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a b s t r a c t

Research was conducted to determine the feasibility of using a chopped harvest and

anerobic storage system to conserve mature, high dry matter (DM) sorghum intended as

a cellulosic biomass feedstock for production of biofuels or bioproducts. Forage and sweet

sorghum were anaerobically stored in farm-scale silo bags for over 200 days. Sorghum DM

content was between 385 and 579 g kg�1. The DM lost during storage averaged 24 g kg�1 DM

(range 3e48 g kg�1 DM). The additional DM lost after two- and seven-day aerobic exposure

was 7 and 11 g kg�1 DM, respectively. On-harvester inoculation with a combination of

homofermentative (Pediococcus pentosaceus) and heterofermentative (Lactobacillus buchneri)

bacterium increased the production of both lactic and acetic acid during storage, produced

lower yeast and mold populations during aerobic exposure and improved aerobic stability

as quantified by temperature. Total fermentation products were less than 50 g kg�1 with an

overall average of 34.9 g kg�1. Average recovery of cellulose and hemicellulose was 98% of

initial mass. Anaerobic storage of chopped, inoculated, high DM, mature sorghum was

shown to be a viable cellulosic biomass feedstock system.

ª 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulosic biomass from agricultural sources is typically

stored either aerobically as dry bales or anaerobically as

silage. Dry bales require the mass fraction of water to be less

than 20% to reduce the risk of detrimental biological activity

[1]. However, field drying of biomass crops can be difficult

because of high yield and ambient conditions at harvest [2].

Additionally, sorghum leaves and stems are coarse and high

in moisture at time of harvest, so the crop is known to be

difficult to field dry to acceptable baling moisture [3]. Field

drying is costly in terms of weather risks, energy inputs, and

harvest timeliness. Drying of cellulose microfibrils results in

the irreversible shrinking of the pore space and reduces the

accessible surface area resulting in a feedstock that is more

resistant to enzymatic degradation [4]. Alternatively, har-

vesting moist whole-plant sorghum by chopping and

preserving by ensiling can reduce field wilting time and

associated weather risks; produce a size-reduced flowable

material at harvest; achieve greater productivity than baled

systems; reduce negative consequences of cell wall horn-

ification; and reduce the water requirements for conversion at

the biorefinery.

By size-reducing and processing sorghum in the field with

existing forage harvesting equipment and sending a uniform

product to the storage site or refinery, the complexities asso-

ciated with processing dry bales are removed [5]. Moist feed-

stocks can be harvested over a longer period and the

machinery can be used to harvest many other crops, so the

greater fixed costs of high capacity forage harvesting equip-

ment can be diluted across more land area and time than dry

bale equipment [6,7,8].

When the reduction in value from storage losses of outdoor

stored bales is considered, the cost of storage may be more
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than other storage systems [6,7,8]. Greater material degrada-

tion and dry matter (DM) loss occur as the bales are stored

longer. However, cellulosic feedstocks will be needed during

months outside of their seasonal availability; so long storage

periods will be required [9]. While bales stored indoors have

experienced DM losses ranging from 30 to 50 g kg�1 DM [2,10],

DM losses as high as 150e300 g kg�1 DM have been reported

for bales stored outdoors [2,6,10]. Storing these feedstocks

anaerobically as silage is one way to ensure feedstock

conservation for an extended period of time [1,2,10].

Research involving the anaerobic storage of corn stover

and perennial grasses has shown that this storage option is

viable. Average DM lost during storage of 11 g kg�1 DM was

achieved in ensiled bales of switchgrass and reed canarygrass

[10]. DM lost during storage was between 10 and 50 g kg�1 DM

for moist corn stover ensiled at both the lab- and farm-scale

[1,2,11,12]. The addition of biological amendments to corn

stover before ensiling improved conservation [11]. Sorghum

varieties intended as cellulosic biomass have also been

successfully fermented and ensiled in lab-scale experiments

[13]. Little research has been conducted on the aerobic

stability of ensiled biomass feedstocks, however aerobic

spoilage during feed-out has been known to represent up to

30e40% of the total dry mass of ensiled animal feed [14].

Biomass feedstocks must be transported off the farm and

transportation costs can be reduced when the dry mass trans-

ported ismaximized. Fromthis standpoint, conservingbiomass

feedstocks by anaerobic storage at 500e700 g kg�1 DM content

was shown to be economically desirable [8]. However, most

research concerning conservation of sorghum by ensiling has

been conducted mainly using lab-scale mini-silos at DM

contentsbetween200and300gkg�1 [15,16,17,18,19,20,21,22,23].

