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SpecIAL Focus: ADVANCED FEEDSTOCKS FOR ADVANCED BIOFUELS

Understanding biomass feedstock variability

Biofuels (2013) 4(1), 111-127

Kevin L Kenney*', William A Smith?, Garold L Gresham?® & Tyler L Westover'

If the singular goal of biomass logistics and the design of biomass feedstock supply systems is to reduce the
per-ton supply cost of biomass, these systems may very well develop with ultimate unintended consequences
of highly variable and reduced quality biomass feedstocks. This paper demonstrates that, due to inherent
species variabilities, production conditions and differing harvest, collection and storage practices, this is a
very real scenario that biomass producers and suppliers as well as conversion developers should be aware
of. Biomass feedstock attributes of ash, carbohydrates, moisture and particle morphology will be discussed.
We will also discuss specifications for these attributes, inherent variability of these attributes in biomass
feedstocks, and approaches and solutions for reducing variability for improving feedstock quality.

Although the broad-scale use of agricultural crops and
logging residues for the production of bioenergy are
emergent, biomass supply systems inherit the experi-
ence of mature agriculture and logging industries. The
development of the biomass supply systems on the foun-
dation of these industries has carried with it the assump-
tion that biomass feedstock quality specifications are the
same as forage and pulpwood. This view has supported
a primary focus on feedstock logistics to reduce the cost
of feedstock supply, with relatively little emphasis on
feedstock quality.

Biomass cost-to-value relationships have been a major
driver behind biomass logistics research, development
and demonstration. Much progress has been made in
improving biomass collection and preprocessing machin-
ery performance and efficiencies [1.2], reducing material
losses throughout the supply chain (3.4], and expanding
harvesting and storage operational windows [5]. How-
ever, an emphasis on feedstock quality is still lacking,
with the conventional approach of merely offsetting
quality-related issues by driving down logistics costs.

The emphasis of cost over quality is clearly demon-
strated by the current pricing structure for biomass that

assesses value on a US dollar per dry ton basis [¢]. Other-
wise, valuations based on dollar per clean, dry carbohy-
drate or dollar per clean, dry British thermal unit would
exist. The overwhelming need for a low-cost, sustainable
supply of biomass feedstocks is largely the driver behind
this valuation, although conversion of developers’ use of
‘pristine’ feedstocks composed of clean, homogeneous
structural tissues certainly contributes to a lack of under-
standing of feedstock quality and specifications. Some
that have scaled up to pilot-scale operations that require
larger quantities of feedstock have experienced vast dif-
ferences between pristine and ‘field-run’ feedstocks [7].
The quality of field-run biomass is impacted by inherent
species variability, production conditions and differing
harvest, collection and storage practices, which often
differ from pristine research feedstocks that are handled
very carefully from field to laboratory. Even the process
of cutting biomass and laying it on the ground before
collecting it introduces ash and other contaminants that
can affect the overall chemical composition.

As pioneer biorefineries move from technology
development and deployment to operations, and their
focus changes to process optimization, experience with
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Feedstock logistics: Operations that
source and supply feedstocks to the
end user, in this instance, the
biorefinery.

Field-run biomass: Biomass that has
been collected using commercial
harvesting systems, undergone storage
and represents what would be supplied
at commercial scale.

Biochemical conversion: Conversion
process that relies upon enzymatic
activity and/or biological fermentation
in at least one step to produce the final
value-added product.

Lignocellulosic biomass: Plant
materials rich in cellulose and
hemicellulose; may be derived from
woody or herbaceous plants grown
specifically for consumption or
collected as residues from other
operations.

Thermochemical conversion:
Conversion process that relies upon
high-temperature chemical conversions
such as pyrolysis, typically in the
presence of catalysts, to produce the
final value-added product.

field-run feedstocks will move qual-
ity and specifications to the fore-
front. Ultimately, quality-based
valuations, which include devalua-
tion for moisture, noncarbohydrate
content (e.g., ash content), as well
as other contaminants or conver-
sion inhibitors, will evolve as the
importance of feedstock quality is
realized. Such a valuation is also
necessary to incentivize farmers and
suppliers to implement best manage-
ment practices that preserve biomass
quality, for biorefineries to enforce
best management practices, and
ultimately for biomass to be traded
as a commodity with definable and
consistent quality measurements
(e.g., specifications).

Until then, the lack of specifica-
tions should not encumber or delay
feedstock development to move in
this direction. Focus on supplying
feedstock of consistent quality attri-

butes will go a long way in enabling

specifications, removing barriers to
accessing the USA’s vast supply of biomass resources,
reducing biofuel production costs and enabling a
national-scale biorefining industry.

In fact, the need for consistent feedstocks will never
go away as all industrial processes require consistency
in raw materials to operate efficiently. Imagine the
complexity of an egg sorting and packaging facility if
some eggs were oval shaped and others were square. The
fact that all eggs are the same shape and more or less
the same size greatly enhances the efficiency of sorting
and packaging. Feedstock consistency is also critical to
stable and efficient biorefinery operations. Consider the
economic implications if one load of feedstock yielded
90 gallons of fuel per ton and another yielded 60, or if
one year the feedstock contained 10% moisture and the
next year 30%.

This paper will show that this scenario is indeed
within the realm of possibility given the variability
inherent in biomass feedstocks without standard prac-
tices in place to provide consistent quality. We will fur-
ther develop this by evaluating the variability of biomass
attributes, discussing these attributes relative to general
conversion specifications and describing broad solutions
for addressing variability. The ultimate goal of this
paper is to present a compelling perspective that informs
conversion developers and empowers feedstock produc-
ers and developers who, even in the absence of the speci-
fications, can do much to advance the biofuels industry

by reducing variability and supplying feedstocks of
consistent quality attributes.

Ash
At this time, no direct specifications for ash exist relative
to the biochemical conversion of lignocellulosic biomass
to ethanol. However, ash content has at least two indi-
rect influences on the feedstock value to the conversion
process. First, when ash content increases, especially due
to the addition of a nonbiomass constituent (e.g., soil),
the convertible biomass content decreases. As will be
discussed later, any increase in noncarbohydrate constit-
uent reduces the proportion of structural carbohydrates
present. Second, ash — specifically soil — increases the
neutralization capacity of corn stover during dilute-acid
pretreatment, which reduces the conversion yields [s].
Ash has a negative impact on feedstock value for bio-
chemical conversion; it displaces valuable carbohydrate
and decreases pretreatment efficacy. For this reason,
current conversion process analyses rely upon an aver-
age modeled value of approximately 5% dry basis [9].
Ash specification in pyrolysis-based thermochemical
conversion processes is low — less than 1% — reflecting
the negative impact of ash upon conversion [10]. Ash
components impair catalysts and contribute to slag
formation within the combustion processes. Elevated
feedstock ash contents lead to elevated ash content and
subsequent instability and corrosivity of pyrolysis oil [11].
To meet the aggressive ash specification, existing ther-
mochemical processes rely upon debarked woody feed-
stocks such as hybrid poplar, willow and pine. Pilot-scale
gasification has been demonstrated with herbaceous
feedstocks of higher ash content — corn stover, switch-
grass and wheat straw — with varying gas compositions,
tar concentrations and gasifier efficiencies [12]. However,
current process design and economic analyses show that
higher conversion costs and maintenance requirements
result from the use of herbaceous feedstocks in lieu of
clean woodchips [13].

