended periods of time with minimum sugar degradation
and energy input requirements. Until this development, the most suitable role for sweet

sorghum may be that of a supporting feedstock where a fraction of corn production could
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be alleviated of ethanol feedstock end use while both feedstocks use the same ethanol
biorefinery. Table 15 provides a theoretical example of different yields if a grower had

1,000 ha to cultivate and dedicated varying amounts of land to sweet sorghum and corn.

Revenue Table
Sweet Sorghum Corn Sweet Sorghum Corn Sweet Sorghum Corn
Land Available (ha) 0 1000 500 500 1000 0
Total Biomass Yield kg 0 N/A 38,000,000 N/A 76,000,000 N/A
Raw Ompt.“ (ke) 0 8,746,000 3,420,000 4,373,000 6,840,000 0
(Sugar, grain)
L/kg of Output 0.580 0.400 0.580 0.400 0.580 0.400
Ethanol Yield (L) 0 3,498,400 1,983,600 1,749,200 3,967,200 0
Ethanol Value ($/L) 8.14 8.14 8.14 8.14 8.14 8.14
DGS Coproduct Yield 1.121 0.864 1.121 0.864 1121 0.864
(kg/L)
Total DGS Yield (kg) 0.000 3,022,502.347 2,224,504.342 1,511,251.174 4,449,008.685 0.000
Total DGS Value 0.170 0.170 0.170 0.170 0.170 0.170
($/kg)
Electricity Coproduct
13. X 13. . 13. X
Value (MJ/L) 3.086 0.000 3.086 0.000 3.086 0.000
Total Electricity
0 0 25,957,524 0 51,915,047 0
Produced (MJ) e e
Electricity Needed
During Cultivation 0.009 0.018 0.009 0.018 0.009 0.018
(Mi/kg)
Net Electricity Needed
during EtOH 0.000 0.706 0.000 0.706 0.000 0.706
Production (MJ/L)
Total Net Electricity 0.000 2,630,621.880 | 358720.000 | 1,315310.940 | 717,440.000 0.000
Demand (MJ)
Electricity Balance
-2 21. 24,283,492 1,197,607.1
After Demand (M) ,630,621.9 ,283,492.6 51,197,60
Revenue
Ethanol Value ($) $0.00 $28,469,104.60 | $16,142,040.90 | $14,234,552.30 | $32,284,081.80 $0.00
Total DGS Return ($) $0.00 $513,825.40 $378,165.74 $256,912.70 $756,331.48 $0.00
Electricity Balance
-$43,843.7 0.00 404,724. 0.00 293.4 0.00
Value ($0.06/kWh) $43,843.70 $ $404,724.88 S $853,293.45 $
Total -$43,843.70 $28,982,930.00 | $16,924,931.51 | $14,491,465.00 | $33,893,706.73 $0.00
Grand Total $28,939,086.30 $31,416,396.51 $33,893,706.73

Table 15: Theoretical revenue table comparing revenue and yield of varying
combinations of sweet sorghum and corn. For more detailed information

refer to the “Revenue Table” tab of the ERR Calculations.xlIsx spreadsheet.

Source: Farrell et al., 2006; DOE, 2014; Cai et al., 2013; Humbird et al.,
2011; Wang et al., 2015.
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Without cross referencing the capital investment required to construct an ethanol
facility and its associated costs, per Table 15, theoretically due to a higher ethanol yield, it
is more profitable to dedicate all land to sweet sorghum growth since it would generate
almost $5 million more than if all land was dedicated to corn. In the 50/50 scenario, since
corn is typically planted in April and requires four to five months of growth before harvest,
sweet sorghum will directly compete with corn for land. Depending on the grower’s
methods, a cost analysis would need to be performed to verify if the gain provided by sweet
sorghum would validate its cultivation. The least profitable scenario, when corn cultivation
occupies all land, does not contain sweet sorghum biomass to generate electricity requiring
energy from outside the system. By dedicating even a portion of available land it will
diversify the grower’s yield and provide a relief if corn crops succumb to drought, weeds,
or low commodity prices. . In contrast, corn may be stored for over one and half years
making it a consistent feedstock for ethanol production throughout the year whereas sweet
sorghum would be better served as a seasonal feedstock.