The objectives of this research were to quantify the

anaerobic storage characteristics of high DM content, mature

sorghum intended as a biomass feedstock; to conduct the

research at the farm-scale; to investigate a biological

amendment to improve conservation and aerobic stability;

and to quantify the aerobic stability of the sorghum feedstock

at removal from storage.

2. Materials and methods

2.1. Harvest

Two types of sorghum were used: forage (Sorghum bicolor,

Monsanto FS-5) and sweet (Sorghum vulgare Pers., Coffey Seeds

Sugar Graze II). The sorghumswere planted onMay 26, 2010 at

Arlington, WI (43.30; 89.35). Crop DM yield averaged 8.9 and

10.6 Mg ha�1 for the sweet and forage sorghum, respectively.

The growing degree units through the 117 day growing period

were 1667 (deg C) so crop maturity at harvest was between

hard dough and black layer [24]. Total precipitation during

growing season was 555 mm.

Two DM contents were targeted at harvest: approximately

550 and 450 g kg�1 (high and low DM content). The crop was

cut and swathed using a John Deeremodel 4990 windrower on

September 21 and 25, 2010 for the low and high DM targets,

respectively. Both sorghum varieties dried quite slowly and

required two and five days of field wilting to achieve the low

and high target DM. After field wilting, the crop was harvested

with a John Deere model 7800 self-propelled forage harvester

(SPFH) equippedwith a windrow pick-up on September 23 and

30. The harvester theoretical-length-of-cut (TLC) was 12 mm.

In addition to the two DM content treatments, a biological

amendment was investigated. Biotal 500 (Lallmand Animal

Nutrition Biotal 500 containing Lactobacillus buchneri 40788 (LB)

and Pediococcus pentosaceus 12455 (PP)) was applied at harvest.

The bacterial inoculants were applied using an on-harvester

Dohrmann model DE-1000 inoculant applicator. The appli-

cator was set to deliver approximately 100,000 CFU g�1 PP and

400,000 CFU g�1 LB. Untreated control treatments were also

harvested. Random chopped samples of all treatments were

taken for later analysis of particle-size following ASABE

Standard S424.1 [25].

2.2. Storage and removal

The silo bags for this research were made using a modified Ag

Bag model CT-5 bagger [26]. Harvested material was trans-

ported to the storage location, and randomly collected

subsamples of about 2 kg were placed into polypropylene

mesh bags measuring 53 cm by 80 cm with 5 mm square

openings (McMaster-Carr part no. 9883T53). Before placing the

replicate subsample parcels into the silo bag to quantify

storage characteristics, two subsamples were collected from

each parcel. Two subsamples were oven dried for moisture

content determination at 103 �C for 24 h and two subsamples

dried at 55 �C for 72 h for constituent determination, following

ASABE Standard S358.2 [27]. Wireless temperature data

loggers (Onset model UA-001-08) were placed in every other

parcel tomonitor temperature at a sampling rate of four times

per day: Before the subsample parcels were placed in the silo

bag, they were weighed to the nearest 5 g. Six replicate parcels

were used in each treatment.

Two silo bags were made, one each for the low and high

targeted DM. Each silo bag contained four treatments: two

sorghum types, each with and without the LB þ PP amend-

ment. Each bag was about 19 m long and 1.5 m diameter, and

contained about 5 Mg DM. Material density was about

150 kg m�3. Each of the treatments were split into thirds and

placed in three replicate locations in the silo bag. Sacrificial

material was placed in the beginning and end of the bag and

between treatments to reduce edge effects.

The silo bags were opened and material removed on April

29, 2011 after 211 and 218 days in storage for the low and high

DM treatments, respectively. As the silo bags were decon-

structed at the end of the storage period, the subsample

parcels were recovered; the parcels weighed to the nearest 5 g;

the contents homogenized; and two subsamples taken for

moisture determination and one for compositional analyses.

Because the material had undergone fermentation, both

moisture and compositional samples were dried at 60 �C for

72 h following ASABE Standard S358.2 [27]. Another

subsample was collected and refrigerated for later analysis of

mold and yeast populations. A final subsample was taken and

frozen for later analysis of pH and fermentation products. All

assays were conducted at Rock River Labs (Watertown, WI).