= |ntroduction to variability

Biomass ash content generally comprises the inorganic
constituents found in biomass, and it varies considerably
among and within biomass materials types (Figure 1).
This dataset of 840 individual samples of herbaceous
biomass — predominantly corn stover, with lesser popula-
tions of Miscanthus and wheat straw — represents a grow-
ing library of biomass feedstock properties maintained
at the Idaho National Laboratory (ID, USA). Results
shown in Figure 1 are from individual samples rather
than whole bales and do not necessarily represent bulk
ash contents. The bars show the frequency of combined
feedstock ash values within 2% bins spanning from 0
to 39% by mass; the lines indicate the frequency of ash
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values by individual feedstock. The

majority of these samples fall into 190 All feedstocks
the range of 7-9%, which is above 140 —_ Corn stover
the thermochemical specification of — Miscanthus
less than 1% and the biochemical 120 — \Wheat
target value of 5%.

100
= Sources of variability oy
Understanding biomass ash con- § e
tent and variability represented in g e
Figure 1 requires that we differentiate w
between the sources of ash, which 40 -
include structural ash associated
with the plant cell walls, vascular 20 -
ash associated with the plant cell
extracts and introduced ash result- O o o e o e e o
ing from soil contamination. For 1 83 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 >39
distinction, structural and vascular -20 - Ash (%)

ashes together comprise a fraction
we define as ‘physiological ash’,
which is a property of the feedstock.
Introduced ash is largely a property
of the feedstocks” handling meth-
ods, which can entrain varying amounts of soil during
logistics operations of harvest, collection, handling and
storage, with harvesting methods having the greatest
influence on soil contamination in baled herbaceous
feedstock materials.

Accurate interpretation of the histogram data rela-
tive to these sources of ash is not possible without
a metadata analysis that is beyond the scope of this
paper. However, the following general interpretation
is offered. Ash distribution is not normally distributed
across samples; corn stover has a long tail containing
several very high ash samples. Miscanthus appears to
have a bimodal distribution, which likely reflects the
limited dataset and may also represent the impact of
sampling, location or environmental variables discussed
below. The lower tails of the histograms represent physi-
ological ash levels; these are the lowest levels that can
be expected from these feedstock types. The upper tails
of the histogram extending to very high ash contents
represent the influence of soil contamination. The bulk
of the histogram lying between the two tails represents
real-world conditions where a certain amount of intro-
duced ash is inevitable due windblown or rain-splashed
soil becoming entrained in biomass either in the field,
storage or transportation. These nominal levels need to
be better understood and defined, as they are the ash
levels that an end-user biorefinery or power plant will
come to expect.

Physiological ash results from intrinsic biomass prop-
erties such as plant type, maturity and anatomical frac-
tions collected [14-16] and range from as low as 0.1% in

Figure 1. The frequency of total ash concentrations of selected samples of three herbaceous
biomass feedstocks (N = 840). Bars indicate the combined concentration frequency; lines
indicate the concentration frequency by feedstock.

woody biomass such as debarked pine wood to as high as
25% in herbaceous crops such as rice straw (see Table 1,
condensed from Appendix A of Tao ez al. [16]). The ash
data in Table 1 also shows how inherent ash content var-
ies both among biomass types (e.g., herbaceous versus
woody) and within biomass types based on anatomical
fractions (e.g., wood versus residue and corncob ver-
sus corn stover). The data from Tao ez 2/. confirm the
visual comparisons of corn stover, wheat straw and Mis-
canthus ash contents in the histogram, which suggests
that Miscanthus has lower inherent ash content than
corn stover and wheat straw, with the latter two being
similar in total ash content [16]. The data in this table
also show several other interesting trends. For exam-
ple, woody biomass is generally lower in ash content
than herbaceous biomass; this is particularly evident
in the comparison of wood (i.e., without bark, leaves
and branches) to any of the herbaceous feedstocks in
Table 1. Additionally, among herbaceous materials there
exist large differences in ash contents — for instance, the
ash content of wetland species (e.g., rice) is greater than
those of more water-efficient species (e.g., Miscanthus),
and ash content varies by anatomical fraction collected
in the case of corncob versus whole corn stover [17].
Plant maturity also plays a major role in physiological
ash content. A number of studies have shown the con-
centration of ash to decrease in forages as they mature
(18-20]. Delaying harvest from fall until late winter to
early spring further reduces ash concentrations in peren-
nial grasses (reed canary grass [21], switchgrass [22] and
Miscanthus (23,24]). Environmental factors such as soil

future science group

www.future-science.com 113



Perspective Kenney, Smith, Gresham & Westover

Table 1. Mean values and ranges for selected lignocellulosic biomass feedstocks.

costs, for disposing of inherent ash
at 2.5 cents per gallon plus the cost

Feedstock Mean ash (%)* Reported range (%) to dispose of the additional soil,
Herbaceous double at soil concentrations of
Corncob 2.9(13) 1.0-8.8 6.3% and triple at 12.1%, increas-
Corn stover 6.6 (28) 29-11.4 ing the ethanol production cost by
Miscanthus straw 3.3(13) 11-9.3 1.2 and 2.3%, respectively. Ash
Reed canary grass 6.7 (11) 3.0-9.2 contents shown in Figure 1 indicate
Rice straw 17.5 (22) 7.6-25.5 that these levels of soil contamina-
Sorghum straw 6.6 (5) 4.7-8.7 tion are common in corn stover.
Sugarcane bagasse 5.6 (27) 1.0-15.2 The impact of soil disposal costs
Switchgrass straw 5.8 (21) 2.7-10.6 on ethanol production cost is mod-
Wheat straw 8.0 (50) 3.5-22.8 est, but represents both variability
Woody and uncertainty in total produc-
Oak residue 25 (5) 1.5-4.1 tion costs. Current bioconversion
Oak wood 0.6 (1) 0.2-13 research is working to reduce uncer-
Pine residue 26(4) 03-6.0 tainties around xylan pretreatment
Pine wood 1.0 (40) 01-6.0 efficacy (8] and pretreatment acid
Poplar wood 21(14) 0.5-43 loading [7], both of which impact
Spruce residue 430 22-64 yield and minimum ethanol selling
Spruce wood 0.8(5) 03-15 price by roughly the same order of
Willow residue 200 2.0-2.0 magnitude as our analysis of soil
Willow wood 15(18) 10-23 disposal. Thus, we can conclude
'Mean value presented with number of reported samples in parenthesis. that these disposal costs, though
Data taken from [16]. modest, are not insignificant.

type, soil water chemistry and fertilization also affect
feedstock-inherent ash concentration and its elemental
ash composition [24-27].

