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Abstract

Biomass from dedicated crops is expected to contribute significantly to the replacement of fossil resources. How-

ever, sustainable bioenergy cropping systems must provide high biomass production and low environmental

impacts. This study aimed at quantifying biomass production, nutrient removal, expected ethanol production,
and greenhouse gas (GHG) balance of six bioenergy crops: Miscanthus 9 giganteus, switchgrass, fescue, alfalfa,

triticale, and fiber sorghum. Biomass production and N, P, K balances (input-output) were measured during

4 years in a long-term experiment, which included two nitrogen fertilization treatments. These results were used

to calculate a posteriori ‘optimized’ fertilization practices, which would ensure a sustainable production with a

nil balance of nutrients. A modified version of the cost/benefit approach proposed by Crutzen et al. (2008), com-

paring the GHG emissions resulting from N-P-K fertilization of bioenergy crops and the GHG emissions saved

by replacing fossil fuel, was applied to these ‘optimized’ situations. Biomass production varied among crops

between 10.0 (fescue) and 26.9 t DM ha�1 yr�1 (miscanthus harvested early) and the expected ethanol produc-
tion between 1.3 (alfalfa) and 6.1 t ha�1 yr�1 (miscanthus harvested early). The cost/benefit ratio ranged from

0.10 (miscanthus harvested late) to 0.71 (fescue); it was closely correlated with the N/C ratio of the harvested

biomass, except for alfalfa. The amount of saved CO2 emissions varied from 1.0 (fescue) to 8.6 t CO2eq ha�1 yr�1

(miscanthus harvested early or late). Due to its high biomass production, miscanthus was able to combine a

high production of ethanol and a large saving of CO2 emissions. Miscanthus and switchgrass harvested late

gave the best compromise between low N-P-K requirements, high GHG saving per unit of biomass, and high

productivity per hectare.

Keywords: biofuels, biomass, C3 crops, C4 crops, ethanol, greenhouse gas, legume crops, lignocelluloses, nitrogen, nutrient

use efficiency
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Introduction

To reduce greenhouse gas (GHG) emissions and limit

climate change, many authors have shown the need to

develop a renewable energy portfolio that could replace

fossil resources, together with an improvement in

energy efficiency (e.g. IEA, 2010; Teske et al., 2011). Bio-

mass is expected to contribute significantly to this port-

folio by providing an important source of renewable

carbon for the production of bioenergy (Berndes et al.,

2003; Sims et al., 2006), biomaterials, and chemicals

(Ragauskas et al., 2006; Bozell & Petersen, 2010; Cheru-

bini, 2010). Biomass resources consist of bioenergy

crops, agricultural and forest residues, animal manure,

and organic wastes. Several authors have studied their

respective potential contribution (e.g. Hoogwijk et al.,

2003, 2005; Smeets & Faaij, 2007; Haberl et al., 2010). In

a recent review, Chum et al. (2011) conclude that dedi-

cated bioenergy crops have the largest technical poten-

tial.

Increasing the cultivation of dedicated bioenergy

crops introduces the difficulty of reconciling food pro-

duction, energy production, and conservation of the

environment (Tilman et al., 2009). Hence, to ensure a

sustainable development of bioenergy crops, the area
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dedicated to their production must be limited to mini-

mize the competition with food production, the carbon

or energy production per unit area must be high

enough to replace significant amounts of fossil

resources, and their global and local environmental

impacts must be as low as possible (Field et al., 2008;

Haughton et al., 2009; Rowe et al., 2009; Karp & Richter,

2011). This suggests seeking new plant types and suit-

able cropping practices that could simultaneously fulfill

all these requirements.

The possibility of using biomass for a biorefinery indus-

try allows a wide range of candidate crops: perennial C4

crops, short rotation coppices, semiperennial forage crops

and annual C4 or C3 crops (Karp & Shield, 2008; Sander-

son & Adler, 2008; Zegada-Lizarazu et al., 2010). Many

papers report data on one crop, but few have compared a

diversity of crop types in the same location to identify the

most suitable crop for bioenergy production. Annual and

perennial crops were experimentally compared in the

studies of Cherney et al. (1991), Scholz & Ellerbrock

(2002), Boehmel et al. (2008), Propheter et al. (2010), and

Propheter & Staggenborg (2010). No consensus emerged

on the superiority of any crop in terms of biomass produc-

tion. These studies, including those focusing on perennial

crops (Mantineo et al., 2009; Kering et al., 2012), did not

confirm that miscanthus was the highest yielding crop as

shown in review papers (e.g. Lewandowski et al., 2003;

Somerville et al., 2010). This is due to the interaction

between crop type, crop management, and soil and cli-

matic conditions (Cadoux et al., 2010), which emphasizes

the need to compare crops at the same site to avoid confu-

sion with soil and climate effects. Concerning nutrient

removal at harvest, annual crops seem to remove more

nutrients than perennial crops (Karp & Shield, 2008).