With only roughly 13,000 ha of sweet sorghum grown in the United States, it’s
reasonable to assume most corn growers are not familiar with sweet sorghum or only know
enough to consider it a competitor. Corn has been a mainstay within the United States for
over 130 years with as much as 62 million acres grown as far back as 1880 (Gibson and
Benson, 2002). As many positive attributes as sweet sorghum has, it is not going to displace
corn anytime soon, especially because of the rapid degradation rate of sweet sorghum sugar
juice after harvest. If sweet sorghum intends to attain wider appeal, a pathway must be
submitted for consideration to the RFS. Yet to gain traction the endeavor may require a
higher visibility within the political process of the United States. Besides sugar

degradation, sweet sorghum surpasses grain sorghum in every other facet as a viable
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feedstock for ethanol. On the other hand, grain sorghum has an approved pathway to
qualify for the RFS with five more pending approval. The one ethanol-related area where
grain sorghum surpasses sweet sorghum is through special interests lobbying. Sweet
sorghum does not have a lobbying group while the National Grain Sorghum Producers
contributed $160,000 to “Crop Production and Basic Processing” political lobbying
interests in 2014 (Center for Responsive Politics, 2015). Furthermore, in 2014 the National
Corn Growers Association, the U.S. Beat Sugar Association, and the American Sugar
Alliance all spent $600,000, $1,800,000, and $2,180,000, respectively, lobbying for “Crop
Production and Basic Processing” political lobbying interests (Center for Responsive
Politics, 2015). All three of these lobbying groups represent common ethanol feedstocks
suggesting political visibility is related to widespread use and may even be related to
exposure for a RFS pathway. At the moment it is unlikely sweet sorghum growers will be
able to match lobbying expenses made by grain sorghum. However, by marketing its
positive attributes as the preferred rotational or supplementary feedstock crop, sweet
sorghum may grow in prominence among these organizations and reinforce its status as a
premier ethanol feedstock rather than a competitor.

Sweet sorghum has numerous accommodating benefits when grown in
conjunctions with corn and other ethanol feedstocks. As research and visibility continues
to grow, it has the features needed to uphold market confidence. Using a systematic
computational approach following Brandt et al.’s ERR framework leaves room for follow-
on research to not only compare other ethanol pathways using the same method but also
further expanding on sweet sorghum ethanol using an integrated process. Yet, with the
rapid spread of greenhouse gases across the globe, do not truly allow ethanol to show its

carbon mitigating benefits as intended. Until a next generation renewable transportation
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fuel presents widespread adaptable use along with the infrastructure to support it, sweet
sorghum ethanol and other ethanol varieties will only marginally mitigate the impact of

fossil fuel carbon emissions.
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Appendix A

The appendix contains three sections. The first section identifies GREET1 2014
model inputs changed to achieve the values in the paper for sweet sorghum and corn during
cultivation and ethanol production. The second section identifies every technology and
intervention process used in the ERR Calculations.xlsx spreadsheet matrices, identifies all
associated input values, and the source of the data. The third and final section of the
appendix identifies every worksheet tab within the ERR Calculations.xIsx spreadsheet and

describes how to understand each tab.

GREET1 2014 MODEL INPUTS

Using the GREET1 2014 model, the “Inputs” and “EtOH” tabs of the model had
minor data inputs which were altered to reflect values provided by the Cai et al. source
literature. The following two sections will show which values were changed and need to

be verified before attempting to recreate any of the data used in the model.
GREET]1 2014 “Inputs” Worksheet Tab

Section 8.2d) Farming energy use and fertilizer use summary

The default values do not reflect the Cai et al. literature nor the values presented in
the GREET.net v1.2.0.11425 software. Cells N280:283 need to be changed to 1,500, 563,

and 888 to represent grams of nitrogen, P205, and K20, respectfully.

Section 10.2) Electricity Generation Mix

Ensure “U.S. Mix” is selected in cells F522:523.
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GREET1 2014 “EtOH” Worksheet Tab

Section 1.2¢) Key Assumptions Regarding Sorghum Ethanol.

- Sorghum ethanol feedstock, cell D202, should reflect sweet sorghum

- Sweet sorghum ethanol plant configuration, cell D203, should reflect conventional

- Fertigation of vinasse as soil amendment for sugar-based ethanol production, cell
D204, should reflect “yes.”

- Electricity generation mix used by sorghum ethanol mills, cell D205, should reflect
U.S. mix.

- Co-product, cell D206, should reflect “DDGS.”

- NG type, cell D207, should reflect “Fossil NG.”