= Impact of variability

The significance of biomass ash content varies depend-
ing on the tolerance of the conversion process to ash.
At the very least though, soil contamination represents
an additional variable operational cost to the biorefin-
ery as it reduces pretreatment efficacy, increases wear
in handling and feeding systems, and accumulates
as a waste stream that requires disposal [8]. Unable
to directly quantify the former, we examine the eco-
nomic impact of soil-derived ash on biorefinery dis-
posal costs. In their 2011 biochemical conversion design
report, Humbird et 4/. estimated waste disposal costs
of US$28.86 per ton, accounting for 2.5 cents of the
$2.15 per gallon minimum ethanol selling price for
a dilute-acid pretreatment, enzymatic hydrolysis and
fermentation process [7]. Using this disposal cost from
Humbird ez al., we estimated the additional cost for
soil disposal over a range of possible soil contamination
levels (Figure 2) [7]. In this figure, the red line shows the
disposal cost estimated by Humbird ez a/. for corn sto-
ver feedstock containing 5 wt% inherent ash (i.e., this
assumes no soil contamination); the blue line shows
the additional cost of soil disposal for introduced ash
contents ranging from 2.5 to 15% [7]. The combined

= Solutions to variability

Efforts to control ash concentration in biomass feed-
stocks must focus on both physiological ash — includ-
ing vascular and structural ash — and introduced ash.
Biomass selection is the most certain solution to con-
trolling the former, while operational improvements are
best suited to address the latter. Focusing on low-ash
feedstock would generally favor woody biomass over
herbaceous (Figure 1). Biomass fractionation — selectively
removing a particular anatomical fraction or tissue —
takes the feedstock selection approach a step further.
Note the differences in ash content between the forest
residues and wood fractions in Table 1; residues contain
1.3-5.4-times the average ash content of the woods.
This fractionation approach, involving debarking of
woody biomass (particularly pine) is the current solu-
tion for meeting the aggressive ash specification of the
thermochemical conversion processes.

An analogous improvement by anatomical fraction-
ation occurs in herbaceous feedstock through separa-
tion of corncobs and corn stover, where the average ash
content for whole stover is 2.3-times that of cobs. This
type of solution through selective harvest of higher value
fractions represents a trade-off between quality and eco-
nomics, where the corncob makes up only 15% of the
total stover dry matter [15]. Assuming that 50% of the
available stover can be removed, approximately three-
times the number of acres would need to be harvested to
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collect the same mass of corncobs in a cob-only harvest
as corn stover under a normal stover harvest [28].

Operational improvements through ‘best manage-
ment practices’ that reduce soil contamination during
biomass harvest will significantly reduce both the quan-
tity and variability of biomass ash content. Single-pass
and reduced-pass baling reduces soil entrainment into
bales by reducing feedstock contact with the soil [29].
Additional improvements may be made by delaying
the time of harvest to permit leaching of vascular ash
constituent, which has an additional benefit of reduc-
ing nutrient loss from the field [30.31]. Practices such
as selective cut height that reduce soil and ash-laden
anatomical fractions, and single-pass harvest that reduce
biomass ground contact, reduce soil contamination
dramatically [29.32].

Finally, preprocessing solutions such as hot water or
acid washing may provide solutions for removing ash
and ash components from feedstock prior to conversion.
While the study’s authors did not suggest the practice for
a full-scale industrial process, Das et al. reported on the
effectiveness of a dilute hydrofluoric acid pretreatment
for reducing ash concentrations in sugarcane bagasse
from 2% (dry mass) to less than 0.05% [11). The method
was presented as a maximum effective ash removal
method. Other more practical washing treatments have
been used to remove alkali metals from ash to improve
pyrolysis performance [33-35]. Davidsson ez 4/. used a
water and acetic acid treatment to reduce alkali metal
release from wheat straw and wood wastes to levels of
30-70% of untreated material during low-temperature
combustion and up to 90% at higher temperature
conditions [33]. Turn ez a/. demonstrated an intensive
ash removal process consisting of milling, mechanical
dewatering and water leaching of banagrass (a tropical
forage also known as elephant grass or napier grass) that
removed 90% of the initial potassium, 54% of sulfur,
70% of magnesium, sodium and phosphorus and nearly
all of the chlorine 3s]. Ash reduction through washing
or leaching may also contain tradeoffs in removal of
soluble or hydrolysable components from the biomass
depending on the soluble components present in the
feedstock and the intensity of the wash (temperature,
duration and severity). Costs associated with additional
processing steps of leaching, acidification, neutralization
and drying (for combustion or pyrolysis processes) may
limit intensive washing to use for high-value products
with the potential to offset the additional operational
and capital equipment costs incurred.

Sugars

The economics of biofuel or biopower production are
tightly coupled to yield, with feedstock composition
being a critical variable. For thermochemical conversion
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Figure 2. Additional costs for soil disposal relative to ethanol production
costs. Red line shows existing solid waste disposal costs of US$0.0251 per
gallon; blue line shows the additional disposal costs for soil contents from

2.5 to 15% (dry weight basis).

(gasification/pyrolysis) and direct combustion processes,
overall energy content (the amount of energy released
when a material or fuel is combusted) of biomass feed-
stocks is an important consideration. Although car-
bohydrate content is a main source of energy content
in biomass, it is not an explicit specification for these
conversion processes. In contrast, biochemical conver-
sion processes are particularly sensitive to carbohydrate
content, or, more specifically, structural sugars content
of the feedstock material. The ratio of C5/C6 sugars and
the accessibility of these sugars are also important in
optimizing pretreatment and fermentation conditions.

At this time, there are few clear and explicit specifica-
tions for sugars content established by conversion tech-
nology developers or biorefineries. In development of
their technoeconomic model for production of cellulosic
ethanol from corn stover, Humbird ez a/. established
a total structural carbohydrate specification for corn
stover of 59 wt% [7]. This specification was based on
the composition of a representative sample chosen from
an overall sample distribution of 508 commercial corn
stover samples, collected from 47 sites in eight states
over a 3-year period.

= Introduction to variability

In general, cellulose and hemicellulose make up
approximately 60% of the total biomass dry matter,
with 15-25% lignin and the remaining being ‘other’
compounds present, including soluble components
(extractives, waxes, acids and salts), as seen in Figure 3.
The soluble components strongly affect the amounts
of structural constituents in the biomass [36]. This is
highlighted in Figure 3 with the ‘extractives and other’
content varying from 5 to 35%. As a rule of thumb,
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all lignocellulosic biomass follow this general composi-
tional makeup, but due to a number of factors that we
will discuss, carbohydrate content of biomass feedstocks
can exhibit enough variability to significantly impact
biofuels yields and economics (Figure 4) 7].

