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■ABSTRACT 

Napier grass (Pennisetum purpureum (L) Schum) is being developed as a bioenergy crop for 

production in the southeastern United States.  Important criteria for selecting a feedstock are 

cost, consistent biomass production, composition, and process related quality.  In this study, we 

considered the effects of fertilizer application and cutting regimes on production yield, chemical 

composition, and process yields.  Napier grass was grown for 4 years in field plots (Shellman, 

GA) with three treatments, which were selected to maximize production yields, and replicated in 

four sub-plots.  The treatments varied by cuttings (one or two) and number of fertilizer 

applications (either all at once or split in two).  It was observed that multiple seasonal cuts 

negatively impacted production yield by 21% over the total 4 years.  Samples from years 2 and 4 

were analyzed for composition.  Glucan, xylan, and acid insoluble lignin differed among the 

samples.  Carbohydrate yields were 11.1 – 25.7 Mg/ha.  Samples were pretreated with low 

moisture ammonia hydroxide (110°C, 2 days) and evaluated for conversion to sugars using 

commercial cellulases as well as to ethanol using separate hydrolysis and fermentation with 

Scheffersomyces stipitis.  Glucose and xylose yields were 317-379 kg/Mg and 141 – 164 kg/Mg, 

respectively for years 2 and 4.  Ethanol yields were 268 – 313 L/Mg or 61.3 – 79.3% of 

maximum.  This equates to annual ethanol yields of 5.9 – 12.8 m3/ha.  Ethanol yields for year 4 

were over 50% higher for the crop harvested in winter versus the crops harvested in summer and 

winter.  Ethanol production per hectare from winter harvested Napier grass is comparable to 

grain-based biofuel crops.   

 

Key Words:  Bioenergy crop, warm season grasses, pretreatment, xylose fermentation, 
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■SYNOPSIS 

High bioethanol yields per hectare were achieved using Napier grass grown in the Southeast 
U.S.A. under proper crop management practices and processing technologies.   

 

■INTRODUCTION 

Napier grass (Pennisetum purpureum Schum) is being developed as a dedicated bioenergy crop 

by the USDA for production in the Southeast.  It is valued as a forage in tropical regions of 

South America and Africa because of its very high productivity.  Napier grass is also known as 

elephant grass (and Uganda grass).  Annual production yields have exceeded 50 Mg/ha in studies 

from Puerto Rico and Thailand 1, 2 and up to 30 Mg/ha in the southeastern U.S..3  Merkeron 

Napier grass also achieves full yield in the first year of establishment 4, 5, grows on a wide range 

of soils 6, is drought tolerant 7 and well suited for production in low input production systems 5.  

Furthermore, its productivity easily exceeds that of giant Miscanthus (M. × giganteus Greef et 

Deu ex. Hodkinson et Renvoize) (11 Mg/ha), Alamo switchgrass (Panicum virgatum L.) (23 

Mg/ha) 8, and Bermuda grass (Cynodon sp.).9  This study compares production and 

bioconversion of field grown Napier grass to bioethanol using three different crop management 

strategies.   

The need for biofuels has never been greater than today.  Over 85% of annual energy demand is 

met using fossil fuels, and the annual production of greenhouse gases continues to grow 10.  The 

U.N. estimates that without further action, the mean temperature of the Earth will rise 2.9-3.4°C 

by 2100 from preindustrial levels at great cost to society.11  Implementing advanced biofuels is 

one tool for disrupting this trend.11  Life cycle analysis estimates switchgrass-derived ethanol 

would have a 540% renewable energy balance and 94% lower greenhouse gas emissions than 

gasoline.12  Liquid biofuels can help to abate growing greenhouse gas emissions by 

decarbonizing vehicles and heavy load bearing equipment and jets that are not amendable to 

running on electricity.  Ethanol can be blended directly with gasoline for automobiles or 

upgraded to aviation fuel.13  In the USA, over 1 billion tons of biomass could be generated 

annually, which should be enough to substitute for 30% of our petroleum.   

Napier grass and other warm season perennial grasses grown as dedicated bioenergy crops are an 

important component of the envisioned biomass supply.  It has been estimated that at $60 per 
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U.S. ton, an estimated 282 million dry US tons (256,000 Tg) could be available by 2022.14  

Plantings in the Georgia Coastal Plain alone could produce 2.2 – 9.4 Tg/year.15  Advantages to 

growing perennial grasses include the utilization of marginal farm land, requirement for low 

energy inputs, and enhancement  of soil organic contents.16  Napier grass is also well suited for 

use in conservation buffers to reduce nitrogen flow into waterways and diversifying agricultural 

landscapes.7  

Bioprocessing of herbaceous biomass into ethanol is a multistep process.17  At the biorefinery, 

the biomass is milled for size reduction, pretreated to reduce recalcitrance to enzymatic 

processing, and hydrolyzed with enzymes to extract cell wall carbohydrates as monosaccharides, 

mostly glucose and xylose.18  Pretreatment is the central and most expensive processing step and 

necessary to obtain suitable sugar yields.19  There are numerous pretreatments to choose from 

that incorporate physical, acid or alkaline based catalysts, or solvent effects, or a combination of 

all of these.18, 20, 21  In general, alkaline based pretreatments are very effective on herbaceous 

biomass.22-24  Low moisture ammonia (LMA) pretreatment is a newly developed method that has 

several advantages compared to competing pretreatments.25  The process is relatively simple.  