Section 1.2¢) Co-products handling methods of sorghum to ethanol plant

DGS and electricity, cell C228, should reflect the displacement method.
PROCESSES AND INPUTS

Sweet Sorghum Cultivation

Inputs Quantity per Source

Kilogram
Gasoline 0.013 MJ GREET1 2014 Model
Diesel 0.063 MJ GREET1 2014 Model and GREET .net

v1.2.0.11425

Processed Natural Gas | 0.042 MJ GREET1 2014 Model
Grid Electricity 0.009 MJ GREET1 2014 Model
Nitrogen Fertilizer 0.001 kg GREET]1 2014 Model
Phosphorous Fertilizer | 0.001 kg GREETI 2014 Model
Potassium Fertilizer 0.000 kg GREET1 2014 Model
Herbicide 0.000 kg GREET1 2014 Model
Water 0.066 L GREET1 2014 Model
Sweet Sorghum Waste | -0.005 kg Cai et al.

Data source: GREET1 2015 Model, EtOH tab, “Sweet Sorghum Farming” Pathway
Notes:
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Diesel — The GREET1 2014 Model does not account for transportation of feedstock
from the field to ethanol production facility. This input was taken from the “OnSite” data
portion from “Sweet sorghum Production for Ethanol Plant (wet tonne)” process within the
“Sweet Sorghum to Ethanol Plant” pathway and added to the data from the GREET.net
v1.2.0.11425 software.

Processed Natural Gas — Added liquefied petroleum gas and natural gas inputs due
to similarities in origin and through the assumption they are interchangeable depending on
the cultivation method used.

Sweet Sorghum Waste — There is an average of 2.6% loss of dry sweet sorghum

biomass after harvest due to storage (Cai et al., 2013).

Conventional Sweet Sorghum Ethanol Production

Inputs Quantity per MJ | Source

Sweet Sorghum 1.388 kg GREET1 2014 Model
Water 0.000 L GREET1 2014 Model
Yeast 0.001 kg GREETI 2014 Model
Ethanol Waste Heat -0.859 MJ Cai et al.

Data source: GREET1 2014 Model, EtOH tab, “Sweet Sorghum Ethanol Production
(Conventional)” Pathway.

Notes:
Sweet Sorghum — Per the GREET1 2014 Model ethanol production requires 1.388
kg of sweet sorghum per MJ of ethanol output. This value is calculated using the following

formula:

Sweet Sorghum S.Seg/Mj S'S'i‘,[—g] S.S. 5.5. Sugar Biomass Loss
Feedstock Input G X Sugar % | * Storage * During Transportation G
n EtoH n EtoH Degradation %

Formula 21 accounts for a 94% ethanol conversion efficiency and also accounts for

the 10% of sugar degradation loss during storage considering only 8.7% of total biomass
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is made of sugars. A 2% dry biomass lass during transportation is calculated considering
sweet sorghum has a 72% moisture content.

Ethanol Waste Heat — 0.427 MJthermal/MJEion and 0.065 MJgiectricity/ MJEon have
efficiencies of 80% and 20%, respectively. When divided by their efficiencies thermal
energy demand is 0.534 MJThema/MJEion  and electricity demand is  0.325
MIEiectricit/ MJIEion providing a sweet sorghum waste heat value of 0.859 MlJwaste
Heat MJEton. This is the same formula found in Chapter 6. Note, the source of the 80%
efficiency value for a thermal biomass boiler was attained from the “EtOH” tab of the
GREET1 2014 model. The 20% efficiency value for electricity generation is an assumption
since the source data only provided an amount of electricity required to produce a unit of
sweet sorghum ethanol. By using the 20% efficiency it makes the model correct as the
remaining bagasse energy, 0.617 MIJEiecticity/ MJEron output value closely resembles the

0.608 MIElectricity/MJEton output.

Thermal Boiler Electricit

Sweet Sorghum (Energy Demand/MIEtOH) ( Demandy/M]EtOH)

= + (27)
Waste Heat n n
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Corn Cultivation

