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

anaerobic storage system to conserve mature, high dry matter (DM) switchgrass and reed

canarygrass intended as cellulosic biomass feedstocks. The grasses were anaerobically

stored in farm-scale silo bags for over 220 days. Switchgrass DM content was either 459 or

566 g kg�1 and reed canarygrass DM content was 525 g kg�1. Average storage losses were 27

and 22 g kg�1 of DM for switchgrass and reed canarygrass, respectively. Additional DM loss

after two- and seven-day aerobic exposure was 16 and 23 g kg�1 or 11 and 19 g kg�1 for

switchgrass and reed canarygrass, respectively. On-harvester inoculation with a combi-

nation of homofermentative (Pediococcus pentosaceus) and heterofermentative (Lactobacillus

buchneri) bacterium increased the production of both lactic and acetic acid during storage

and in some situations produced lower yeast and mold populations during aerobic expo-

sure. Inoculation improved aerobic stability in reed canarygrass and the high DM switch-

grass. Fermentation products were less than 25 g kg�1 for both grasses. Average recovery of

cellulose and hemicellulose was 97% of initial mass. Anaerobic storage of chopped, inoc-

ulated, high DM, mature perennial grasses was shown to be a viable cellulosic biomass

feedstock logistics system.

ª 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Perennial grasses intended as cellulosic biomass feedstocks

are typically stored aerobically as dry bales. When dry bales

will bemade, themass fraction of watermust be less than 20%

to reduce the risk of detrimental biological activity in the

stored bales [1,2]. Although perennial grasses like switchgrass

(SWG) and reed canarygrass (RCG) dry more readily than

typical forage crops [1], field drying of perennial grasses har-

vested late in the season can still be difficult because of high
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yields and poor ambient conditions at harvest [1]. Field drying

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

timeliness. Drying of cellulose microfibrils results in the irre-

versible shrinking of the pore space and reduces the acces-

sible surface area resulting in a feedstock that is more

resistant to enzymatic degradation [3]. Alternatively, har-

vesting moist perennial grasses 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 hornification; and
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reduce biorefinery water requirements. Direct-cut harvest

may also be possible with this system, which would further

improve timeliness, reduce weather risk and decrease chan-

ces for soil contamination. The above listed attributes must

more than offset the added cost of transporting material with

low-bulk density and high-moisture, both of which reduces

the mass of dry matter (DM) shipped per truckload.

By size-reducing and processing grasses in the field with

existing forage harvesting equipment and sending a uniform

product to the storage site or biorefinery, the complexities

associated with processing dry bales are eliminated [4]. Moist

feedstocks 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 acrossmore land area and time compared

to dry bale equipment [5e7].

When the reduction in value from storage losses of outdoor

stored bales is considered, the total cost of bales stored out-

doors may bemore than other more capital intensive systems

[5e7]. Greater material degradation and DM loss occurs as the

bales are stored longer. However, feedstocks will be needed

during months outside of their seasonal availability; so long

storage periods will be required [8]. DM losses of SWG ranged

from 50 to 130 g kg�1 for bales stored outdoors over 12 months

in Pennsylvania [9]. Dry bales of SWG and RCG stored outdoors

for 9e11 months averaged 75, 87 and 149 g kg�1 DM loss for

bales wrapped with net wrap, plastic twine, and sisal twine,

respectively [1].

Storing biomass feedstocks anaerobically as silage is one

way to ensure feedstock conservation for an extended period

of time [1,2,10]. Average DM losses of 11 g kg�1 were achieved

in ensiled bales of SWG and RCG between 530 and 660 g kg�1

DM content [1]. Low DM losses (between 10 and 50 g kg�1) for

ensiled,moist corn stover have been achieved at both lab- and

farm-scale [2,10e12]. The addition of biological amendments

to corn stover before ensiling improved conservation [11]. In

addition to conserving feedstock value during storage, care

needs to be taken to minimize aerobic degradation once the

feedstock is removed from storage. Little research has been

conducted on the aerobic stability of ensiled biomass feed-

stocks, however aerobic spoilage during feed-out has been

known to represent up to 30e40% of total animal feed DM [13].