Constituent analysis consisted of ash corrected neutral

detergent fiber (NDF); ash corrected acid detergent fiber (ADF);
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and ash corrected lignin (ADL); using the crucible method [28].

Hemicellulose was estimated by the difference between NDF

and ADF; and cellulose was estimated by the difference

between ADF and ADL. Fermentation products were quanti-

fied using high performance liquid chromatography.

2.3. Aerobic stability

As the material was removed, subsampled silage from each

treatment was placed into individual 200 l HDPE barrels (only

one treatment per barrel). A total of four barrels were filled per

treatment. Roughly one third of the barrel was filled with

material, and then a subsample parcel (described previously)

containing roughly 2 kg DM of ensiled material was weighed,

equipped with a temperature data logger, placed in the barrel

and covered with more parent material. After two-thirds of

the barrel was full, another subsample parcel with tempera-

ture data logger was placed into the barrel. The top parcel was

placed so that the top surface of the parcel was about 10 cm

from the top of the filled barrel. The barrel was then filled level

full and left uncovered. The barrels were loosely filled and

material was not compacted. The barrels were stored indoors

in a ventilated shed for two or seven days. Procedures for

sampling from the subsample parcels after the aerobic expo-

sure period were similar to that previously described.

Heating in the material during aerobic exposure was

quantified by heating degree days accumulated over the

aerobic exposure period:

HDD ¼
X�

Tmax þ Tmin

2
� Tave

�
(1)

where:

HDD accumulated heating degree days, �C.
Tmax daily maximum temperature, �C.
Tmin daily minimum temperature, �C.
Tave daily average ambient temperature, �C.

2.4. Statistical analysis

Significant differences between treatments in individual

experiments were determined using single factor analysis of

variance (ANOVA) based on the variability among subsample

parcels (experimental unit) within the silo bags. A two-way

ANOVA was used to block confounding effects when

analyzing data across treatments or silo bags. All statistical

differences were based on a least significant difference (LSD)

with a probability of 0.95 [29].

3. Results

The geometric mean particle-size (GMPS) was 9 and 13mm for

the low and high DM treatments, respectively. The dry density

of the chopped sorghum in the silo bags was 170 and

125 kg m�3 for the low and high DM treatments, respectively.

Table 1 e Forage and sweet sorghum DM content and DM loss in subsample parcels during anaerobic storagea and
additional DM loss after two or seven days of aerobic exposure.

Silo bag no. Treatment Sorghum type DM content g kg�1 DM losses g kg�1 DM

Stored Removedf Storage After aerobic exposure

2-Day 7-Day

Bag 1a Control Sweet 385a 387a 27ab 4 52b

LB þ PPb 444c 434c 48b 10 5a

Control Forage 411b 416b 3a 6 12a

LB þ PP 453c 444c 26ab �2 16ab

LSDc 16 13 27 25 39

Bag 2a Control Sweet 555b 551b 34 �1 17

LB þ PP 579c 570b 35 2 �2

Control Forage 520a 515a 37 8 0.0

LB þ PP 512a 514a 34 16 �10.0

LSDc 20 1.9 25 17 31

Control 468a 467a 25 4 20b

LB þ PP 497b 490b 36 9 2a

LSDd 9 8 12 10 17

Low DM 423a 420a 26 7 21b

High DM 541b 537b 35 6 0a

LSDe 9 8 12 10 17

a Stored on September 23 and 30, 2010 and removed after 211 and 218 days, respectively. Average DM content for bag 1 and 2 was 423 and

541 g kg�1, respectively.

b On-harvester application of approximately 400,000 CFU g�1 Lactobacillus buchneri (LB) and 100,000 CFU g�1 Pediococcus pentosaceus (PP).

c Least significant difference. Mean values followed by different letters in the same column and block are significantly different at 95%

confidence. Each mean is an average of six replicate subsamples per treatment.

d Data from silo bags 1 and 2 was pooled by amendment and analyzed using two-way analysis of variance.

e Data from silo bags 1 and 2 was pooled by DM content and analyzed using two-way analysis of variance.

f Paired t-test indicated no significant change in moisture of subsample parcels during storage.
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Density of the highDM treatmentwas less than that of the low

DM treatment presumably due to the larger particle-size and

greater mechanical strength of the dried stems.