Inputs Quantity per Source
Kilogram

Gasoline 0.059 MJ GREETI 2014 Model

Diesel 0.382 MJ GREET1 2014 Model and GREET.net
v1.2.0.11425

Processed Natural Gas | 0.125 MJ GREET1 2014 Model

Grid Electricity 0.018 MJ GREETI 2014 Model

Nitrogen Fertilizer 0.001 kg GREET1 2014 Model

Phosphorous Fertilizer | 0.000 kg GREETI 2014 Model

Potassium Fertilizer 0.000 kg GREETI 2014 Model

Herbicide 0.000 kg GREETI 2014 Model

Calcium Carbonate 0.003 kg GREET1 2014 Model

Water 8.300 L GREET1 2014 Model

Corn Waste 0.000 kg GREET1 2014 Model and GREET.net
v1.2.0.11425

Source: GREET1 2014 Model, EtOH tab, “Corn Farming” Pathway.
Notes:

Diesel — The GREET1 2014 Model does not account for transportation of feedstock
from the field to ethanol production facility. This input was taken from the “OnSite” data
portion from the “Corn Transportation from Field to Biofuel Refinery” process within the
“Corn Production for Biofuel Refinery” pathway of the GREET.net v1.2.0.11425 software
model and added to the data from the GREET1 2014 model’s data within the
ERR_Calculations.xIsx spreadsheet “Corn” tab.

Processed Natural Gas — Added liquefied petroleum gas and natural gas inputs due
to similarities in origin and through the assumption they are interchangeable depending on
the cultivation method used.

Corn Waste — Corn kernels are easily transportable and unlike sweet sorghum,
corn’s carbohydrates do not immediately degrade after harvest meaning there is no loss

due to storage or transportation.
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Dry-Mill Corn Ethanol Production

Inputs Quantity per MJ | Source

Corn 0.121 kg GREETI 2014 Model
Coal (Raw) 0.002 MJ GREET1 2014 Model
Processed Natural Gas | 0.286 MJ GREET1 2014 Model
Water 0.018 L GREETI 2014 Model
Alpha Amylase 0.000 kg GREETI 2014 Model
Gluco-Amylase 0.000 kg GREET1 2014 Model
Yeast 0.000 kg GREETI 2014 Model
Ethanol Waste Heat -0.192 Cai et al.

Data source: GREET1 2014 Model, EtOH tab, “Dry Mill Ethanol Production w/o Corn

Extraction” Pathway.

Notes:

Corn — Calculated by assuming a 90% ethanol conversion efficiency.

Corn Waste Heat — Formula 23 multiplies corn input by the amount of MJ in one

kg of corn multiplied by the 90% EtOH conversion efficiency of corn ethanol. Note, this

Corn

Feedstock Input —

is the same formula used in Chapter 6.

Corn
Waste Heat

Coal Recovery

Cornk /M]J
()

n

EtOH

= (KgCorn/M]EtOH) X (M]Corn/kgCorn) X (1 -n

Inputs Quantity per MJ | Source

Crude Oil Products 0.014 MJ GREET.net v1.2.0.11425
Processed Natural Gas 0.003 MJ GREET.net v1.2.0.11425
Water 0.022 L GREET.net v1.2.0.11425
Coal Waste Heat -0.003 GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Coal Mining and Cleaning” pathway

Notes:
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Coal Waste Heat — Per the GREET.net v1.2.0.11425 software “Coal Mining and
Cleaning” pathway 1.003 MJ of coal are required to extract 1 MJ of coal alluding there is

0.003 MJ of waste heat due to inefficiency.

Coal Electricity Production

Inputs Quantity per MJ | Source

Coal (Raw) 2.888 M GREET.net v1.2.0.11425
Crude Oil Products 0.027 MJ GREET.net v1.2.0.11425
Processed Natural Gas 0.007 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.001 MJ GREET.net v1.2.0.11425
Water 0.584 L GREET.net v1.2.0.11425
Coal Waste Heat -1.888 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Non Distributed — Coal Fired Power Generation”
pathway

Notes:

Coal Waste Heat — Per the GREET.net v1.2.0.11425 software “Non Distributed —
Coal Fired Power Generation” pathway 2.891 MJ of coal are required to convert to 1 MJ
of electricity from coal alluding there is 1.888 MJ of waste heat due to inefficiency when

1.003 MJ of energy is removed to account for the coal recovery process.

Crude Oil Recovery
Inputs Quantity per MJ | Source
Processed Natural Gas 0.026 MJ GREET.net v1.2.0.11425
Coal (Raw) 0.012 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.002 MJ GREET.net v1.2.0.11425
Water 0.132 L GREET.net v1.2.0.11425
Crude Oil Waste Heat -0.013 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Conventional Crude for U.S. Refineries”
pathway

Notes:
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Crude Oil Waste Heat — Per the GREET.net v1.2.0.11425 software “Conventional
Crude for U.S. Refineries” pathway 1.013 MJ of crude oil are required to extract 1 MJ of
crude alluding there is 0.013 MJ of waste heat due to internal consumption when 1.00 MJ

of energy is removed to account for the crude oil recovery process.