Biomass feedstocks must be transported off the farm and

transportation costs can be reduced when the dry mass

transported is maximized. From this standpoint, conserving

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

content was shown to be economically desirable [7]. However,

there is little published research concerning the on-farm

conservation of chopped, mature SWG or RCG intended as a

biomass feedstock at these DM contents. Research concerning

conservation of perennial grasses intended as a biomass

feedstock by ensiling has been limited, with most work using

SWG or RCG at DM contents less than 500 g kg�1 [14e17].

The objectives of this research were to quantify the

anaerobic storage characteristics of high DM content, mature

SWG and RCG intended as biomass feedstocks; 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 perennial grass

feedstocks at removal from storage.
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2. Materials and methods

2.1. Harvest

The two perennial grasses were used (RCG e Phalaris arundi-

nacea e Palaton variety and SWG e Panicum virgatum L. e

Shawnee variety) which were established in 2005 [1]. Two DM

contents were targeted at harvest: approximately 600 and

500 g kg�1 (high and low DM content). The RCG and SWGwere

cut and swathed using a John Deeremodel 4990 windrower on

August 31 and September 18, 2010, respectively. The grasses

required one day of field wilting to achieve the target DM

contents. After field wilting, the crop was harvested the day

after cutting with a John Deere model 7800 self-propelled

forage harvester (SPFH) equipped with a windrow pick-up. A

heavy rainstorm prevented the harvest of the high DM RCG.

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

Crop yield averaged 7.4 and 8.5 Mg DM ha-1 for the RCG and

SWG, respectively. Both grasses were mature at harvest and

were in the seed ripening stage [18].

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 PP and

400,000 cfu/g 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 [19].
2.2. Storage and removal

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

Bag model CT-5 bagger [20]. Harvested material was trans-

ported to the storage location, and randomly collected sub-

samples of about 2 kg were placed into polypropylene mesh

bags measuring 53 cm by 80 cmwith 10mmmesh (McMaster-

Carr part no. 9883T53). Before placing these replicate sub-

sample parcels into the silo bag to quantify storage charac-

teristics, four 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

60 �C for 72 h for constituent determination, following ASABE

Standard S358.2 [21]. Wireless temperature data loggers

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

monitor 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 0.005 kg. Six replicate parcels

were used in each treatment.

Two silo bags were made, one each for the RCG and SWG.

The RCG silo bag contained only the low DM content material

with LB þ PP treated material and the untreated control. The

SWG bag had these two treatments at the two targeted DM

contents. In either bag, 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.
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Table 1 e Switchgrass and reed canarygrass DM content and DM loss in subsample parcels during anaerobic storage and
additional DM loss after two or seven days of aerobic exposure.

Crop type and silo bag
no.

Treatment DM content g kg�1 DM losses g kg�1

Stored Removed Storage Aerobic exposure duration

2-day 7-day

Switchgrass

Bag 1a Control 445a 450a 34 24 13a

LB þ PPc 472b 477b 23 16 24ab

Control 596d 589d 26 10 38b

LB þ PP 536c 543c 23 15 17ab

LSDd 25 23 21 18 22

Control 521 520 30 17 26

LB þ PP 504 510 23 16 21

LSDe 17 16 15 12 15

Low DM 459a 464a 29 20 19

High DM 566b 566b 25 13 28

LSDf 17 16 15 12 15

Reed Canarygrass

Bag 2b Control 529 530 26 15 31

LB þ PP 522 534 17 6 6

LSDd 19 11 31 17 34

a Stored on September 8, 2010 and removed after 222 days.
b Stored on August 31, 2010 and removed after 230 days.
c On-harvester application of approximately 400,000 cfu/g Lactobacillus buchneri (LB) and 100,000 cfu/g Pediococcus pentosaceus (PP).
d Least significant difference. Mean values followed by different letters in the same column are significantly different at 95% confidence.
e Data pooled by treatment and analyzed using two-way analysis of variance.
f Data pooled by DM content and analyzed using two-way analysis of variance.
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The silo bags were opened and material removed on April

18, 2011 after 230 and 222 days in storage for the RCG and

SWG, respectively. As the silo bags were deconstructed at the

end of the storage period, the subsample parcels were recov-

ered; the parcels weighed to the nearest 0.005 kg; 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 [21]. Another subsample was collected

and refrigerated for later analysis of mold and yeast pop-

ulations by Rock River Labs (Watertown, WI). A final sub-

sample was taken and frozen for later analysis of pH and

fermentation products by Rock River Labs. Constituent anal-

ysis consisted of ash corrected neutral detergent fiber (NDF);

ash corrected acid detergent fiber (ADF); and ash corrected

lignin (ADL); using the crucible method [22]. Hemicellulose

was estimated by difference between NDF and ADF; and cel-

lulose was estimated by difference between ADF and ADL.