The frequency histogram depicted in Figure 4 includes
684 individual samples of herbaceous biomass con-
sisting predominantly of corn stover (n = 557), with
Miscanthus (n = 80), wheat straw (n = 23) and others
(n = 24) making up the remainder (the latter includes
corncobs, mixed prairie grass, prairie cordgrass, sor-
ghum, switchgrass and lodgepole pine). Results shown
in this histogram are from individual samples rather
than whole bales and do not necessarily represent bulk
sugar concentrations. The bars show the frequency of
combined feedstock glucan and xylan contents within
2% bins spanning from 39 to 66% by mass; the lines
indicate the frequency of structural sugar contents by
individual feedstock. Table 2 provides additional detail
relative to corn stover, corncobs, Miscanthus, wheat and
all of the samples combined. The concentration of struc-
tural sugars (glucan and xylan) for all feedstocks ranged
from 39 to 66 wt%, with a mean of 54%. The major-
ity of these samples fall below the 59% structural car-
bohydrate specification established by Humbird ez al.
discussed above [7].

The frequency histogram shown in Figure 4 is domi-
nated by corn samples and, therefore, mainly dem-
onstrates variability within corn stover compositions.

Extractives and other
(protein, inorganics,

nonstructural sugars)

5-35%

Figure 3. Range of composition of the three most prevalent components
of lignocellulosic biomass dry matter: hemicellulose, cellulose and lignin.
‘Extractives and other’ includes, but is not limited to, such constituents as
soluble sugars, protein and inorganics (ash).

Reproduced with permission from [75].

This data shows variability among feedstocks as well
as within feedstocks, with greatest variability exhibited
by corn stover, followed by corncobs, wheat straw and
Miscanthus.

= Sources of variability

A metadata analysis of the frequency histogram data to
elucidate causes and statistical differences in the data
is beyond the scope of this paper. However, a review of
potential sources of variability follows.

Consistent and accurate sampling of biomass is
always of primary importance in biomass characteriza-
tion. Most of the samples represented in the histogram
were obtained from core samples collected from baled
biomass. The Miscanthus samples are the main excep-
tion, with these samples collected by hand, not harvested
using conventional harvesting equipment; this may have
resulted in reduced noncarbohydrate components (such
as ash and degradation products), thus increasing the rel-
ative concentration of structural sugars. The importance
of sampling is highlighted in the work by Duguid ez 4/.,
who measured differences in wheat straw compositions
from samples collected at different locations within the
field, showing the importance of collecting multiple
samples from randomized locations [26].

Templeton ez al. evaluated the extent to which
commercial hybrid corn stover composition var-
ied and assessed the variation among genetic, envi-
ronmental or annual influences using near-infrared
spectroscopy/partial least squares multivariate mod-
eling [36]. One of the primary conclusions of the
research indicated that stover compositional variability
observed could be separated into three primary factors
listed in order of decreasing influence — harvest year,
environment and feedstock variety.

The annual factor, or harvest year, noted by Temple-
ton et al. is difficult to assess as it is inherently linked to
certain environmental variables that change from year
to year (e.g., weather) [36]. Assessing the annual factor
and the interactions with other variables requires very
tight control of experimental conditions and necessi-
tates solid statistical design and use of experimental test
plots. The annual factor may very well explain some of
the variability in our data as these samples span several
years, but testing and evaluation of harvest year effects
are beyond the scope of this paper.

As described by Templeton ez a/., environmental fac-
tors include uncontrollable factors such as soil type and
weather, as well as controllable factors such as agro-
nomic practices (e.g., tillage, planting data, fertiliza-
tion and herbicide treatment) 36]. Agronomic practices
of importance to biomass quality also include seasonal
time of harvest, selection of harvesting systems and
storage practices.
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Harvesting practices that affect

the composition of collected biomass 1407

include seasonal time of harvest as = All feedstocks
well as the specific machinery used —— Corn stover
to harvest biomass. The effect of 120 | —— Miscanthus
time of harvest on the ash content —— Wheat

of perennial grasses was discussed Other

in the previous section. Adler et al. 100
also showed marked differences in
switchgrass carbohydrate concentra-
tions between fall and spring har- 80
vests, with an increase in structural

carbohydrates at spring harvest due

Frequency

to leaching of soluble components 60
such as sugars, protein and organic

acids over the winter [22]. Seasonal

time of harvest also affects the com- 40
position of harvested biomass due
to the loss of anatomical plant parts
either naturally by abscission or by
their reduced ability to withstand
the forces of weather as they become
dry and brittle. Shinners and Bin-
versie noted this effect with the loss

of leaves, husk and upper stalk over

20

the course of the corn harvest season
as the stover dried and became brit-

tle (37). Adler ez al. noted a similar Figure 4. Structural carbohydrate (glucan plus xylan) concentrations of biomass

34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

% total biomass dry matter

effect with the loss of the seed head  feedstocks, principally corn stover, Miscanthus and wheat straw. Bars indicate the combined

in switchgrass and the correspond-  concentration frequency; lines indicate the concentration frequency by feedstock. ‘Other’

ing reduction in starch content that  jncludes samples of corncobs, mixed prairie grass, prairie cordgrass, sorghum, switchgrass and

resulted from delaying harvest from  |odgepole pine.
fall until spring [22].

The effect of harvest system on the composition of
the collected biomass is best demonstrated with corn
stover. In their investigation of corn stover harvesting
systems, Prewitt ez al. showed that collection efficien-
cies (the ratio of plant mass removed from the field dur-
ing harvesting to the total mass available in the field)
to vary widely from 32.1 to 94.5% among six systems
tested (38]. Although their study did not quantify the
collection efficiency of different fractions of the corn
plant (e.g., stalk, cob, husk and leaves), we ourselves

have noted that different systems tend to collect differ-
ent stover fractions. A wheel rake, for example, which
operates in contact with the ground, collects more cobs
than a bar rake or a flail shredder that do not normally
contact the ground. A mower, such as a flail shredder,
collects lower stalk material where rakes usually do not.
Collecting the stover that passes through the combine,
either by dropping a windrow behind the combine or
through single-pass methods, increases the amount of
corncobs collected compared to methods that utilize a

Table 2. Structural carbohydrate compositions (glucan plus xylan) for corn stover, corncobs, Miscanthus,

wheat and the combination of these, for samples shown in Figure 4.

Measurement Combined Corn stover
feedstocks

Mean (%) 54 53

Range (%) 27 27

Minimum (%) 39 39

Maximum (%) 66 66

Count 684 557

Corncobs Miscanthus Wheat
59 61 50
16 10 15
49 55 41
65 65 57
14 80 23
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rake or flail shredder. This variability in anatomical com-
position of collected stover translates to differences in
carbohydrate content, as supported by studies that have
shown compositional differences among anatomical frac-
tions. In their investigation of corn stover compositional
variability, Pordesimo et a/. noted different proportions
of glucan and xylan among stalk, leaf and husk frac-
tions [15]. Duguid et al. reported similar characteristics
of differing compositions among wheat straw anatomical
fractions [39].