Dry matter losses during storage or aerobic exposure were

quantified as the fraction of dry mass lost in the subsample

parcels during the experiment, expressed as a percent of

initial mass. Shinners et al. [1] showed that this method

adequately estimated the total losses from the entire storage

structure. Occasional apparent gains in DM during storage or

aerobic exposure were calculated (Table 1). Weighing the

parcels accurately represented their mass, but subsampling

was required to estimate their average moisture. If sub-

sampling inadequately represented the average moisture

content at the beginning and/or end of the storage period, and

DM loss was small, then apparent DM gains could result.

Both sorghum types were well conserved during anaerobic

storage with average DM loss of 31 g kg�1 DM (Table 1).

Additional DM lost after two- and seven-day aerobic exposure

averaged 7 and 11 g kg�1 DM, respectively. Amendment, DM

content and sorghum type had no significant effect on storage

losses when data was pooled and analyzed by treatment.

Losses during two-day aerobic exposure were not affected by

treatments, but losses after seven days of aerobic exposure

were significantly less for sorghum treated with LB þ PP, and

high DM sorghum (Table 1). DM losses in lab-scale mini-silos

typically ranged from 50 to 100 g kg�1 DM at DM contents less

than 300 g kg�1 [15,16,21,22,23]. Using a similar mesh bag

technique as used here, Bolson [30] reported the DM losses

between 40 and 70 g kg�1 DM for forage sorghum ensiled in

a bunk silo at 280 g kg�1 DM content. Losses were presumably

less in this research because there was less water present to

support unwanted biological activity and anaerobic condi-

tionsmight have been better in the bag silo than in a bunk silo.

Silage pH was generally less than 4.0 when sorghum was

ensiled in lab-scale mini-silos at DM contents less than

300 g kg�1 [16,18,19,20,21,23]. The pH of sorghum removed

from storage averaged 4.2 because DM content was greater

than 420 g kg�1 and less fermentation productswere produced

(Table 2). Total fermentation products ranged from 16.7 to

45.7 g kg�1 with an average of 34.9 g kg�1. At DM contents less

than 300 g kg�1, fermentation products ranged from 45 to

105 g kg�1 [16,18,19,20,21,23]. In the lower DM silages, lactic

and acetic acid produced during storage was greater for the

material inoculated with LB þ PP (Table 2). An end product of

P. pentosaceus 12455 metabolism is lactic acid, so inoculation

should have resulted in greater lactic acid production. L.

buchneri 40788 is known to produce acetic acid, so greater

acetic acid would be expected. However, this was the case

Table 2 e Fermentation products and pH for sorghum in subsample parcels after anaerobic storagea and two or seven days
of aerobic exposure.

Silo
bag no.

Treatment Sorghum
type

At removal from storage After 2-days aerobic exposure After 7-days aerobic exposure

Fermentation products, g kg�1 Fermentation products, g kg�1 Fermentation products, g kg�1

Lactic
acid

Acetic
acid

Total pH Lactic
acid

Acetic
acid

Total pH Lactic
acid

Acetic
acid

Total pH

Bag 1a Control Sweet 16.1 0.6a 16.7a 4.3 15.6a 0.1 15.6ab 9.0bg 7.5a 0.1 7.5a 5.3

LB þ PPb 35.0 10.7b 45.7b 4.3 33.2b 9.0 42.2b 4.5a 35.2b 10.6 47.5b 4.4

Control Forage 22.7 0.1a 22.7ab 4.2 11.7a 0.1 11.7a 5.3a 4.5a 0.1 4.5a 4.4

LB þ PP 33.8 11.6b 45.5b 4.1 34.8b 7.1 41.9b 4.1a 31.7a 10.3 43.7b 4.2

LSDb 22.1 6.2 27.0 0.2 17.5 14.4 27.3 1.9 21.5 14.8 39.9 1.9

Bag 2a Control Sweet 25.8 5.0a 30.8a 4.5b 37.1 9.0 47.5 4.7 24.2ab 2.2a 26.4a 4.9b