Fermentation products were quantified using high perfor-

mance liquid chromatography.

2.3. Aerobic stability

As thematerial was removed, portions of each treatmentwere

loaded into 200 liters plastic barrels. A total of four barrels

were filled for each 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
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subsample parcel with temperature data logger was placed

into the barrel. The subsample parcels were approximately 10

and 45 cm from the material surface for the shallow and deep

positions, respectively. The barrel was then filled level full and

left uncovered. The barrels were loosely filled and material

was not compacted creating a final DM density of

80e90 kg m�3. The barrels were stored indoors in a ventilated

shed for two or seven days. Procedures for sampling from the

subsample parcels after the aerobic exposure period were

similar to that previously described.

Heating in the material during aerobic exposure was

quantified by heating degree days accumulated over the aer-

obic 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 ex-

periments 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. All statistical differences
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Table 2 e Fermentation products and pH for switchgrass and reed canarygrass in subsample parcels after anaerobic
storage and two or seven days of aerobic exposure.

Crop type and
silo bag no.

Treatment DM
Contenta

At removal from storage pH After 2-days
aerobic exposure

pH After 7-days
aerobic exposure

pH

Fermentation
products . g kg�1

Fermentation
products . g$kg�1

Fermentation
products . g$kg�1

Lactic
acid

Acetic
acid

Total Lactic
acid

Acetic
acid

Total Lactic
acid

Acetic
acid

Total

Switchgrass

Bag 1a Control Low 1.6a 6.0 7.6ab 5.2 2.5a 4.2a 6.7a 6.2 e e e 6.2

LB þ PPc 3.4a 15.2 18.6bc 5.0 3.6a 17.9b 21.5b 5.4 e 3.4 3.4 6.4

Control High 5.2a eg 5.2a 4.8 e e e 5.7 1.3 e 1.3 7.7

LB þ PP 12.9b 9.5 22.4c 4.7 13.5b 8.0a 21.5b 5.2 e e e 5.8

LSDd 7.4 11.5 13.0 0.7 6.7 4.9 9.3 1.9 10.1 3.6

Control 3.4 3.0a 6.4a 5.0 1.3a 2.1a 3.4a 6.0 0.7 e 0.7 7.0

LB þ PP 8.2 12.4b 20.5b 4.9 8.6b 13.0b 21.5b 5.3 e 1.7 1.7 6.1

LSDe 5.1 7.9 8.6 0.5 4.0 3.1 5.8 1.2 4.0 2.2

Low DM 2.5a 10.6 13.1 5.1 3.1 11.1b 14.2 5.8 e 1.7 1.7 6.3

High DM 9.1b 5.0 14.0 4.8 6.8 4.0a 10.8 5.5 0.7 e 0.7 6.8

LSDf 5.1 7.9 8.6 0.5 4.0 3.0 6.0 1.2 0.4 2.2

Reed Canarygrass

Bag 2b Control 9.2 e 9.2a 4.4 6.7 e 6.7 4.9a 4.9 2.5 7.4 5.6

LB þ PP 10.9 9.0 22.1b 4.4 5.7 2.0 7.7 5.7b 11.0 4.3 15.3 5.1

LSDd 4.7 7.5 0.2 7.0 12.0 0.4 9.3 8.0 13.0 2.5

a Stored on September 8, 2010 and removed after 222 days. Low and high DM contents were 459 and 566 g kg�1, respectively.
b Stored on August 31, 2010 and removed after 230 days. Average DM content was 526 g kg�1.
c On-harvester application of approximately 400,000 cfu/g Lactobacillus buchneri (LB) and 100,000 cfu/g Pediococcus pentosaceus (PP).
d Least significant difference. Mean values followed by different letters in the same column are significantly different at 95% confidence.
e Data pooled by treatment and analyzed using two-way analysis of variance.
f Data pooled by DM content and analyzed using two-way analysis of variance.
g Acid content was below detectable level of the assay.
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were based on a least significant difference (LSD) with a

probability of 0.95 [23].
3. Results

The geometric mean particle-size (GMPS) was 9 and 12 mm

and the dry density of the chopped material in the silo bags

was 128 and 173 kg m�3 for the RCG and SWG treatments,

respectively.