Biomass is mixed with (here) concentrated ammonium hydroxide and incubated above 100°C for 

an extended time in a static reactor.  Next, the ammonia is removed though an evaporative 

process and captured for reuse while the biomass is directly hydrolyzed with cellulases and 

hemicellulases.  Because the NH4OH is concentrated, the water content of the biomass is kept 

low, which allows for more efficient heating of biomass (less water to heat), convenient removal 

of the ammonia, and high solids hydrolysis, which can allow for higher sugar concentrations.  

Static heating saves energy and unit operation cost; the biomass and ammonia can be mixed in an 

auger prior to entering the reactor.26  Third, sugars produced using LMA pretreatment do not 

inhibit fermentation, which avoids the need for expensive conditioning steps and simplifies the 

mass balance.23  These were important factors in this study, as 36 samples were processed to 

ethanol.  Finally, LMA pretreatment has been successfully scaled by researchers at the ARS 

Eastern Regional Research Center located in PA, USA.26 

Once sugars are extracted, they are fermented to ethanol.  Traditional distillers’ yeast 

(Saccharomyces cerevisiae) is unable to ferment xylose.27  Therefore, it is necessary to ferment 

the sugars using either a genetically engineered microorganism or native xylose fermenting 
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yeast.  Hydrolysis and fermentation can be conducted as separate operations (separate hydrolysis 

and fermentation, SHF) or together in the same tank (simultaneous saccharification and 

fermentation, SSF).28  The advantage of performing them separately is that it avoids introducing 

unfermentable solids (e.g. lignin) into the bioreactor and allows for the biocatalyst to be 

recovered and possibly marketed as a high-protein animal feed.  SSF used to be preferred 

because it avoids sugar inhibition of cellulases; however, newer formulations of cellulases are 

less susceptible to this failing.  SSF also avoids concerns around microbial spoilage of sugars 

during hydrolysis and reduces osmotic stress during the fermentation for concentrated sugar 

streams.  In this study, SHF was conducted using an adaptive laboratory evolved native xylose-

fermenting yeast (Scheffersomyces (formerly Pichia) stipitis).29 

This study addresses research gaps at the nexus of production and processing.  These are the 

interaction between crop management and processing quality, the interdependence of biofuel 

yield per hectare on biomass production versus process quality, and empirically determined 

ethanol yields based upon replicated field grown samples.  Past field studies of Napier grass were 

limited to biomass production or used a general estimate of ethanol yield.3  For this study, Napier 

grass was grown for four years under three different crop management strategies with four field 

replicates that included a winter cutting or summer and winter cuttings.  The harvested biomass 

from years 2 and 4 were compared for composition and theoretical (e.g. maximum possible) 

ethanol yields on a mass basis.  The samples were further processed to ethanol by separate 

hydrolysis and yeast fermentation following pretreatment using LMA.  Finally, ethanol yields on 

a land basis were compared for the three treatments.  The results allowed us to determine the 

effect of cutting strategies on process quality of the biomass and tradeoff between production and 

quality traits in terms of ethanol yield.  

■EXPERIMENTAL SECTION 

Materials.  Chemicals were research grade and purchased from Fisher Scientific and Sigma 

Aldrich Chemicals.  Cellulase (140 mg protein/ml CTEC3) and hemicellulase (HTEC2, 109 mg 

protein/ml) were kindly donated by Novozymes, Inc.  Enzyme activities were measured using a 

standard method.30  Scheffersomyces stipitis yeast strain Y-50871 (ARS Culture Collection, 

Peoria, IL) was used for fermentations.29   
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Napier grass Samples. Five-cm pots of Napiergrass (Pennisetum purpureum Schum) variety 

Merkeron cuttings were propagated in the fall of 2009 in the greenhouse and transplanted into 10 

m rows (9 plants/row) in Shellman, Georgia (Greenville Sandy Clay Loam soil) in May 2010.  