LB þ PP 31.0 5.2a 36.2ab 4.3a 36.7 7.1 43.8 4.3 28.0b 2.7a 30.7ab 4.5a

Control Forage 31.0 8.1ab 41.0b 4.3a 26.1 6.9 34.30 4.5 17.7a 1.4a 19.1a 4.5a

LB þ PP 31.0 8.8b 39.8b 4.2a 33.9 10.8 44.7 4.3 30.7b 10.4b 43.9b 4.4a

LSDc 6.8 3.5 7.8 0.1 13.5 5.7 21.2 0.5 8.1 5.6 13.7 0.2

Control 23.9a 3.4a 27.8a 4.3 22.6a 4.0a 27.3a 5.9bg 13.5a 0.9a 14.4a 4.8

LB þ PP 32.7b 9.1b 41.8b 4.2 34.7b 8.5b 43.2b 4.3a 31.4b 8.5b 41.5b 4.4

LSDd 7.4 2.2 8.9 0.1 6.0 4.2 9.4 0.5 6.3 4.3 11.5 0.5

Low DM 26.9 5.7 32.7 4.2 23.8a 4.0a 27.9a 5.7bg 19.7 5.2 25.8 4.6

High DM 29.7 6.8 37.0 4.3 33.5b 8.5b 42.6b 4.5a 25.2 4.2 30.0 4.6

LSDe 7.4 2.2 8.9 0.1 6.0 4.2 9.4 0.5 6.3 4.3 11.5 0.5

Sweet 27.0 5.4 32.4 4.3 24.4 4.5 28.9 5.6bg 21.4 5.3 26.7 4.8

Forage 29.6 7.10 37.2 4.2 26.6 6.2 32.8 4.6a 21.2 5.5 26.7 4.4

LSDf 7.4 2.2 8.9 0.1 6.0 4.2 9.4 0.5 6.3 4.3 11.5 0.5

a Stored on September 23 and 30, 2010 and removed after 211 and 218 days, respectively. Average DM content for bag 1 and 2 was 423 and

451 g kg�1, respectively.

b On-harvester application of approximately 400,000 CFU g�1 Lactobacillus buchneri (LB) and 100,000 CFU g�1 Pediococcus pentosaceus (PP).

c Least significant difference. Mean values followed by different letters in the same column and block are significantly different at 95%

confidence. Each mean is an average of six replicate subsamples per treatment.

d Data from silo bags 1 and 2 was pooled by amendment and analyzed using two-way analysis of variance.

e Data from silo bags 1 and 2 was pooled by DM content and analyzed using two-way analysis of variance.

f Data from silo bags 1 and 2 was pooled by sorghum type and analyzed using two-way analysis of variance.

g Indicates that there was a significant change in pH or total fermentation products during aerobic exposure based on paired t-test.
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only in the lower DM content treatment. Filya [20] ensiled

sorghum in lab-scale mini-silos at 340 g kg�1 DM andmaterial

inoculated with both a homofermentative (Lactobacillus plan-

tarum) and a heterofermentative (L. buchneri) bacterium had

greater lactic and acetic acid production than the control.

Therewas a trend for loss of fermentation products and rise in

pH during aerobic exposure for the control treatment. Similar

results occurred in sorghum ensiled in lab-scale mini-silos

[16]. After seven days of aerobic exposure, inoculated

sorghum had lower pH and greater fermentation products

than the control (Table 2). This is likely the reason why DM

loss during aerobic exposure was less for inoculated sorghum

(Table 1). Fermentation products may be inhibitory to

proposed biochemical processes, but this problem may be

partially overcome by their observed volatility.

The cellulose and hemicellulose content averaged 324 and

227 g kg�1 which is slightly greater than that reported in other

sorghum ensiling research (cellulose and hemicellulose

typically less than 275 and 250 g kg�1, respectively

[13,17,18,21,22,23]) likely because the crop used here was

harvested at hard dough to black layermaturitywhereas other

research used less mature sorghum intended for animal feed

(Table 3). The recovery of these cell wall polysaccharides after

ensiling was very good (Table 3). Ensiling solubilized up to 10%

and 7% of the mass fraction of hemicellulose and cellulose,

respectively. Morrison reported that part of the loss of cell wall

contents can be caused by silage acidic conditions as well as

bymicrobial activity [31]. There were no statistical differences

in loss of cell wall contents between any of the treatments.

Miron et al. [21,22,23] reported slightly lower recovery of

hemicellulose but greater recovery of cellulose than reported

here. Sorghum used in this research was more mature at

harvest and was ensiled at greater DM content which led to

fewer fermentation products (Tables 1 and 2). It is possible

that silage bacteria may have had accessibility difficulties in

fermenting polysaccharides from the more mature and ligni-

fied cell walls of the crop used in this research.