Both grasses were well conserved during anaerobic storage

with average storage losses of 24 g kg�1 of DM (Table 1).

Additional DM losses after two- and seven-day aerobic expo-

sure averaged 13 and 21 g kg�1 of DM, respectively. Amend-

ment and DM content had no significant effect on storage

losses when data was pooled and analyzed by treatment.

Losses during the two aerobic exposure durations were

generally not affected by the treatments considered. Losses of

ryegrass harvested at DM contents similar to those used in

this research and stored in lab-scalemini-silos ranged from 16

to 55 g kg�1 [24,25]. Ryegrass inoculated with LB þ PP had

slightly smaller DM losses than the control [25]. Losses of

mature SWG and RCG bales wrapped in plastic film and

ensiled at 510e660 g kg�1 DM ranged from 3 to 20 g kg�1 of DM

[1]. Losses of mature SWG and RCG chopped and stored in silo

bags at 330e410 g kg�1 DM ranged from 3 to 37 g kg�1 of DM

[17].

The pH of SWG and RCG removed from storage averaged

4.9 and 4.4, respectively (Table 2). Low protein crops like SWG
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and RCG have less buffering capacity than high protein crops

like alfalfa, which may be one reason for the relatively low pH

despite the relatively small quantities of fermentation prod-

ucts produced [26]. Buffering capacity also declines with grass

maturity [26] and both SWG and RCGwere at the seed ripening

maturity stage when harvested. Both SWG and RCG inocu-

lated with LB þ PP produced significantly more total fermen-

tation products than untreated controls primarily because of

greater acetic acid production. L. buchneri 40788 is known to

produce acetic acid, so more acetic acid would be expected

with inoculation. An end product of P. pentosaceus 12455

metabolism is lactic acid, so inoculation should have resulted

in greater lactic acid production. Although inoculated grasses

did have numerically greater lactic acid production, the

means were not statistically different from the controls. After

two days of aerobic exposure, the control SWG had a signifi-

cantly less acid remaining than the inoculated material. After

seven days of aerobic exposure, the acids from both SWG

treatments had were almost completely degraded and vola-

tilized, while RCG did maintain some acids. Acids produced

during fermentation are one of the most abundant groups of

compounds emitted from aerobically exposed silages and

both lactic and acetic acid are particularly prone to volatili-

zation [27]. Also, during aerobic deterioration proteins and

amino acids are being broken down to ammonia, permitting

the pH to rise above 7.0. After seven days of aerobic exposure,

the high DMSWGhad a pH of 7.7 (Table 2) but also the greatest

losses and heating (Tables 1 and 5), so the greatest increase in

pH was observed.
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Table 3 e Initial and recovery of cellulose and hemicellulose for switchgrass and reed canarygrass in subsample parcels
after anaerobic storage.

Crop type and silo
bag no.

Treatment DM
Contenta

Into storage . g kg�1 Recoveryg

Cellulose Hemicellulose Cellulose Hemicellulose

Switchgrass

Bag 1a Control Low 388a 288 0.94 1.10

LB þ PPc 380a 280 0.91 1.12

Control High 401ab 274 0.94 1.06

LB þ PP 424b 288 0.93 1.03

LSDd 23 18 0.10 0.16

Control 395 281 0.94 1.08

LB þ PP 402 284 0.92 1.08

LSDe 16 13 0.07 0.12

Low DM 384a 284 0.93 1.11

High DM 413b 281 0.93 1.04

LSDf 16 13 0.07 0.12

Reed Canarygrass

Bag 2b Control 364 302 0.98 0.93

LB þ PP 369 316 0.94 0.93

LSDd 7 26 0.05 0.21

a Stored on September 8, 2010 and removed after 222 days. Low and high DM contents were 459 and 566 g kg�1, respectively.
b Stored on August 31, 2010 and removed after 230 days. Average DM content was 526 g kg�1.
c On-harvester application of approximately 400,000 cfu/g Lactobacillus buchneri (LB) and 100,000 cfu/g Pediococcus pentosaceus (PP).
d Least significant difference. Mean values followed by different letters in the same column are significantly different at 95% confidence.
e Data pooled by treatment and analyzed using two-way analysis of variance.
f Data pooled by DM content and analyzed using two-way analysis of variance.
g Recovery of constituent ¼ (final/initial)*(1-DM loss).
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The average ash content was 66 and 107 g kg�1 of DM for