Each plot consisted of three rows.  Treatments began in 2011, where all plots received 168 kg/ha 

N and 112 kg/ha K annually.  The three treatments were: 1) Plots fertilized at full rate in May 

and harvested  in December; 2) plots fertilized at full rate in May and harvested in June  and then 

again in December; and 3) plots fertilized at half rate in May, harvested in June, then fertilized 

again at half rate, and harvested again in December.  June harvests took place on June 22, 2011; 

June 26, 2012; July 10, 2013, and July 2, 2014.  December harvests took place on December 15, 

2011, December 14, 2012, December 19, 2013, and December 20, 2014.  Plots were irrigated as 

needed to 2.2 cm per week.  After harvesting, biomass samples were dried at 50°C and ground 

with a Wiley mill (Thomas-Wiley Laboratory Mill, Thomas Scientific) to pass through a 1 mm 

screen.  Samples were stored in plastic bags at room temperature. 

Chemical Compositions. Samples were analyzed for structural carbohydrates, acid soluble and 

insoluble lignin fractions using the NREL protocol.31  Samples were water/ethanol extracted to 

ensure accurate determinations of lignin contents.32   

Pretreatment Strategy. LMA pretreatments were performed as noted previously.23  

Concentrated ammonium hydroxide was added to biomass and the mixture incubated at 110C for 

72 hr using an oven.  Ammonia was evaporated off and dried samples were stored at room 

temperature.  Pretreatment conditions were optimized using treatment 1 Napier grass harvested 

in 2012 because it was expected to be a more recalcitrant than samples associated with 

treatments 2 and 3.  Ammonium hydroxide (3.2%w/w – 36.8% w/w) loading and reaction 

temperature (66.4 – 134°C) were optimized for glucose and xylose yields using a response 

surface experimental design as described in calculations below.  Glucose and xylose yields were 

measured using the low-solids (3% w/w solids) digestion assay described below. 

Enzymatic Hydrolysis and Fermentation.  Low-solids digestion assay (3% solids) was 

modified from NREL.   Samples were hydrolyzed using cellulase (CTEC3 26 mg/g glucan) and 

xylanase (HTEC2 0.96 mg/g forage) with added thymol (25 µg/L) at 50°C for 72 hr with gentle 

mixing.23 
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Yeast were routinely grown in YPD (10 g/L yeast extract, 20 g/L peptone, and 20 g/L dextrose) 

with agar added for solid medium (Bacto agar, 15 g/L).  Separate hydrolysis and fermentation 

(SHF) for ethanol production was conducted as previously described.23  Briefly, pretreated 

biomass was hydrolyzed at 11%w/w solids with cellulase and xylanase (CTEC3, 36 mg/g and 

HTEC2, 4.2 mg/g biomass) for 72 h at 50°C followed by fermentation with S. stipitis for 72-96 h 

at 30°C with mixing at150 rpm for both stages.  YP (10 g/L yeast extract and 20 g/L peptone) 

was added a nutrient, pH controlled using sodium phosphate buffer (pH 6.5, 0.1 M), and 

fermentations were inoculated to an OD600 of 1.0.  

Analytical Methods.  Sugars and ethanol were measured by normal phase high-performance 

liquid chromatography (HPLC) using a refractive index detector as previously reported.23  

Protein concentrations were determined by the Bradford assay.33 

Calculations.  Yields and conversion efficiencies were calculated as described34.  Results were 

tested for significant differences across treatments (p<0.05) by ANOVA separately for each year 

using Design Expert (Statease, Minneapolis, MN).  All assays and experimental samples were 

performed in at least duplicate.  A central composite response surface design was used to 

optimize pretreatment conditions.  The factors were ammonium hydroxide loading and reaction 

temperature and the responses were percentages of available glucose and xylose extracted 

following the NREL low-solids digestion assay.  The design consisted of duplicated factorial and 

axial points and 6 replicated center points.  The responses were fit separately with quadratic 

models (p <0.001) using Design Expert. 

■RESULTS and DISCUSSION 

Biomass Production and compositions.  Napier grass was field grown under three different 

agronomic conditions from 2011 to 2014.  The crop was either fertilized in June and harvested in 

December (treatment 1), fertilized in May, harvested in June and again in December (treatment 

2), or half the fertilizer added in May, harvested in June and the rest of the fertilizer added, and 

harvested again in December (treatment 3).  So, the treatments varied in the number of cuts (1 or 

2) and fertilizer applications (1 or 2).  Treatments were tested using 4 replicated field plots.  

During the first two years, production yields were similar.  However, cutting twice led to drastic 

production losses in years 3 and 4, in contrast to the treatment 1 fields (Figure 1).  Biomass 
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harvested in seasons 2012 and 2014 were collected and analyzed for biomass composition and 

processed to sugars and ethanol.    