Crude Oil to Gasoline Refining

Inputs Quantity per MJ | Source

Coal (Raw) 0.009 MJ GREET.net v1.2.0.11425
Crude Oil 1.095 MJ GREET.net v1.2.0.11425
Processed Natural Gas 0.101 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.002 MJ GREET.net v1.2.0.11425
Renewable Energy 0.001 MJ GREET.net v1.2.0.11425
Water 0.129 L GREET.net v1.2.0.11425
Crude Oil Waste Heat -0.095 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Gasoline Blendstock from Crude Oil-Crude
Recovery for U.S. Refineries” pathway

Notes:

Crude Oil Waste Heat — Per the GREET.net v1.2.0.11425 software “Gasoline
Blendstock from Crude Oil-Crude Recovery for U.S. Refineries” pathway 1.008 MJ of
crude oil are required to refine 1 MJ of gasoline from 0.913 MJ of crude oil alluding there
1s 0.095 MJ of waste heat due to internal consumption per MJ of gasoline. It is assumed
only 0.913 MJ of crude is needed for gasoline refining due to the addition of other non-

crude inputs.
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Crude Oil to Diesel Refining

Inputs Quantity per MJ | Source

Coal (Raw) 0.006 MJ GREET.net v1.2.0.11425
Crude Oil 1.035 MJ GREET.net v1.2.0.11425
Processed Natural Gas 0.085 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.001 MJ GREET.net v1.2.0.11425
Renewable Energy 0.000 MJ GREET.net v1.2.0.11425
Water 0.066 L GREET.net v1.2.0.11425
Crude Oil Waste Heat -0.035 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Conventional Diesel from Crude Oil” pathway
Notes:

Crude Oil Waste Heat — Per the GREET.net v1.2.0.11425 software “Conventional
Diesel from Crude Oil” pathway 1.035 MJ of crude oil are required to refine 1 MJ of diesel
from 0.948 MJ of crude oil alluding there is 0.035 MJ of waste heat due to internal
consumption. It is assumed only 0.913 MJ of crude is needed for gasoline refining due to

the addition of other non-crude inputs.

Natural Gas Recovery

Inputs Quantity per MJ | Source

Coal (Electricity) 0.003 MJ GREET.net v1.2.0.11425
Crude Oil Products 0.004 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.001 MJ GREET.net v1.2.0.11425
Renewable Energy 0.000 MJ GREET.net v1.2.0.11425
Water 0.019 L GREET.net v1.2.0.11425
Natural Gas Waste Heat -0.066 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “NA NG from Shale and Regular Recovery as
Stationary Fuels” pathway

Notes:

Natural Gas Waste Heat — Per the GREET.net v1.2.0.11425 software “NA NG from
Shale and Regular Recovery as Stationary Fuels” pathway 1.066 MJ of natural gas are
consumed when 1 MJ of natural gas is recovered from the Earth alluding there 1s 0.066 MJ

of waste heat due to internal consumption.
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Natural Gas Production

Inputs Quantity per MJ | Source

Coal (Raw) 0.001 MJ GREET.net v1.2.0.11425
Natural Gas (Raw) 1.034 MJ GREET.net v1.2.0.11425
Water 0.003 L GREET.net v1.2.0.11425
Natural Gas Waste Heat | -0.034 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “NA NG from Shale and Regular Recovery as
Stationary Fuels” pathway

Notes:

Natural Gas Waste Heat — Per the GREET.net v1.2.0.11425 software “NA NG from
Shale and Regular Recovery as Stationary Fuels” pathway 1.1 MJ of natural gas are
consumed to produce 1 MJ of natural gas. Considering 1.066 MJ of natural gas is consumed
during recovery from the Earth alluding there is 0.034 MJ of waste heat due to internal

consumption within the pathway.