However, few studies have addressed the removal of P

and K (Propheter & Staggenborg, 2010; Kering et al.,

2012), despite the concerns about the depletion of these

nonrenewable, nonmanufacturable resources (Neset &

Cordell, 2012).

Comparisons of bioenergy crops with regard to GHG

balance are mainly based on life cycle analysis (LCA)

(Adler et al., 2007; Hillier et al., 2009; Fazio & Monti,

2011). These studies indicate lower GHG emissions of

all bioenergy cropping systems compared to fossil-

based energies – assuming cultivation on arable land –

and lower GHG emissions of the biofuels obtained from

perennial crops compared with annual crops. GHG

reductions varied between 40% and 60% with annual

crops and between 90% and 115% with perennial crops,

according to Adler et al. (2007) and Fazio & Monti

(2011), respectively. In these studies, the assumptions

made about crop management practices are generally (i)

based on data coming from various papers and thus

different experimental sites; and (ii) never based on

optimized fertilization practices, i.e. defined to ensure

both limiting environmental impacts and maintaining

soil fertility over the long-term (OECD, 2008). This is

likely to affect LCA results as nutrient fertilization is

often considered as a major contributor to the GHG

emissions of energy crops (Adler et al., 2007; Styles &

Jones, 2007) and LCA approach is highly dependent on

the assumptions made about management practices and

yields (Bessou et al., 2011). Crutzen et al. (2008) have

proposed a cost/benefit approach to assess the GHG

balance of bioenergy crops. Their methodology focusing

on the N2O emissions during the crop production phase

is based on the calculation of a cost/benefit ratio (the

global warming effect of N2O emissions resulting from

N fertilization vs. the cooling effect due to replace-

ment of fossil fuel). Using a global N2O emission factor

of 3–5%, these authors concluded that the high level of

N fertilization required by conventional annual bioener-

gy crops was likely to lead to higher GHG emissions

than fossil fuel (up to +70% in the case of rapeseed).

They also pointed out the value of perennial crops to

reduce N2O emissions.

In this study, we aimed to quantify the yield and

nutrient removal at harvest of six bioenergy crops and

to predict their GHG balance, assuming a sustainable

nutrient management of these crops. To address this

question, we compiled the data obtained over 4 years in

a long-term experiment, which includes two nitrogen

fertilization rates and hypothesized that (i) the opti-

mized fertilization management and corresponding crop

performance could be defined by interpolating the

experimental results; and (ii) the GHG balance related

to nutrient fertilization could be assessed using the

cost/benefit approach proposed by Crutzen et al. (2008).

Materials and methods

Site characteristics and experimental design

The experiment was initiated in 2006 at the INRA experimental

station at Estr�ees-Mons in northern France (49.872°N latitude,

3.013°E longitude) in a 4.5-hectare field. The soil is a deep silt

loam (Ortic Luvisol, FAO classification). The texture of the

ploughed layer (0–30 cm) is 17% clay, 78% silt, and 5% sand. In

2006, the mean organic carbon content was 10.4 g kg�1 and the

pH in water was 7.8. The available soil water content, calcu-

lated over 1.50 m depth, is 285 mm. The climate is oceanic tem-

perate; the average annual precipitation and temperature were

684 mm and 10.4 °C respectively for the period 2006–2010.

Over the period of the experiment, 2008 was the wettest year

and 2009 was the driest. In 2009, the cumulative water deficit

(PET-precipitation) reached 237 mm (Table 1). Before the start

of the experiment, the site was mainly cropped with winter

wheat, winter barley, sugar beet, and spring pea. The previous

crop was wheat, harvested in July 2005.

© 2013 Blackwell Publishing Ltd, GCB Bioenergy, 6, 425–438
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Six crops were chosen to represent a wide range of bioenergy

crop types (perennial, semiperennial, and annual; C4, C3, and

legume crops). They were selected for their potential biomass

yield and/or their expected low input requirements (fertilizer,

pesticides, and water): miscanthus (Miscanthus 9 giganteus

Greef & Deuter ex Hodkinson & Renvoize), switchgrass (Pani-

cum virgatum ‘Kanlow’), fescue (Festuca arundinacea ‘dulcia’ from

2006 to 2009 and ‘Noria’ after 2009), alfalfa (Medicago sativa

‘Alpha’ from 2006 to 2009 and ‘Orca’ after 2009), triticale (9Trit-

icosecale Wittmack ‘Triskell’ from 2006 to 2008 and ‘Amarillo’

after 2008), and fiber sorghum [Sorghum bicolor (L.) Moench

‘H133’]. The changes in cultivars were motivated by the lower

susceptibility to pests and diseases to reduce the use of pesti-

cides. The annual crops were grown in rotation (triticale grown

after fiber sorghum and vice versa) as well as the semiperennial

crops (alfalfa grown after fescue and vice versa). All crops were

present each year. Two harvest dates were compared for mi-

scanthus and switchgrass: an early harvest in October (E) and a

late harvest in February (L). Miscanthus E and L as well as

switchgrass E and L were considered in the analysis as different

crops. The experiment also included two nitrogen treatments

(N� and N+) for each crop except alfalfa (Table 2). The N

rates depended on the crops and were fixed a priori. The N�
treatment was chosen to have low GHG emissions, a negative