Standard analytical methods were used to determine the amounts of cell wall associated neutral 

sugars and acetyl groups, soluble and insoluble lignin, ash, and water/ethanol extractives (Table 

1).  The box whisker plots (Figure 2) show the pooled compositions for years 2012 and 2014; 

each result includes 12 samples (4 replicates x 3 treatments).  Mean cellulose, xylan, and lignin 

are higher for 2012 versus 2014.  Conversely extractives were higher for 2014 than 2012, which 

could account for the increased standard deviation among the samples for 2014. 

Next, each of the harvested biomass was considered separately.  There were significant 

differences among the harvests for glucan, xylan, acid insoluble lignin (AIL), and extractives 

contents (Table 1).  Carbohydrates and AIL were lower for summer harvests compared to 

biomass harvested in the winter.  Conversely, extractives were higher for summer harvests 

versus winter harvests.  The same trend was observed for both harvest years.  To complete the 

mass balance, the acid insoluble ashes are listed in the table.  The total ashes (for unextracted 

samples) are listed in footnote 3.  Perennial grasses often transport minerals below ground during 

senesce, which explains the higher ash from the June harvests.   

Carbohydrate contents were used to calculate theoretical ethanol yields (Figure 3A).  They were 

higher for 2012 versus 2014 and higher for December versus June harvests (p < 0.05).  When 

theoretical ethanol was calculated on an extractive free basis, differences between summer and 

winter harvests disappeared (p > 0.05) (Figure 3B).  Therefore, the greater extractive contents of 

the biomass cut in the summer (Figure 3C) diluted out cell wall carbohydrates and lowered the 

theoretical ethanol yields compared to biomass harvested in the winter months.  

Conversion to sugars and ethanol.  Napier grass was processed into sugars and ethanol using 

the low moisture ammonia (LMA) pretreatment method.  Pretreatment conditions were 

optimized using a central composite response surface experimental design on Napier grass 

sample treatment 1 harvested in 2012.  The variables were ammonia loading (3.2 – 66.3 %w/w) 

and temperature (66 -134°C).  The responses were glucose and xylose yields following 

enzymatic digestion.  Glucose yield was fitted with ammonia loading, temperature, and ammonia 

loading squared (R2 of 0.886, Figure 4A).  Glucose yields varied from 21 – 95% of maximum.  

Xylose yield was fitted with the same equation used for glucose (R2 of 0.827, Figure 4B).  
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Xylose yields varied from 17 – 82% of maximum. Soluble xylan (e.g. xylose + xylooligomers) 

was also measured:  the data was fitted with the same equation and the R2 was 0.836.  The 

response surface was similar to that for xylose and the yields varied from 19 – 101% (data not 

shown).  It was decided to limit ammonia loading to 20%w/w and with this constraint, the 

reaction temperature of 110°C was chosen to maximize glucose (83.7%) and xylose (73.3%) 

yields. 

Selected Napier grass samples were pretreated, saccharified with cellulases for 72 hr and the 

recovered sugars fermented for 96 hr using an evolved Scheffersomyces stipitis strain 29.  

Enzymatic hydrolysis recovered 62.4 – 77.9% of the glucan and 59.3 – 76.7% of the xylan as 

monosaccharides.  This result is lower than the results predicted by the response surface, though 

expected because higher solids were loaded for the SHF.  Hydrolysis using high solids is less 

efficient than with low solids because of non-homogeneous mixing and end-product and other 

type of inhibitors.  Fermentation of the sugars yields 20.3 – 22.7 g/L of ethanol, which is 72.6 – 

83.6% of the maximum yield based upon the initial sugar concentration (Figure 5).  The overall 

ethanol efficiency is 61.3 – 79.3% of theoretical based upon the glucan and xylan contents of the 

beginning biomass samples.  Yield losses were split between hydrolysis and fermentation.  

Therefore, ethanol yields might be improved using improved enzymes and/or a xylose-

fermenting engineered S. cerevisiae strain.35 The mass-based ethanol yields were 268–313 L/Mg.  

ANOVA indicated no significant differences among the 2012 and 2014 samples. 

In our experience, fermentation-based assays have more experimental error than low-solids 

enzyme digestion assays; this is expected given the added steps, use of a living biocatalyst, and 

high solids in the ethanol process.  For this reason, the 2012 samples were further analyzed using 

a traditional low-solids hydrolysis assay.  The glucose yield (% glucan extracted) was lower for 

treatment 1 samples compared to those harvested using a 2-cut system (p < 0.044) (Figure 6).  

The single cut treatment would have produced the tallest and most mature plants with greater 

lignified tissue.  Glucose yield (% maximum) was negatively correlated with AIL (p = 0.004) 

and glucan content (p < 0.0001); R2 values were 0.507 and 0.787, respectively. Both increased 

glucans and lignin contents are expected in more mature plants.   