Many of the corn stover samples included in Figure 4
represent a range of harvesting systems. Some are from
conventional harvesting systems similar to those dis-
cussed by Prewitt ez a/. [38] and others are experimental
variations of advanced harvesting systems such as those
described by Hoskinson et a/. [32] and Karlen ez al. 123].
Both of the latter studies evaluated prototype single-
pass harvesting scenarios differentiated by cut height.
These studies consistently show that stover composition
changes as the different proportions of the plant are har-
vested, with glucan content increasing with higher pro-
portion of lower stalk and xylan increasing with higher
proportions of cob and husk fractions.

Finally, degradation and consumption of biomass car-
bohydrates in storage is a large source of compositional
variability. Baled feedstock stored outdoors is most sus-
ceptible to dry matter loss, which does not occur uni-
formly among all of the measured biomass constituents,
but occurs preferentially to water-soluble components and
the structural components of hemicellulose and cellulose.
The residual biomass is enriched in lignin and, depend-
ing upon the impact of water exposure, ash. For example,
Shah et al. show increases in the lignin and cellulose
fractions and decreases in the hemicellulose fraction as a
result of dry matter losses in baled corn stover; dry mat-
ter losses were in the range of 5-17% [40]. The apparent
enrichment in lignin and cellulose in the remaining dry
matter was a result of selective degradation of hemicel-
lulose components such as xylan. Similar compositional
changes were shown to occur in baled reed canary grass
and switchgrass [5]. In both these studies, hemicellulose
components (C5 sugars of xylose and arabinose) were lost
to a greater degree than cellulose components (glucose).
When dry matter loss occurs it is not uniform throughout
the bale, which creates further compositional variability
within storage. Spatial differences in the loss of water-
soluble extractives and xylan were reported in the outer,
exposed regions of baled switchgrass [41]. As expected,
the greatest compositional changes occurred in the most
severely degraded regions of the bales.

= Impact of variability
In a study of corn stover compositional variabil-
ity, researchers at the National Renewable Energy

Laboratory (CO, USA) collected and analyzed 735 com-
mercial corn stover samples from corn fields in the US
Midwest (36]. The structural sugar content (glucan and
xylan) ranged from approximately 50 to 60 wt% with
a mean of 59 wt%, and the sum of all structural sugars
(glucan, xylan, arabinan, galactan and mannan) ranged
from approximately 54 to 71 wt%. Ruth and Thomas
presented the results of process modeling evaluating the
effects of this corn stover variability on cellulosic ethanol
yields and production costs [42]. From this analysis, they
developed a correlation that showed ethanol yield to vary
linearly with structural sugar content in the amount of
1.38 gallons per ton per percent structural carbohydrates.
If we apply this correlation to the sugars data shown
in Figure 4, the corresponding estimated ethanol yield
ranges from approximately 55 to 90 gallons of ethanol
per dry ton. These results are only based on glucan and
xylan content, so actual yields considering total struc-
tural sugars are slightly higher. It should be noted that
there are many factors that affect the conversion effi-
ciency of carbohydrates to ethanol, and the correlation
developed by Ruth and Thomas for their corn stover
dataset may not apply across the different biomass types
represented in Figure 4 [42]. Nonetheless, this demon-
strates how variability in carbohydrate content can have
significant implications in biofuel yield and economics.

= Solutions to variability

Compared with other feedstock attributes such as mois-
ture or ash, where options exist to reduce these attributes
to levels desired by conversion processes, there are no
explicit logistical or preprocessing options that increase
intrinsic carbohydrate content of the biomass. Increas-
ing the intrinsic carbohydrate content of biomass crops
is an area of ongoing research. Rooney et 4/. illustrated
modest increases in structural carbohydrate content of
photoperiod-sensitive sorghum over that of forage and
sweet sorghum [43]. Other crop genetics approaches
involve improving carbohydrate conversion efficiency as
a way to improve yields, with a similar effect to increas-
ing carbohydrate content. Researchers at the Joint Bio-
Energy Institute (CA, USA), for example, are working
on developing biomass feedstocks with reduced lignin
levels or lignin modification to reduce recalcitrance and
improve sugar yields [27.44-46].

Normalizing year-to-year agronomic practices and
harvesting strategies is another approach to optimize
chemical composition and reduce feedstock variability
as identified in the findings of Templeton et 4/. [36). Best
management practices associated with proper selection
of harvest and storage systems is important in preserving
biomass quality and minimizing carbohydrate variabil-
ity. The timing of harvest and the selection of harvest
systems should be chosen to facilitate removal of the
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highest quality biomass for the particular conversion pro-
cess. As discussed above, this may include preference of
specific plant fractions. Minimizing soil contamination
during harvest, storage and handling is beneficial for
reducing ash content as described above, and has the
secondary benefit of increasing carbohydrate content and
reducing carbohydrate variability. Finally, proper man-
agement of moisture before and during storage is criti-
cal for preserving carbohydrates through storage time
(3]. Moisture-tolerant storage methods are needed that
extend shelf life, maintain carbohydrate content, reduce
formation of solubles and minimize variability; however,
advanced storage methods must be balanced against the
higher storage costs.

Formulation (or blending) is a preprocessing technol-
ogy option that offers potential for upgrading the car-
bohydrate content of a feedstock material and reducing
variability. The overarching goal of biomass formulation
is to facilitate the use of consistent feedstocks composed
of different and variable sources of biomass. Feedstock
formulation is not a new concept in many market sec-
tors. For example, different grades of coal are blended to
reduce sulfur and nitrogen contents for power generation
[47.48], grain is blended at elevators to adjust moisture
content [49], animal feeds are blended to balance nutri-
ent content [50] and high ash biomass sources are mixed
with low ash coal to allow their use in biopower [s1].
Tumuluru ez al. also discussed the concept of biomass
formulation to improve physical and chemical proper-
ties of biomass for co-firing biomass with coal [52]. Using
Figure 4 as an example, sugar content variability could
be significantly reduced by blending of the corn stover
resource. Although the histogram was skewed toward
lower sugar values, a higher percentage of high-value corn
stover could be blended to normalize the mean sugar
content to values above the determined mean of 54% and
significantly reduce variability. Moreover, sugar content
could be improved through aggregation of the corn stover
with select feedstocks such as sugarcane bagasse, which
as described by Betancur and Pereira has a structural
carbohydrate content greater than 60% [s3]. Formulation
could be implemented at a preprocessing depot or at a
biorefinery to meet customized process parameters and
improve overall sugar content of the incoming feedstock.

Particle morphology

At some point in the supply chain, biomass must be pre-
processed to reduce it to a bulk solid that can be metered
into a conversion process. Particle morphology — sizes,
shapes and densities — can significantly affect perfor-
mance in both handling systems and conversion processes
and, thus, physical properties of the biomass bulk solid
are important for both biochemical and thermochemical
conversion processes [54-56]. Thermochemical reaction

kinetics are particularly sensitive to particle morphol-
ogy, especially as reaction rates increase and residence
time in the reactor decreases. It has been noted, however,
that because of their greater reactivity, biomass particles
can be substantially larger than coal particles in co-fired
gasifiers. Biochemical conversion processes tend to be
more tolerant of variability of particle morphology, with
particle morphology and physical properties dictated
more by requirements of the engineered systems [57:8].