During storage and after aerobic exposure, high DM

sorghum had statistically smaller mold and yeast populations

than low DM sorghum (Table 4). Type of sorghum had no

significant effect on mold and yeast populations. There was

a strong trend for inoculated sorghum to have smaller yeast

and mold populations, but this was only statistically signifi-

cant after seven days exposure. Yeast andmold populations of

sorghum inoculated with a homo- and heterofermentative

bacterium were also less than the untreated control at

removal from storage and after five days of aerobic exposure

[19,20]. Mold and yeast populations at removal from storage

for sorghum ensiled in lab-scale mini-silos were less than 4

log 10 CFU g�1 [16,18,19,20]. Themold and yeast populations at

removal from storage averaged 5.5 and 4.4 log 10 CFU g�1,

respectively (Table 4). The greater populations of these fungi

found in this research could have been due to smaller levels of

fermentation products produced by the greater DM content.

Table 3 e Initial and recovery of cellulose and hemicellulose for sorghum in subsample parcels after anaerobic storage.a

Silo bag no. Treatment Sorghum type Into storage. g kg�1 Mass recoveryg

Cellulose Hemicellulose Cellulose Hemicellulose

Bag 1a Control Sweet 328 228 0.93 0.98

LB þ PPb 303 221 0.97 0.97

Control Forage 348 248 0.98 0.97

LB þ PP 326 252 1.02 0.99

LSDc 51 43 0.17 0.15

Bag 2a Control Sweet 329 220 0.94 0.93

LB þ PP 320 216 0.98 0.90

Control Forage 328 223 1.01 0.99

LB þ PP 313 211 1.01 1.01

LSDc 30 23 0.09 0.17

Control 333 230 0.96 0.97

LB þ PP 315 225 0.99 0.97

LSDd 21 17 0.07 0.08

Low DM 326 237b 0.97 0.98

High DM 323 218a 0.98 0.96

LSDe 21 17 0.07 0.08

Sweet 320 221 0.95 0.94

Forage 329 234 1.00 0.99

LSDf 21 17 0.07 0.08

a Stored on September 23 and 30, 2010 and removed after 211 and 218 days, respectively. Average DM content for bag 1 and 2 was 423 and

451 g kg�1, respectively.

b On-harvester application of approximately 400,000 CFU g�1 Lactobacillus buchneri (LB) and 100,000 CFU g�1 Pediococcus pentosaceus (PP).

c Least significant difference. Mean values followed by different letters in the same column and block are significantly different at 95%

confidence. Each mean is an average of six replicate subsamples per treatment.

d Data from silo bags 1 and 2 was pooled by amendment and analyzed using two-way analysis of variance.

e Data from silo bags 1 and 2 was pooled by DM content and analyzed using two-way analysis of variance.

f Data from silo bags 1 and 2 was pooled by sorghum type and analyzed using two-way analysis of variance.

g Recovery of constituent ¼ (final mass/initial mass) � (1 � DM loss).
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Also, sorghum used in this study was not hand-harvested

from standing crop, but was machine harvested from the

swath. Field wilting for several days and picking the swath off

the ground at harvest could have inoculated the crop with

these fungi prior to storage.

Shortly after the silo bags were sealed, the temperature

increased quickly during the aerobic phase (Fig. 1). Once this

aerobic phase was over, temperatures gradually declined and

stabilized for the remainder of the storage period. Tempera-

ture histories of this type indicate that stable conditions

existed in the bag silos during the storage period [32].

Both sorghum types were relatively stable during the first

two days of aerobic exposure (Table 5). The forage sorghum

temperaturewas slightlymore stable than the sweet sorghum

over the seven day exposure period. The high DM content

sorghums heated less than the low DM content sorghums

because theyhadslightly greater fermentationproducts (Table

2) and had less water to support biological activity. The mate-

rial inoculated with LB þ PP was more stable in those circum-

stances when heating did occur in the control treatment.

Subsample parcels located closer to the container surface

heated more than those buried deeper in the material (Fig. 2).

4. Discussion

Biomass feedstock transportation costs can be reduced when

the dry mass transported is maximized. From this standpoint,

conserving biomass feedstocks by anaerobic storage at DM

contents of 500e600 g kg�1 would be desirable provided

storage conservation and aerobic stability can be achieved. In

Table 4 e Mold and yeast populations in sorghum subsample parcels after anaerobic storagea and two or seven days of
aerobic exposure.