Field Based Carbohydrate and Ethanol Yields.  The three treatments were compared for 

carbohydrate, sugars, and ethanol production per hectare (Table 3).  Carbohydrate yields (e.g. 
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based upon composition) reflects the value of the biomass at the biorefinery gate.  The extracted 

sugars (only for 2012) and ethanol yields (2012 and 2014) are the actual operational yields, 

which in this case is based upon LMA pretreated biomass.  In 2012, carbohydrate yields were 

over 20 Mg/ha and did not vary with treatment.  In contrast, ethanol yields were 17% and 25% 

greater for treatments 2 and 3, respectively.  The double cut crops included summer harvested 

samples that yielded more ethanol (Figure 7).   

Very different results were observed in 2014.  The treatment 1 fields produced over twice as 

much biomass as fields cut twice a year.  Production yields in the first two years were 38.3 – 

39.4 Mg/ha and 19.2 – 24.7 Mg/ha for the subsequent two years.  In contrast, yields for treatment 

1 were 34.5 – 42.6 Mg/ha across all 4 years.  Lower biomass yields resulted in only about half as 

much carbohydrates and ethanol production compared to treatment 1. Furthermore, treatments 2 

and 3 yielded half as much carbohydrates and ethanol in 2014 than 2012.  The (preferred) 

treatment 1 fields yielded 9.04 m3/ha and 12.8 m3/ha of ethanol in years 2 and 4, respectively. 

DISCUSSION.  Napier grass was selected as a bioenergy crop because it outproduces other 

perennial grasses for the Southeast, United States 3.  Three agronomic strategies were 

considered:  single fertilizer application /single winter harvest; single fertilizer 

application/summer and winter harvests; double fertilizer application/summer and winter 

harvests.  There are several advantages to using a multiple cut strategy.  It insures against a total 

yield loss in the event of a late-season extreme weather event or prolonged drought.  Summer 

harvested biomass has higher quality, at least from a forage context.  Finally, separate summer 

and late winter harvests reduces storage requirements and might expand the processor’s 

operating season.  The disadvantages are added fuel and labor costs and greater machine time 

because of the additional harvest.  What is not evident are the effects of one versus two cuts on 

biomass annual productivity and processing quality.   

Field production results favor a single winter harvest.  Cutting twice led to 50% declines in field 

productivity beginning in year 3.  While there is some evidence that the June harvested biomass 

yielded more ethanol per ton than samples harvested in December (Figure 6), ethanol yields 

(L/ha) were much smaller for the two-cut fields compared to the single cut field (Table 3). This 

large of a decline is particularly important because feedstock is the largest operating expense for 

making biofuel.  This result also supports the importance of extended field studies because yield 
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differences were not apparent until year 3.  Managing Napier grass harvests with multiple cuts is 

a common strategy.1  However, these prior studies were conducted in tropical locations.  Further 

research is warranted to find the causation for loss in productivity.  

Changes in composition are also important.  Biomass processors want high carbohydrate content 

and consistency. Amounts of water/ethanol extractables varied depending on the month and year 

of the harvest.  Extractives (using water and ethanol) from warm season grasses include soluble 

sugars (e.g. glucose, fructose, and sucrose), oligomeric sugars, alditols, and (presumed) lignin-

carbohydrate complexes.36  Extractives are undesirable because they dilute neutral sugar contents 

and may lead to undesirable effects during processing.37  Higher extractives for the June harvest 

reduced neutral sugar contents and theoretical ethanol yields [L/ton] (Table 1).  Therefore, based 

upon composition, biomass harvested in December was preferred to June .  Furthermore, 

biomass harvested in 2014 had higher extractives than that harvested in 2012 (Figure 1).  This 

would be a concern as it would cause year to year variation in production rates for the biofuel 

plants, assuming equal feedstock processing rates.   It is notable that on an extractive free basis, 

structural carbohydrates were similar regardless of crop management, harvest date, and 

production year (Figure 3B).  This means that cell wall compositions averaged across whole 

harvests were consistent.  Still, from a practical viewpoint, biomass processing rates are limited 

on a total mass/volume basis regardless of carbohydrate contents and it is doubtful that feedstock 

producers would allow pricing on an extractive free basis because corn is not priced on a 

fermentable starch basis and it would be hard to measure this at the factory gate. 

Pretreating Napier grass with LMA proved to be effective for producing sugars from enzymatic 

conversion.  Furthermore, yeast cultures were able to ferment the hydrolysates prepared with 

cellulases without further processing the sugars to remove inhibitors as is required for dilute-acid 

pretreated biomass.38, 39  Under the chosen reaction conditions (20% ammonia loading, 110°C, 2 

days), the glucose yield was 83.7%, which is higher than other comparable yields reported for 

Napier grass (Table 4).  The mean overall ethanol yields were 283 (2012) and 306 (2014) L/Mg 

and did not vary across treatment or cut.  In part, this reflects the robustness of the pretreatment 

and that it was optimized using what was expected to be the most recalcitrant biomass sample 

(treatment 1).  The sugar yields (% max) for the June harvests were higher than for those cut in 

December (Table 2), though not significantly so (p > 0.05).  However, when evaluated at low 
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solids (Year 2012), the glucose yield for treatment 1 samples (Figure 6) was significantly lower, 

suggesting these samples were more recalcitrant to conversion as was expected given the 

maturity of the plants and winter harvest date.   