= Introduction to variability

In our experience of producing and supplying feedstocks
in collaboration with conversion developers, we have seen
awide range of feedstock particle-size requirements. Feed-
stocks for fast pyrolysis are generally approximately 2 mm
in size [59-61]. Feedstocks for biochemical conversion pro-
cesses are varied, ranging from 6 to 75 mm in size. Often
feedstock particle sizes are driven more by engineering
systems than by the reaction kinetics of the conversion
processes. Excessive fines are often a problem with ham-
mer-milled feedstocks, clogging filters, reducing perme-
ability of the bulk solid to gases and liquids, and causing
problems with nuisance dust. Over-sized particles also
create problems plugging air locks and pneumatic transfer
lines. Often the distribution of particle sizes with a com-
bination of fine and coarse particles is most important.
For example, one of our collaborators experienced trouble
with blowouts in a pressure seal of a plug flow pretreat-
ment reactor when pretreating hammer-milled corn stover
[NATIONAL RENEWABLE ENERGY LABORATORY, PERS. COMM.]. Further
processing of the hammer-milled material through a knife
mill of the same nominal screen size eliminated the prob-
lem. Progressive deterioration of particles as they move
through multiple unit operations can also be a concern
because as the amount of fines increase, the handling
and conversion behavior may be detrimentally altered
(62]. Thus, even if ideal specifications are achieved, care
must be taken so that subsequent unit operations do not
unintentionally modify material properties.

= Sources of variability

The performance of biomass feedstocks in handling and
feeding systems depends upon many factors including
particle size and shape distributions, bulk density, chemi-
cal composition of particles, moisture content, temper-
ature, presence of trapped gases and the unique stress
(i.e., compaction) history of the material. The hand-
ling performance of feedstock materials as they relate
to these parameters is summarized in Table 3. Of these
parameters, particle size and moisture content typically
receive the most attention. Often the particle size ‘speci-
fication’ is based on the screen size of a laboratory mill,
rather than a thorough classification of particle-size dis-
tribution. A screen size specification is often misleading
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because particle size is a function of many variables. For
example, the type of mill has a strong impact on resulting
particle morphology. Knife mills are typically used for
laboratory sample preparation, whereas hammer mills are
often used in high-throughput industrial-scale applica-
tions; particle morphologies differ significantly between
the two [63]. Typically, it is observed that hammer mills
produce materials with finer particle sizes than knife
mills using the same screen size, and in both cases the
mean particle size is significantly smaller than the screen
size. Likewise, the particle-size distribution tends to be
much tighter from a knife mill than from a hammer
mill. Operational parameters such as hammer speed and
geometry, as well as the material feed rate, also affect
particle morphology, as do biomass material properties
such as incoming particle sizes and moisture content [63].

= Impact of variability

These examples illustrate that differences in particle size
and shape distributions that result from different processes
can play a significant role in feed systems. A landmark
publication in the 1980s indicated that processes for

liquids and gases typically ran at close to 90% of their
design capacity, while similar processes for bulk solids
tended to operate at only 40—-50% of their design specifi-
cation, often due to handling difficulties (64]. Plants that
handled raw solid feedstocks performed the worst, achiev-
ing less than 40% of their capacity in the first year [64].
Delayed startup times and operation below the designed
capacity can have serious consequences in terms of the cost
of the final product and missed business opportunities.
An updated report by Merrow in 2000 indicated
that performance has generally improved over the years
with plants that handled raw solid feedstock operating
at 77% of design capacity [64]. Importantly, however,
many of the plants included in the survey handled fine
powders, which have benefited from decades of intense
research in the foods and pharmaceuticals industry. In
addition, food and pharmaceutical powders tend to be
noncohesive, have small particle sizes and distributions,
high densities and low compressibilities. In contrast, feed-
stocks for lignocellulosic biofuels production are often
cohesive, have large particle size variations, low densities
and high compressibilities — causing them to arch over

Table 3. Noninclusive summary of feedstock performance aspects related to particle morphology.

Performance aspect
‘Bulk solid flowability’

Governing parameters/mechanisms  Impacts

Particle—particle interactions that

= Materials with low shear strength flow under gravity without flow aids

based on unconfined
shear strength

Time consolidation

or caking (increase in
shear strength due to
prolonged storage under
a compressive stress)

Handling properties in
a slurry for enzymatic
conversion

Reactivity for
thermochemical and
biochemical conversion
processes

Permeability of bulk solid
to gases or liquids

depend upon particle size and shape
distributions, bulk density, chemical
composition of particles, moisture,
temperature and presence of
trapped gases

Time consolidation can be due

to different physical, chemical

or biological effects, such as
crystallizations between particles,
material creep that enlarges contact
areas between particles, capillary
condensation and fungal growth
Particle-particle and particle-slurry
interactions through particle shape,
size and ploy dispersity

Particle sizes and shapes affect surface

area to volume ratios

Pore spaces between particles that
allow gases and liquids to flow
through bulk solid

Easily flowing material:
Facilitates emptying and cleaning equipment to prevent spoilage of
perishable products
Readily fills containers to minimize storage and transportation
volumes
Exerts lower stresses on storage structures
Feeds uniformly for processes that requires consistent flow
Tends to be easier to mix and blend
If material is overly aerated, it may flow too freely and flood
equipment
Loss of live storage space because material adheres to storage
container walls
Risk of loss of perishable material due to microbial or fungal activity
Erratic flow with large dynamic forces on containing structures
Material bridges or ratholes over outlet preventing flow

Lower volatility resulting in increased conversion efficiency
Acidity of final product bio-oil may be reduced

Small particles have much greater thermochemical reaction
kinetics compared with large particles, especially when the thermal
conductivity of the particle is low, like biomass

More reactive particles can be substantially larger than less reactive
particles. For example, biomass particles can be larger than coal
particles in co-fired gasifiers

Low permeability restricts chemical access to material’s interior,
slowing reactions

Low permeability can limit discharge rates from outlets
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hopper openings and plug mechanical and pneumatic
conveying systems.

= Solutions to variability

Often, feeding and handling problems are the result of
systems that are engineered without a clear picture of
material variability. Designing handling and feeding
systems to accommodate this variability is possible, but
as the system designs become more robust, they also get
more expensive. It is therefore a trade-off between capi-
tal (more robust systems) and operating expenses (down
time). Relying on gravity feed, high packing densities,
low moisture and consistent particle-size distributions
keeps equipment designs simple and costs low, but puts
higher requirements on material properties. When mate-
rial properties are not sufficiently controlled to equipment
design specifications, the equipment operates inefficiently
and is prone to malfunction.

There are two main approaches to solving mate-
rial handling problems. Either equipment systems are
engineered to specific materials or material properties,
or materials themselves are engineered to feed properly
in specific equipment systems. The first approach is by
far the most common, although a combination of both
approaches is often best, especially when equipment must
handle multiple feedstock materials.