Nuclear Electricity Production

Inputs Quantity per MJ | Source

Coal (Raw) 0.022 MJ GREET.net v1.2.0.11425
Crude Oil Products 0.003 MJ GREET.net v1.2.0.11425
Natural Gas (Raw) 0.017 MJ GREET.net v1.2.0.11425
Water 8.888 L GREET.net v1.2.0.11425
Waste Heat from Nuclear Electricity | -2.03 MJ Nuclear Waste Heat Formula

Data source: GREET.net v1.2.0.11425 “Non Distributed — Nuclear Power Generation”
pathway

Notes:

Waste Heat from Nuclear Electricity Production — Within the GREET.net
v1.2.0.11425 software model’s “Non Distributed — Nuclear Power Generation” pathway,
nuclear waste heat does not seem to be properly represented as it states only 1 MJ of nuclear
energy is produced from 1.004 MJ of nuclear energy alluding there is only 0.004 MJ of
nuclear energy waste heat. However, there is a 33% efficiency associated with nuclear

power generation and 2.03 MJ are consumed as waste heat when referring to Formula 20.
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Nuclear _ (1 \ . _ (1 Y\ . _
WasteHeat_<77) 1= (0.33) 1=203 (34)

Renewable Electricity Production

Inputs Quantity per MJ | Source
Water 0.110 L GREET.net v1.2.0.11425
Waste Heat from Renewable Energy | -0.003 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425"Non Distributed Electricity - Mix: Non
Distributed - U.S. Mix” Pathway

Notes:

Water — Water was calculated by adding the “OnSite” process requirements for the
wind, solar, hydroelectric, geothermal, and biogenic waste processes. However, since
water is not consumed during hydroelectric electricity production this water input was left
out. The remaining 0.441 L of water needed as inputs was divided by four to account for
the water needs of all processes.

Waste Heat from Renewable Energy: Per the GREET.net v1.2.0.11425 software
"Non Distributed Electricity - Mix: Non Distributed - U.S. Mix” pathway 0.997 MJ of
renewable energies are needed to produce 1 MJ of renewable energy alluding that there is

a negatively associated waste heat value.
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Grid Electricity Production

Inputs Quantity per MJ | Source

Coal (Raw) 1.205 MJ GREET.net v1.2.0.11425
Crude Oil Products 0.034 MJ GREET.net v1.2.0.11425
Natural Gas (Processed) 0.629 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.196 MJ GREET.net v1.2.0.11425
Renewable Energy 0.122 MJ GREET.net v1.2.0.11425
Water 3.632 L GREET.net v1.2.0.11425
Waste Heat from Coal -0.362 MJ GREET.net v1.2.0.11425
Waste Heat Crude Oil Products -0.010 MJ GREET.net v1.2.0.11425
Waste Heat Natural Gas -0.189 MJ GREET.net v1.2.0.11425
Waste Heat Nuclear Energy -0.059 MJ GREET.net v1.2.0.11425
Waste Heat Renewable Energy -0.037 MJ GREET.net v1.2.0.11425
Waste Heat from Electrical Grid -0.070 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Electricity: Distributed — U.S. Mix” pathway;

Non Distributed U.S. Mix Process

Notes:

All inputs: Taken from within the Non-Distributed — U.S. Mix Process within the

GREET.net v1.2.0.11425 software “Electricity: Distributed — U.S. Mix” pathway.

Waste Heat from Electrical Grid — There is an average 7% of energy loss from

transmission and distribution of electricity.

All other Waste Heat — These values were calculated assuming there is a 30%

energy loss in all these associated processes. Calculated by multiplying each respective

energy input by 0.30.
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Nitrogen Production

Inputs Quantity per Source
Kilogram

Coal (Electricity) 1.158 MJ GREET.net v1.2.0.11425
Crude Oil Products 1.164 MJ GREET.net v1.2.0.11425
Natural Gas (Processed) | 28.607 MJ GREET.net v1.2.0.11425
Nuclear Energy 0.189 MJ GREET.net v1.2.0.11425
Renewable Energy 0.039 MJ GREET.net v1.2.0.11425
Water 7.898 L GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Nitrogen from Urea” pathway; “Urea
Production” process

Phosphorous Production

Inputs Quantity per Source

Kilogram
Grid Electricity 0.510 MJ GREET.net v1.2.0.11425
Water 11.750 L GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Phosphoric Acid Production” pathway;
“Phosphoric Acid” process

Potassium Production

Inputs Quantity per Source

Kilogram
Diesel 1.406 MJ GREET.net v1.2.0.11425
Natural Gas (Processed) 1.225 MJ GREET.net v1.2.0.11425
Grid Electricity 1.905 MJ GREET.net v1.2.0.11425
Water 2.500 L GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Potassium Oxide” pathway; “K20 Production”
process