Producing Napier grass grown on non-irrigated land in the Southeast has an estimated cost of 

$84.34 per Mg 3, which equates to a feedstock cost of 27.6 – 29.8 cents/L of ethanol.  Feedstock 

costs can be improved by making the process more efficient than the current 61.3 – 79.3% of 

maximum ethanol.  In the future, this might be possible by testing a commercial Saccharomyces 

yeast engineered for xylose fermentation to improve fermentation efficiencies, which in this 

study were 72.6 – 83.6% of theoretical.35  It would also be desirable to increase sugar 

concentrations without sacrificing sugar yields; we have been able to achieve a sugar 

concentration of 112 g/L for LMA pretreated switchgrass at 20% solids by using a horizontal 

mixing hydrolyzer (unpublished data).  

Ethanol yields on a land area basis were calculated from the biomass production and 

bioconversion results.  Land-based values are important because they help to determine 

feedstock costs and, especially for grasses, the local availability.   It is expected that herbaceous 

biomass will be sourced within an 80-km (50 mi.) radius of the biorefinery.17  Ethanol yields for 

treatment 2 and 3 fell from 10 to 5 cubic meters per ha from year 2012 to 2014, indicating that a 

two-cut system is not suitable in this case.  In contrast, under treatment 1, ethanol yields were 

9.04 (2012) and 12.8 m3/ha (2014).  In comparison, a corn (Zea mays L.) field would be expected 

to produce enough corn grain to manufacture 4.62 m3/ha (assuming 11.3 Mg/ha and 409.8 

L/Mg).  Therefore, a field of marginal farmland planted with Napier grass is expected to allow 

for up to double that from a commercial corn field.  While it is reasonable to compare 

productivities, when given a choice of feedstocks, producers are like to favor corn because corn 

fermentation plants are less expensive to build and rely on proven technology.  Another 

important point is that ethanol yield tracked biomass production and not conversion quality.  

There is some evidence that the June harvested biomass was more convertible, but this difference 

was not observed in the ethanol yields, perhaps because pretreatment conditions were optimized 

on what was expected to be the most recalcitrant sample.   

■Conclusions 
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In summary, Napier grass cultivated on non-commercial farmland in the Southeast could 

produce over 20 Mg/ha of biomass.  Cutting more than once per year was observed to lead to a 

steep fall in field production beginning in year 3.  This trend was observed for fields with 

fertilized applied once or twice per summer.  The amount of biomass produced with the preferred 

single cut system exceeded 20 Mg/ha.  This is equivalent to 20.1 (2012) and 25.7 (2014) Mg/ha 

of neutral carbohydrates.  An integrated bioprocess was developed to convert the biomass into 

ethanol by pretreating with LMA, hydrolyzing with commercial cellulases and hemicellulases, 

and fermenting the glucose and xylose with an evolved strain of S. stipitis.  The ethanol yields 

were 9.04 and 12.8 m3/ha for years 3 and 4, respectively.   
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■FIGURE CAPTIONS 

Figure 1:  Annual biomass yields for each treatment.  June and December harvest yields were 

summed for treatments 2 and 3.  Differences in yields between treatment 1 and treatments 2 and 

3 were significant in years 2013 and 2014 (p < 0.05).  Each bar represents the mean of four 

independent field replicates.  Samples 2012 and 2014 were used for further analysis. 

 

Figure 2: Biomass compositions for biomass samples 2012 and 2014.  Each box contains 20 

samples pooled across all treatments.  The center line is the mean value.  Hemicellulose is the 

sum of all non-glucose neutral sugars. 

 

Figure 3: (A) Theoretical ethanol yields for harvest years 2012 and 2014 treatments 1 December 

cutting, 2 June and December cutting, 3 June and December cuttings.  Error bars are standard 

deviation of 4 independent replicates each analyzed in duplicate.  (B)Theoretical ethanol yields 

on an extractive free basis for biomass samples harvested in 2012 and 2014 treatments 1 

December cutting, 2 June and December cutting, 3 June and December cuttings.  Error bars are 

standard deviation of 4 independent replicates each analyzed in duplicate.  (C) Water/ethanol 

extractive contents for biomass samples harvested in 2012 and 2014 treatments 1 December 

cutting, 2 June and December cutting, 3 June and December cuttings.  Error bars are standard 

deviation of 4 independent replicates each analyzed in duplicate. 