This dual approach is illustrated in Figure 5, which
shows how the reliability of a hypothetical handling/feed-
ing system, such as a gravity-feed hopper or pneumatic
conveyance line, is improved by a combination of a more
robust engineering design and tighter control of feed-
stock material properties. The range of expected feedstock
properties — moisture and particle size — and the corre-
sponding design specification of our hypothetical feeding
system is illustrated in the regions labeled ‘expected feed’
and ‘system design’, respectively. Variability of raw mate-
rials, which is inevitable given the diversity of sources,
varieties and seasonal delivery over the course of continu-
ous full-scale operation, often violates machinery design
specifications as illustrated by the region labeled ‘actual
feed’. Therefore, better control and design of preprocess-
ing operations are needed to better control material prop-
erties (e.g., particle size, shape, smoothness and moisture
content). This active control of material properties, illus-
trated by the orange arrows in Figure 5, constrains actual
feed properties to conform to the design specification.
Improved equipment designs are also needed to accom-
modate peculiarities in feedstock properties and expand
machinery performance (illustrated by blue arrows in
Figure 5) to better deal with the variability in raw materi-
als. The combination of controlling material properties
and re-engineering handling and feeding equipment can
result in designs in which cost and performance are both
optimized.

Importantly, optimizing the feedstock properties as
well as the equipment systems requires a thorough under-
standing of the properties of the bulk solid properties
and how successive unit operations impact those proper-
ties. As noted by Bell, a common misperception is that
feeding and handling problems can be addressed concur-
rently during start up [62]. However, retrofitting handling
equipment can be very expensive and slow because the
problems are usually discovered one at a time as successive
pieces of equipment come online. The importance of fully
characterizing all potential feedstocks and carefully con-
trolling the handling and conversion properties to match
the handling and conversion equipment is not likely to
be overstated. In this process, the variability within feed-
stock materials can be as crucial as that between different
feedstocks.

Moisture content

Feedstock moisture is likely the single most problematic
biomass property affecting feedstock supply and biorefin-
ing operations. Unlike hay crops that are harvested during
the time of year when field drying is a reliable approach,
many herbaceous biomass crops, particularly crop resi-
dues, are harvested later in the year when field drying may
not be practical or achievable [4]. Excessive moisture in
herbaceous biomass requires farmers to include field dry-
ing into harvesting operations or to employ costly anaero-
bic storage methods to preserve it. Dry matter losses in
aerobic storage increase with moisture content [65]. The
threshold moisture content for safe, aerobic storage varies
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Figure 5. The combined approach for solving

biomass handling and feeding problems through
improved system design to expand equipment
performance and improved preprocessing operations
that constrain feedstock properties to conform to
specifications.
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among biomass types [4.66-68], but a moisture content of
20% (wet basis) is a generally recognized rule of thumb
for limiting dry matter losses in aerobic storage to accept-
able levels (5-7%) [3]. Elevated moisture contents have
the potential to reduce transportation payloads, increas-
ing the delivery cost to a biorefinery. Furthermore, the
energy required for size reduction is often highly sensi-
tive to biomass moisture content. Hammer mill grinding
energy increases dramatically with increasing moisture
content, while the energy required to chip wood decreases
with increasing wood moisture content. Finally, biomass
handling and feeding typically become more difficult
with increasing moisture content as the bulk material
becomes more cohesive, resulting in plugging in feeders
and hoppers [69].

Different conversion processes have varying tolerance
to biomass feedstock moisture. Biochemical conversion
processes generally involve wet/aqueous processing, so
biomass moisture content is not of significant concern
for bioconversion. However, dry matter losses and deg-
radation of biomass quality in storage are a big enough
concern that moisture content in the range of 15-20%
is generally recognized as a prudent specification for bio-
chemical feedstocks processes. The efficiency and per-
formance of thermochemical processes in general favor
lower moisture contents [69]. Additional drying may be
required for thermochemical conversion processes that
prefer dry feedstocks; a specification as low as 10% has
been identified for pyrolysis feedstocks [10].

= Sources of variability

Moisture content varies considerably among biomass
types, regions and even year-to-year variations due to
plant health and water availability. Thick-stem crops,
such as forage sorghum [70], energy cane and corn stover
[4,15,32] tend to be the wettest at the time of harvest, and
the thick stalk also tends to make these crops difficult
to field dry, especially if harvested later in the year when
drying conditions are more difficult. Small-stem crops
such as cereal straws, switchgrass and mixed grasses (e.g.,
prairie grasses) are much less resistant to dry down, and
they are also harvested at the time of year when field
drying is easier [5.71].

Although easily understood, moisture content is an
overlooked analysis with two principal sources of vari-
ability: sampling and quantification. Sample collection
must capture the range of feedstock moisture content
and reflect its proportional distribution to measure bulk
moisture content accurately [47]. Over-representation of
either high- or low-moisture regions will skew bulk mea-
surements accordingly. Gravimetric analyses (measure-
ment of as-received and dried mass) are used to mea-
sure water content, but are another source of variability.
Biomass drying temperatures range from 40 to 105°C,

which affect the final stable material mass after drying
(72,73]. Partial drying at lower temperatures produces uni-
formly lower moisture values and corresponding higher
dry matter values than higher temperatures. However,
higher temperatures can drive off volatile components
such as organic acids, which results in an overestima-
tion of feedstock moisture content. When establishing
a sampling and analysis plan for biomass feedstocks it
is important to select protocols that address these two
sources of uncertainty.

= Impact of variability

The moisture content of nonirrigated crops tends to fluc-
tuate from year-to-year with the amount of precipitation
received during the growing season. These fluctuations
can be significant (Figure 6), creating challenges for grow-
ers and processors that must adapt harvest, storage and
processing conditions to changing crop conditions. The
data shown Figure 6 are an accurate representation of corn
stover moisture contents in the Midwest corn belt in 2009
and 2010, and it paints two very different scenarios for a
biorefinery. The 2010 stover crop represents a nearly-ideal
scenario for both grower and processor/biorefinery alike.
The majority of the crop was within a narrow distribu-
tion of moisture, low enough that field drying to safe
storage levels was unnecessary. In this scenario, storage
losses would be minimal, transportation costs unaffected,
grinding energy low and consistent, and the resulting
feedstock consistent in physical and chemical proper-
ties. The 2009 stover crop, on the other hand, sets up
a scenario that a biorefinery should fear. The high grain
moisture and wet field conditions experienced in 2009
slowed harvest and made field drying impractical. Conse-
quently, stover was baled and stored at moisture contents
exceeding the 20% target, resulting in high dry matter
losses (20% or higher (4]) and a reduction of structural
carbohydrates. To make matters worse, in this scenario,
the composition and general condition of the bales con-
tinue to degrade with time, so the quality is on a general
downward trend throughout year-long storage and sup-
ply of feedstock to the refinery. The bales delivered to
the refinery would be more costly to preprocess, as the
higher moisture content requires more energy to reduce
size. Finally, the higher and variable moisture feedstock
is more likely to exhibit inconsistent bulk solids proper-
ties, creating handling and feeding problems that cause
the plant to operate at lower throughput. This is a bad
scenario impacting the entire biofuels production chain.