Silo bag no. Treatment Sorghum type At removal After aerobic exposure

2-Day 7-Day

Mold Yeast Mold Yeast Mold Yeast

Log 10 (CFU g�1)

Bag 6a Control Sweet 7.1 6.1b 7.5 6.5 7.0ab 7.2ab

LB þ PPb 5.8 3.9a 5.7 4.7 5.5a 5.2ab

Control Forage 6.3 3.8a 6.2 5.7 8.5b 7.4b

LB þ PP 5.4 5.1ab 5.6 4.0 6.0a 4.0a

LSDc 2.6 2.0 3.4 4.0 1.6 3.3

Bag 7a Control Sweet 4.9 4.7 4.5 4.3 6.0 3.5ab

LB þ PP 5.3 4.0 3.2 3.0 5.7 3.0a

Control Forage 4.7 4.4 5.1 3.0 4.9 4.5b

LB þ PP 3.8 3.0 4.7 3.4 3.7 3.0a

LSDc 2.3 2.6 2.8 1.5 3.6 1.2

Control 5.8 4.8 5.8 4.9 6.6 5.7b

LB þ PP 5.1 4.0 4.8 3.8 5.2a 3.8a

LSDd 1.1 1.0 1.2 1.2 1.1 1.0

Low DM 6.2b 4.7 6.3b 5.2b 6.8b 6.0b

High DM 4.7a 4.0 4.4a 3.4a 5.1a 3.5a

LSDe 1.1 1.0 1.2 1.2 1.1 1.0

Sweet 5.8 4.7 5.2 4.6 6.1 4.7

Forage 5.1 4.1 5.4 4.0 5.8 4.7

LSDf 1.1 1.0 1.2 1.2 1.1 1.0

a Stored on September 23 and 30, 2010 and removed after 211 and 218 days, respectively. Average DM content for bag 1 and 2 was 423 and

541 g kg�1, respectively.

b On-harvester application of approximately 400,000 CFU g�1 Lactobacillus buchneri (LB) and 100,000 CFU g�1 Pediococcus pentosaceus (PP).

c Least significant difference. Mean values followed by different letters in the same column and block are significantly different at 95%

confidence. Each mean is an average of six replicate subsamples per treatment.

d Data from silo bags 1 and 2 was pooled by amendment and analyzed using two-way analysis of variance.

e Data from silo bags 1 and 2 was pooled by DM content and analyzed using two-way analysis of variance.

f Data from silo bags 1 and 2 was pooled by sorghum type and analyzed using two-way analysis of variance.
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Fig. 1 e Temperature history of sweet sorghum with or

without application of Lactobacillus buchneri (LB) and

Pediococcus pentosaceus (PP), stored in silo bags at DM

contents of 430 and 514 g kgL1 (low and high DM,

respectively).
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our research, sorghum was well conserved by anaerobic

storage even when the DM was greater than 550 g kg�1.

Sorghum DM lost during storage was generally less than

40 g kg�1 DM (Table 1). Losses of DM during aerobic exposure

were small, averaging 7 and 11 g kg�1 DM during two- and

seven day exposure durations. It is likely that most feedstocks

would be consumed in that time given the mass input

requirements of large scale biorefineries. The temperature of

sorghum without inoculation occasionally increased rapidly

after several days of aerobic exposure (Table 5, Fig. 2). Inocu-

lation with a combination of homofermentative (P. pentosa-

ceus) and heterofermentative (L. buchneri) bacterium increased

the production of both lactic and acetic acid during storage

(Table 2), produced lower yeast and mold populations during

aerobic exposure (Table 4) and improved aerobic stability so

that little heating occurred in inoculated sorghum (Table 5,

Fig. 2). Biorefineries desire feedstocks with very consistent

properties. The DM content of material removed after many

months of anaerobic storage was similar to the harvested DM

(Table 1) and the spatial distribution within the silo bag was

uniform [26]. Recovery of cell wall contents at storage was

very good (Table 3). Moist biomass crops stored anaerobically

in silo bags should produce a more desirable feedstock than

outdoor stored bales because of lower losses and more

consistent properties.

5. Conclusions

Anaerobic storage of high DM sorghum successfully

conserved sorghum biomass with DM losses during storage

generally less than 40 g kg�1 DM. On-harvester application of

the bacterial inoculants improved the aerobic stability of

sorghum silage after removal from storage. Anaerobic storage

of chopped, inoculated, high DM,mature sorghumwas shown

to be a viable cellulosic biomass feedstock logistics system.
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