 

Figure 4: (A) Glucose yield (% max) response surface for optimization of LMA pretreatment for 

temperature and ammonia loading.  (B) Xylose yield (% max) response surface for optimization 

of LMA pretreatment for temperature and ammonia loading. 

 

Figure 5:  Ethanol yields for each of the harvested samples pretreated with LMA and fermented 

with S. stipitis on an oven dried mass basis (bars).  The ethanol yield as a % of theoretical 

ethanol calculated based upon the beginning glucan and xylan contents of the harvested samples 

(circles).  Error bars are based upon four field replicates. 
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Figure 6:  Hydrolysis results for Napier grass samples (Year 2012) performed at low-solids.  

Error bars are standard deviations based upon 4 field plot replicates.  The glucose yield for 

treatment 1 was lower than for the others (p<0.044).   

 

Figure 7:  Ethanol yields per hectare for the three treatments.  For treatments 2 and 3, ethanol 

generated from the two cuttings were summed.  Results based upon laboratory ethanol yields and 

error bars are standard deviations using four field replicates.   
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Table 1.  Biomass composition of field-grown Napier grass samples. 

Treatment Harvest Glucan Xylan Galactan Arabinan Acetate ASL1 AIL2 Ash3 Extractives Sum 

  g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/kg g/kg 

YR 2012            

1 December 370±37a 210±11a 11±4 21±3 28±2 10±1 181±11a 9±3 143±13a 983 

2 June 344±12b 204±7b 13±1 26±1 28±9 11±1 144±9b 10±3 204±9b 984 

2 December 358±22a 216±15a 13±2 24±1 22±10 10±0 168±6c 11±3 167±15c 989 

3 June 345±3a 205±5a,b 13±1 25±2 23±7 11±1 151±5b 11±1 187±6d 971 

3 December 347±8a 211±2a 13±2 25±3 22±7 10±1 164±6c 12±2 162±9c 967 

YR 2014            

1 December 385±19A 190±9A 8±2 22±1 29±4 10±1 169±5A 11±2 121±11A 977 

2 June 325±5B 173±3B 7±0 30±1 29±3 11±2 110±5B 11±2 241±6B 936 

2 December 362±27C 191±11A 9±2 29±1 26±7 12±0 151±11C 15±2 154±12C 983 

3 June 336±9B 181±4A,B 8±0 32±1 30±2 11±2 107±2B 14±1 240±6B 958 

3 December 389±24A 197±13A 9±3 26±2 26±6 11±1 156±6C 10±2 145±4C 969 

1Acid soluble lignin; 2Acid insoluble lignin; 3Acid insoluble ash (total ash contents (g/kg) in order are:  Year 2012: 51.9±4.9, 
81.2±15.5, 57.2±15.1, 82.3±15.6, 53.2±9.2 & Year 2014: 46.2±9.9, 73.2±7.2, 68.4±6.8,83.4±5.8, 57.9±2.8). 
Notes: (a) oven dry basis; (b) water and ethanol soluble extractives; (c) acid insoluble ash – see footnote 3 for total ash; (d) error is standard 
deviation from 4 independent field samples and each sample was analyzed in duplicate and values averaged.  4 Differences among treatments were 
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determined using ANOVA separately for 2012 and 2014 harvests.  Significant differences (p < 0.05) among 2012 and 2014 treatments are 
indicated by different superscript letters.  Lower case is used for comparison of 2012 and upper case for 2014 results. 
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Table 2.  Separate hydrolysis and fermentation results for field-grown Napier grass samples 

  Hydrolysis Results Fermentation Results 

 
Treatment 

 
Harvest 

Glucose 
Conc. 

Xylose 
Conc. 

Glucose 
Yield 

Xylose 
Yield 

Ethanol 
Conc. 

Ethanol  
Yield 

Process 
Efficiency 

  g/L g/L g/kg g/kg g/L L/Mg % max 

YR 2012         

1 December 41.5±0.0 17.7±0.0 379±4 161±1 19.0±0.1 268±19 61.3±4.4 

2 June 41.3±0.2 17.8±0.0 377±16 163±3 19.4±0.2 273±24 66.9±5.9 

2 December 41.3±0.0 17.9±0.0 377±2 164±3 20.6±0.1 291±10 67.7±2.3 

3 June 41.5±0.0 18.0±0.0 379±2 164±2 20.3±0.1 287±18 67.4±4.4 

3 December 41.4±0.1 18.0±0.0 378±9 164±3 21.0±0.1 296±10 68.3±2.2 

YR 2014         

1 December 34.7±0.2 15.4±0.1 317±16 141±7 21.9±0.1 300±10 68.7±2.3 

2 June 38.6±0.0 16.7±0.0 352±4 152±1 22.4±0.1 307±10 79.3±2.7 

2 December 35.0±0.1 15.3±0.1 319±9 140±4 21.6±0.1 297±13 69.4±3.2 

3 June 38.8±0.0 17.0±0.0 354±4 155±3 22.7±0.0 312±3 77.5±0.8 

3 December 36.7±0.1 16.1±0.1 335±5 147±6 22.7±0.0 313±6 69.6±1.3 



Page | 22  
 

Table 3:   Napier grass field-based yields. 