= Solutions to variability

There is no easy solution to this problem, although under-
standing and anticipating the implications of high and
variable biomass moisture content goes a long way in
propetly preparing for and reacting to the situation. First,
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establishing best management prac-

. N . 60 —
tices to guide growers in the proper
harvest and storage methods under
different crop conditions is the first 50 |

step. Being able to predict whether
current ambient conditions will sup-
port field drying will point them in
the right direction in harvesting the
biomass, and will avoid additional
losses and quality degradation that
results from failed attempts to field
dry when ambient conditions do not

Frequency

support such a practice. Proper stor-
age methods too may change with
biomass moisture content. Biomass
harvested above 20% moisture may

benefit from lower losses through

anaerobic storage, although this must 8 10 13 15 18 20 23 25 28 30 33 35 38 40 43 45 48

be balanced against the higher stor-
age costs [3]. Biomass supply would
be well served by moisture-tolerant
storage systems that can control losses
to acceptable and predictable levels

. .. frequency by year.
under aerobic storage conditions.
Research has shown that proper stor-
age of high moisture biomass under aerobic conditions
can limit losses to acceptable levels [74], although these
conditions need to be better understood to determine
whether they can be replicated at commercial scale. Sec-
ond, improvements in biomass size reduction to reduce
the sensitivity of grinding efficiency to biomass moisture
content would also be beneficial. Idaho National Labora-
tory data show hammer mill grinding efficiency (mea-
sured in kilowatt-h per dry ton) reductions of nearly 50%
as biomass moisture increases from 10 to 25% (wet basis)
[IDAHO NATIONAL LABORATORY, UNPUBLISHED DATA]. Thlrd, the
effects of moisture content on bulk solids properties need
to be better understood to inform designs of handling
and feeding systems that can better tolerate variabilities
due to moisture.

Future perspective

Solving the problem of feedstock variability can ulti-
mately only be achieved within the cost constraints of
competitive biofuels production by contributions along
the entire feedstock supply chain. Supplying high-quality
feedstocks begins with the development of advanced bio-
mass-specific harvest, collection, and storage systems and
processes. Advanced harvesting systems will be sophisti-
cated enough to balance sustainability constraints with
the economics of maximizing removal rates. They will
reduce, if not eliminate, the collection of undesirable
constituents — whether this is foreign contaminants such
as soil or certain anatomical fractions of the plant — as

I All data
—— 2009 harvest
—— 2010 harvest

% moisture (wet basis)

Figure 6. Corn stover moisture content over 2009 and 2010 US Midwest harvest seasons
(N = 339). Bars indicate the combined moisture frequency; lines indicate the moisture

defined by the conversion process. Advanced storage
systems will effectively manage moisture to preserve dry
matter and sugars, and minimize environmental risks.

Biomass quality will also benefit from science-based
best management practices that educate growers and bio-
mass suppliers on equipment and methods that promote
sustainable practices, maximize quality, reduce dockage
and maximize their profit in biomass supply. Biorefineries
and processors will implement point-of-sale and point-
of-use quality measurements that help them assess in
an accurate, fast, economic and defensible manner the
quality of biomass supplied to them in order to establish
payment and dockage, and to select appropriate prepro-
cessing options for preparing the biomass for conversion.
The ability for processors to accurately assess quality will
also provide them with the flexibility to allow their sup-
pliers to deviate from recommended practices — in favor of
alternative approaches that best suit their business — and
pay according to a quality specification.

The ability for biomass processors to abdicate best
management practices and accept off-spec, lower quality
biomass is enabled by advanced preprocessing technolo-
gies that can transform raw biomass to on-spec feedstocks.
These technologies will have the ability to remove ash —
ranging from entrained soil to structural ash bound in the
plant cell walls — as well as other conversion inhibitors,
blend biomass of different types and qualities to a biore-
finery spec, and stabilize and densify these feedstocks to
specifications required of a feedstock commodity.
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Such an active biomass system will replace passive
systems that merely react to the cost—value dynam-
ics to eliminate the one-to-one mapping of available
biomass resources to particular conversion processes,
providing access to our vast biomass resources, and
enabling renewable fuels and chemicals to replace the
whole barrel of oil.
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Executive summary

Background

= The objective of this paper was to examine biomass feedstock attributes of ash, carbohydrates, particle morphology and moisture.
= |t discusses specifications for these attributes, inherent variability of these attributes in biomass feedstocks, and approaches and solutions
for reducing variability and improving feedstock.

Ash

alone.

= Biomass feedstock ash contents vary considerably due to three sources of ash: introduced ash, often associated with soil contamination
during biomass harvest and collection operations; and inherent ash, which includes both vascular as well as structural ash.

Excessive ash can cause a number of problems in biochemical and thermochemical conversion processes including increased wear in
handling and processing systems, increased corrosivity and instability of pyrolysis oils, slagging and fouling in boilers and gasifiers, and
increased disposal costs. The latter was estimated to increase the cost of cellulosic ethanol production over 2% due to entrained soil

Solutions to reducing ash content include feedstock selection and fractionation; best management practices to reduce, if not eliminate,
the entrainment of soil; and preprocessing technologies that remove entrained soil as well as vascular or structural sources of
physiological ash.

Sugars

= Biomass structural sugars vary considerably among biomass types as well as among different varieties. The loss of structural sugars during
storage also introduces additional compositional variability.

= Biofuel yields through biochemical conversion processes are extremely sensitive to feedstocks structural sugar content. It was shown that
compositional variability can reduce cellulosic ethanol yields by more than 30 gallons per dry ton.

= Feedstock selection, best management practice to preserve carbohydrates in storage, and formulation and blending are all options for
reducing sugar/carbohydrate variability.

Particle morphology

= Particle morphology (size, shape and density) affects conversion efficiencies, as well as handling and feeding, with the latter being a
particular concern. Particle morphology is very difficult to control due to the interaction of material properties and operating parameters
of commercial size-reduction systems.

= |tis estimated that feeding and handling problems due to changing and uncertain bulk solids properties can reduce plant throughputs by
as much as 50%, severely influencing plant efficiencies and economics.

= Solutions to these problems involve both preprocessing technology solutions to provide consistent bulk solids properties and
engineering solutions to design more robust handling and feeding systems.

Moisture

= Biomass moisture content varies considerably among material types, and it is difficult to predict and control due to environmental
conditions.

= Biomass moisture content can be extremely problematic, with the potential to affect all unit operations of feedstock supply, including
handling and feeding in conversion systems.

= Solutions to moisture problems include selection of feedstocks with good dry-down characteristics, best management practices that
guide proper harvest and storage under different moisture conditions, and improved preprocessing, handling and feeding systems.
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