SWG and RCG, respectively. Standing SWG and RCG ash con-

tent typically ranges between 40e50 and 70e80 g kg�1,

respectively [28], so soil contamination at cutting and picking
Table 4 eMold and yeast populations in switchgrass and reed
two or seven days of aerobic exposure.

Crop type and silo
bag no.

Treatment DM
contenta At removal Afte

Mold Yeast

Switchgrass

Bag 1a Control Low 6.3 6.3

LB þ PPc 5.2 4.5

Control High 5.0 6.0

LB þ PP 4.8 4.6

LSDd 3.2 2.1

Control 5.7 6.2b

LB þ PP 5.0 4.6a

LSDe 2.2 1.4

Low DM 5.8b 5.4

High DM 4.9a 5.3

LSDf 2.2 1.4

Reed Canarygrass

Bag 2b Control 6.7 6.9

LB þ PP 5.7 5.8

LSDd 1.9 3.5

a Stored on September 8, 2010 and removed after 222 days. Low and high
b Stored on August 31, 2010 and removed after 230 days. Average DM co
c On-harvester application of approximately 400,000 cfu/g Lactobacillus b
d Least significant difference. Mean values followed by different letters i
e Data pooled by treatment and analyzed using two-way analysis of vari
f Data pooled by DM content and analyzed using two-way analysis of va
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up likely accounts for these differences. The cellulose and

hemicellulose content of SWG was slightly greater than that

reported in other SWG ensiling research while RCG was

similar to other publish values [1,28,29] (Table 3). The recovery
canarygrass subsample parcels after anaerobic storage and

Mold or yeast population . log (CFU/g)

r 2-days aerobic exposure After 7-days aerobic exposure

Mold Yeast Mold Yeast

7.3b 6.3 ab 6.0a 7.8b

5.3a 5.3a 6.5a 7.2 ab

6.5 ab 8.0b 6.4a 7.6b

5.8a 5.7a 7.4b 6.5a

1.3 2.1 0.8 1.1

6.9b 7.2b 6.2a 7.7b

5.6a 5.5a 7.0b 6.9a

0.8 1.3 0.5 0.7

6.3 5.8 6.3 7.5

6.2 6.9 6.9 7.1

0.8 1.3 0.5 0.7

3.0a 8.4b 6.6 7.3b

7.2b 6.5a 6.0 5.0a

1.1 0.8 1.6 1.9

DM contents were 459 and 566 g kg�1, respectively.

ntent was 526 g kg�1.

uchneri (LB) and 100,000 cfu/g Pediococcus pentosaceus (PP).

n the same column are significantly different at 95% confidence.

ance.

riance.
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Table 5 e Aerobic stability as quantified by heating degree days (�C) during two aerobic exposure durations.

Crop type DM contenta

g kg�1
Treatment Aerobic exposure duration

2 Days 7 Days

Container positionc Container positionc

Shallow Deep Shallow Deep

Switchgrass 444 Control 1 0 0 0

472 LB þ PPb 0 0 0 0

596 Control 3 6 77 59

536 LB þ PP 0 0 4 11

Reed Canarygrass 536 Control 1 0 75 53

545 LB þ PP 7 2 11 16

a Dry matter (DM) content of subsample parcels at the beginning of the aerobic exposure.
b On-harvester application of approximately 400,000 cfu/g Lactobacillus buchneri (LB) and 100,000 cfu/g Pediococcus pentosaceus (PP).
c The subsample parcels were approximately 10 and 45 cm from the material surface for the shallow and deep positions, respectively.
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of these cell wall polysaccharides after ensiling was very good

(Table 3). Ensiling solubilized an average of 7% of SWG cellu-

lose mass, but there were apparent gains in hemicellulose

during storage. This is an unusual result because hemicellu-

lose is generally considered more accessible to silage micro-

organisms than cellulose; however these results are not

without precedence [30]. Recovery ratio of SWG lignin aver-

aged 1.02 and there were no significant differences between

treatments. Ensiling solubilized an average of 4% and 7% of

the mass fraction of RCG cellulose and hemicellulose content,

respectively. Cellulose and hemicellulose recovery of wrapped

and ensiled bales of SWG and RCG at 510e660 g kg�1 DM

ranged from 0.97 to 1.0 for both constituents [1].