Herbicide Production

Inputs Quantity per Source

Kilogram
Crude Oil 48.585 MJ GREET.net v1.2.0.11425
Diesel 48.585 MJ GREET.net v1.2.0.11425
Natural Gas (Processed) 37.249 MJ GREET.net v1.2.0.11425
Grid Electricity 27.532 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Atrazine Production” pathway; “Atrazine
Production” process
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Notes:

Crude Oil — Within the Atrazine Production pathway residual oil is listed as an
input within the “OnSite” criteria of the Atrazine Production process pathway however
residual oil is not a product/process within this system. As a result crude oil was substituted

as the input due to similarities.

Calcium Carbonate Production

Inputs Quantity per Source

Kilogram
Coal (Raw) 0.004 MJ GREET.net v1.2.0.11425
Crude Oil 0.002 MJ GREET.net v1.2.0.11425
Gasoline 0.003 MJ GREET.net v1.2.0.11425
Diesel 0.014 MJ GREET.net v1.2.0.11425
Water 83.000 L GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Calcium Carbonate Production” pathway;
“Limestone Mining” process

Notes:

Crude Oil — Within the Calcium Carbonate Production pathway residual oil is listed
as an input within the “OnSite” criteria of the Calcium Carbonate Production process
pathway however residual oil is not a product/process within this system. As a result crude

oil was substituted as the input due to similarities.

Seed Production

Notes:

Seed Production: Neither of the GREET models or the GaBi software contain
inputs for the production of sweet sorghum or corn seeds. This process column and product
row were left in the system if by chance the input data becomes available to provide a more

accurate portrait of sweet sorghum ethanol’s energy analysis.
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Water Production

Inputs Quantity per Liter | Source

Coal (Electricity Production) | 0.021 MJ GaBi LCA Software
Crude Oil 0.119 MJ GaBi LCA Software
Natural Gas (Processed) 0.018 MJ GaBi LCA Software
Nuclear Energy 0.013 MJ GaBi LCA Software
Renewable Energy 27.532 MJ GaBi LCA Software

Data source: GaBi’s software and database contents for Life Cycle Engineering “EU-27

Process Water” process

Alpha Amylase Production

Inputs Quantity per Kilogram | Source
Natural Gas (Processed) 5.001 MJ GREET.net v1.2.0.11425
Grid Electricity 7.001 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Alpha Amylase” pathway; “Alpha Amylase

Production” process

Gluco Amylase Production

Inputs Quantity per Kilogram | Source
Natural Gas (Processed) 12.502 MJ GREET.net v1.2.0.11425
Grid Electricity 32.006 MJ GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Gluco Amylase” pathway; “Gluco Amylase

Production” process

Yeast Production

Inputs Quantity per Kilogram | Source

Natural Gas (Processed) 16.247 MJ GREET.net v1.2.0.11425
Grid Electricity 3.105 MJ GREET.net v1.2.0.11425
Phosphorous 0.030 kg GREET.net v1.2.0.11425

Data source: GREET.net v1.2.0.11425 “Yeast” pathway; “Yeast Production” process

WORKSHEET TABS WITHIN THE ERR HARMONIZATION MATRIX

f=Demand & ERRs

Characterized by the f demand vector which allows the user to choose which

process is to yield a unit of output.
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The “Sorghum Ethanol Input Options” table allows the user to view the values of
each sweet sorghum input with consideration to how much energy, if any at all, is displaced
through coproduct production. The desired feedstock input value is chosen from a list in
cell F6.

The “Corn Ethanol Input Options” table allows the user to view the values of each
corn input with consideration to how much energy, if any at all, is displaced through
coproduct production. The desired feedstock input value is chosen from a list in cell I4.

The “Energy Return Ratios” table displays the output for each ERR from the matrix
based on the user desired feedstock input.

The “Summary of All ERRs for User Reference” table displays all possible ERR

values based on the predetermined feedstock input values.

s Vector

This worksheet tab shows s vector in a table and the “A-Inverse” table used. The s
vector values will change based on the user desired feedstock input while the A-Inverse

table will remain constant unless a value in the “A&B Matrices” tab is altered.

g, t, i, e Vectors

Like the “A-Inverse” table in the “s vector” worksheet tab, all values in this
worksheet tab will change independently based on the feedstock input desired by the user
and the energy processes chosen to be a part of the system calculations. However, the t, i,

and e vectors are all constant.