 
Treatment 

 
Biomass 

 
Carbohydrates1 

Extracted 
sugars2 

 
Ethanol3 

 Mg/ha Mg/ha Mg/ha m3/ha 

Year 2012     

1 33.8±3.1 20.1±1.2 14.8±1.8a 9.04±0.7a 

2 37.5±3.4 21.8±2.4 17.3±3.4b 10.6±1.2b 

3 38.9±3.1 23.2±2.3 19.1±2.3b 11.3±0.8b 

Year 2014     

1 42.6±5.1A 25.7±2.2A nd 12.8±1.6A 

2 19.6±0.7B 11.1±0.1B nd 5.9±0.3B 

3 19.2±3.9B 11.2±2.3B nd 6.0±1.3B 

1Total neutral carbohydrates including: arabinans, glucans, and xylans 
2Sugars released from pretreated Napier grass following LMA pretreatment 
3Ethanol produced by fermentation on moisture LMA pretreated Napier grass. 
4 Differences among treatments were determined using ANOVA separately for 2012 and 2014 
harvests.  Significant differences (p < 0.05) among 2012 and 2014 treatments are indicated by 
different superscript letters.  Lower case is used for comparison of 2012 and upper case for 2014 
results.  
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Table 4 Comparison of yield with LMA to that reported for other pretreatments 

Pretreatment Product Yield (% max) Reference 

Ammonia Ethanol 68.9% 40 

Ammonia Glucose 83.7% This work 

Fungal Glucose 43% 41 

Hydrothermal Ethanol 73% 42 

NaOH Glucose 74% 41 

Phosphoric Glucose 50% 43 
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Figure 1 

 

 

 

Annual biomass yields for each treatment.  June and December harvest yields were summed for 
treatments 2 and 3.  Differences in yields between treatment 1 and treatments 2 and 3 were 
significant in years 2013 and 2014 (p < 0.05).  Each bar represents the mean of four independent 
field replicates.  Samples 2012 and 2014 were used for further analysis. 
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Figure 2 

 

 

Biomass compositions for biomass samples 2012 and 2014.  Each box contains 20 samples 
pooled across all treatments.  The center line is the mean value.  Hemicellulose is the sum of all 
non-glucose neutral sugars. 
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Figure 3A 

 

 

Theoretical ethanol yields for harvest years 2012 and 2014 treatments 1 December cutting, 2 
June and December cutting, 3 June and December cuttings.  Error bars are standard deviation of 
4 independent replicates each analyzed in duplicate. 
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Figure 3 B 

 

 

Theoretical ethanol yields on an extractive free basis for biomass samples harvested in 2012 and 
2014 treatments 1 December cutting, 2 June and December cutting, 3 June and December 
cuttings.  Error bars are standard deviation of 4 independent replicates each analyzed in 
duplicate. 
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Figure 3 C 

 

Water/ethanol extractive contents for biomass samples harvested in 2012 and 2014 treatments 1 
December cutting, 2 June and December cutting, 3 June and December cuttings.  Error bars are 
standard deviation of 4 independent replicates each analyzed in duplicate. 
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Figure 4 A 

 

Glucose yield (% max) response surface for optimization of LMA pretreatment for temperature 
and ammonia loading. 
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Figure 4 B 

 

 

Xylose yield (% max) response surface for optimization of LMA pretreatment for temperature 
and ammonia loading. 
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Figure 5  

 

Ethanol yields for each of the harvested samples pretreated with LMA and fermented with S. 
stipitis on an oven dried mass basis (bars).  The ethanol yield as a % of theoretical ethanol 
calculated based upon the beginning glucan and xylan contents of the harvested samples 
(circles).  Error bars are based upon four field replicates. 
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Figure 6 

 

Hydrolysis results for Napier grass samples (Year 2012) performed at low-solids.  Error bars are 
standard deviations based upon 4 field plot replicates.  The glucose yield for treatment 1 was 
lower than for the others (p<0.044).   
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Figure 7 

 

Ethanol yields per hectare for the three treatments.  For treatments 2 and 3, ethanol generated 
from the two cuttings were summed.  Results based upon laboratory ethanol yields and error bars 
are standard deviations using four field replicates.   
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For Table of Contents Use Only 

 

Napier grass being harvested.  Napier grass is a promising perennial grass for bioethanol 
production in Southeast United States because of its high field productivity and ethanol 
conversion yields as detailed here. 

 