Inoculation with LB þ PP significantly reduced yeast colo-

nization during storage in SWG, but not RCG (Table 4). After

two days of aerobic exposure, inoculated SWG had statisti-

cally smaller mold and yeast populations and smaller yeast

populations after seven day exposure. Yeast populations were

significantly less with inoculated RCG after both exposure

durations.

Shortly after the silo bags were sealed, the temperature

increased quickly during the aerobic phase (Fig. 1). The tem-

perature typically peaked within five to seven days during the

aerobic ensiling phase. Once this phase was over, the tem-

peratures gradually declined and stabilized for the remainder

of the storage period. Temperature histories of this type

indicate that stable conditions existed in the bag silos during

the storage period [31].

Both grasseswere relatively stable during the first two days

of aerobic exposure (Table 5). The SWG ensiled at low DM

content was more stable than the high DM SWG or RCG over

the seven day exposure period. The material inoculated with

LBþ PP wasmore stable in those circumstances when heating

did occur in the control treatment. Subsample parcels con-

taining the control treatments of SWG and RCG that were

located closer to the container surface heatedmore than those

buried deeper in the material (Fig. 2).
Fig. 1 e Temperature history of reed canarygrass with or

without application of Lactobacillus buchneri (LB) and

Pediococcus pentosaceus (PP), stored in silo bags at 520 g

kgL1 DM.
4. Discussion

The removal rate of ensiled biomass feedstocks would be

comparatively much faster than animal feed removed from a
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farm silo, so concerns about ensiling at high DM, the resulting

weak fermentation, and potential for aerobic instability

should be mitigated with grasses ensiled at high DM because

the duration of aerobic exposure will be short. Since biomass

feedstocks must be transported off the farm, transportation

costs can be reduced when the dry mass transported is

maximized. From this standpoint, conserving biomass feed-

stocks by anaerobic storage at 500e600 g kg�1 DM would be

desirable provided storage conservation and aerobic stability

can be achieved. In this research, SWG and RCG were well

conserved by anaerobic storage even when DM was greater

than 590 g kg�1. Both SWG and RCG losses were generally

below 35 g kg�1 of DM (Table 1). These losses are much less

than those reported for dry bales stored outdoors [1,9]. Losses

of DM during aerobic exposure were small, averaging 14 and

21 g kg�1 of DM during two- and seven-day exposure dura-

tions. It is likely that most feedstocks would be consumed in

that time given the mass input requirements of large scale

biorefineries. The temperature of low DM content SWG and

RCG without inoculation increased rapidly after several days

of aerobic exposure (Table 5, Fig. 2). On-harvester inoculation

with a combination of homofermentative (P. pentosaceus) and
rm-scale anaerobic storage and aerobic stability of high dry
mass and Bioenergy (2014), http://dx.doi.org/10.1016/
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Fig. 2 e Temperature history of switchgrass with or

without application of Lactobacillus buchneri (LB) and

Pediococcus pentosaceus (PP), at 570 g kgL1 DM content in

subsample parcels located 10 and 45 cm from the exposed

surface (shallow and deep positions, respectively).
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heterofermentative (L. buchneri) bacterium increased the pro-

duction of both lactic and acetic acid during storage (Table 2),

resulted in smaller yeast populations during aerobic exposure

(Table 4) and improved aerobic stability so that little heating

occurred in the inoculated grasses (Table 5, Fig. 2). Based on

the positive results with inoculation, on-harvester application

of the inoculant appeared successful.

Biorefineries desire feedstocks with very consistent prop-

erties. 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 [20]. 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 successfully conserved high DM switch-

grass and reed canarygrass with losses during storage gener-

ally less than 35 g kg�1 of DM. On-harvester application of the

bacterial inoculants improved the aerobic stability of the si-

lages after removal from storage. Anaerobic storage of chop-

ped, inoculated, high DM, mature perennial grasses was

shown to be a viable cellulosic biomass feedstock logistics

system.
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