A&B Matrices

Within this worksheet tab all 24 processes/products within the technology matrix

are defined in addition to all 17 environmental interventions. These values will remain
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constant unless manually changed with the exception of the feedstock input for the
conventional sweet sorghum ethanol production process, cell C2, and the dry-mill corn
ethanol production process, cell E4. These values will automatically change based on

feedstock input selected within the “f=demand & ERRs” tab.

Sweet Sorghum

This is the tab where information for sweet sorghum data is derived. All values
highlighted in yellow have defined names which are used as inputs for the sweet sorghum
cultivation and sweet sorghum ethanol processes in the “A&B Matrices” tab. Values
highlighted in orange are key values which have influenced calculations used to achieve
values for the defined names used in the matrices. Cells 15:8 are the feedstock input values

with various coproduct energy credit values used in the “f = demand & ERRs” tab.

Corn

This is the tab where information for corn data is derived. All values highlighted in
yellow have defined names which are used as inputs for the corn cultivation and corn
ethanol processes in the “A&B Matrices” tab. Values highlighted in orange are key values
which have influenced calculations used to achieve values for the defined names used in
the matrices. Cells I3:4 are the feedstock input values with various coproduct energy credit

values used 1n the “f = demand & ERRs” tab.

Coal

Using the GREET.net v1.2.0.11425 software platform, the “well to product” energy
inputs for the “Coal Mining and Clearing” process are subtracted from the “well to
product” energy inputs for the “US Avg Coal-Fired Power Generation” process to achieve

the energy inputs specific to the extraction of coal from the Earth. The process inputs for
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the coal extraction process are taken directly from the “Coal Mining and Clearing” process

energy values. All values used in the “A&B Matrices” tab are highlighted in yellow.

Crude

Using the GREET.net v1.2.0.11425 software platform, the “well to product” energy
inputs for the “Crude Recovery for US Refineries” pathway are reflected from the “Crude

Oil Storage” process. All values used in the “A&B Matrices” tab are highlighted in yellow.

Crude to Gasoline

Using the GREET.net v1.2.0.11425 software platform, the “well to product” energy
inputs for the “Crude Recovery for US Refineries” process are subtracted from the “well
to product” energy inputs for the “US Conventional Gasoline to refueling station” process
to achieve the energy inputs specific to the refining of gasoline. All values used in the

“A&B Matrices” tab are highlighted in yellow.

Crude to Diesel

Using the GREET.net v1.2.0.11425 software platform, the “well to product” energy
inputs for the “Crude Oil Avg. for Use in U.S. Refineries” process are subtracted from the
“well to product” energy inputs for the “Conv. Diesel from Storage” process to achieve the
energy inputs specific to the refining of diesel. All values used in the “A&B Matrices” tab

are highlighted in yellow.

NG to NG Prod

Using the GREET.net v1.2.0.11425 software platform, the “well to product” energy
inputs for the “Natl. Avg of NG Shale and Regular Recovery” process are subtracted from

the “well to product” energy inputs for the “NG for Stationary Use” process to achieve the
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energy inputs specific to the production of natural gas from raw natural gas. All values

used in the “A&B Matrices” tab are highlighted in yellow.

Renew Elec Prod

Using the GREET.net v1.2.0.11425 software platform, the “OnSite” water inputs
for the “Electricity from Wind,” “Electricity from Solar,” “Geothermal Power Plant,” and
“Electricity from Biogenic Waste and Other Sources™ processes are added and divided by
four to calculate the water needed for renewable electricity generation. This value is

highlighted in yellow.

ERR Sample Data

The data in this worksheet tab was used to calculate the sample ERR process used
within Chapter 6 of the paper. It has no standalone impact to the overall ERR harmonization

matrix used.

NER Graph

Within this tab the data to calculate the Net Energy Ratio graph in Chapter 6 is
input with the graph being produced from this data. It has no standalone impact to the

overall ERR harmonization matrix used.

Revenue Table

The data in this worksheet tab was used to calculate the revenue table in Chapter 7
of the paper. For further analysis, cells B3:G3 may be manipulated to compare ethanol
output, coproduct output, and revenue generated by varying the amount of land area
dedicated to each feedstock. The table layout allows three different combinations of the
two feedstocks to be viewed simultaneously. It has no standalone impact to the overall

ERR harmonization matrix used.
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