N balance (difference between fertilizer-N and N exported in

the harvested biomass) and a moderate reduction in potential

growth. The N+ treatment was designed to produce a positive

N balance and a biomass growth close to the potential allowed

by the soil and climatic conditions. The N fertilization rates

were calculated on the basis of the results obtained by Lewan-

dowski & Schmidt (2006), McLaughlin & Adams Kszos (2005),

Cherney et al. (1991), Lewandowski & Schmidt (2006) and Wie-

denfeld (1984) for miscanthus, switchgrass, fescue, triticale, and

fiber sorghum, respectively. The nitrogen fertilizer was applied

as urea ammonium nitrate solution (UAN containing 390 g

N l�1). Fescue received a fixed amount of fertilizer-N at the

beginning of each cycle of regrowth, so that the total N rate per

year varied according to the number of cuts. Alfalfa was not fer-

tilized due to its N-fixing capacity, but two nitrogen treatments

were distinguished as the crop was grown either after fescue

N+ or N� in the second rotation.

To facilitate cultural operations and limit competition

between plants due to differences in canopy height, the experi-

mental field was divided into two parts: (i) a criss-cross design

for the perennial crops with four cropping systems as main

plots (miscanthus E, miscanthus L, switchgrass E, switchgrass

L) and nitrogen applications as subplots; and (ii) a split-plot

design for the semiperennial and annual crops with species as

main plots and nitrogen applications as subplots. Both parts

included three replicate blocks and subplot sizes of 360 m². This

layout was preferred to a complete randomized block design,

to minimize the ‘edge effects’ coming from differences in height

between crops. Such a design has been used for comparing very

different crops (e.g. Cherney et al., 1991; Scholz & Ellerbrock,

2002). The pedological investigation made in 2006 showed a

high homogeneity of the soil: soil depth is greater than 3 m in

the whole field and textural variations are small. This indicates

that soil conditions are very homogeneous between plots,

making possible the comparison between all crops.

Perennial crops were established in 2006; semiperennial

crops were sown in 2006 (first rotation) and 2009 (second rota-

tion). The planting density of miscanthus was 1.5 plants m�2.

The sowing density of switchgrass, fescue, alfalfa, and triticale

was 15, 22, 19, and 100 bulk kg ha�1 respectively, whereas fiber

sorghum was sown at 22 bulk grains m�2. In 2006, miscanthus

and switchgrass were not harvested, but the aerial biomass

was chopped and left on the soil surface. The experiment did

not receive irrigation, phosphorus, or potassium fertilizer. Pes-

ticides were applied only when the infestation pressure was

likely to significantly affect yields. Fungicides were applied

once a year on triticale, generally at half dose. All crops

received herbicides during the experiment: 2 years out of five

for fescue, 3 years out of five for miscanthus harvested late,

4 years out of five for miscanthus harvested early, switchgrass

and alfalfa and every year for triticale and fiber sorghum.

Measurements

At harvest, the aerial biomass of each crop was collected manu-

ally and weighted. However, the harvest method and date var-

ied according to crops. The size of the harvested areas was

determined according to the amount of fresh matter per unit

area and the stand homogeneity. Miscanthus and switchgrass

were harvested in October for early harvested treatments and

Table 1 Meteorological data recorded at Estr�ees-Mons over

the period 2006–2010

2006 2007 2008 2009 2010

Average

temperature (°C)

10.8 10.9 10.5 10.6 9.6

Precipitation (mm) 696 717 756 569 680

PET: potential

evapotranspiration

(mm)

796 728 701 806 756

Precipitation-PET

(mm)

�100 �11 55 �237 �76

Global radiation

(MJ m�2)

4372 4367 4138 4321 4219

Table 2 Mean N fertilization rates and harvest dates during

the period 2007–2010. N fertilization of fescue varied between

years (with the number of cuts) from 40 to 120 kg ha�1 yr�1 in

the N� treatment and from 80 to 240 kg ha�1 yr�1 in the N+

treatment

N fertilization

(kg ha�1 yr�1)

Harvest

date

N� N+ E L

Miscanthus 0 120 October February

Switchgrass 0 120 October February

Fescue 90 180

Alfalfa 0 0

Triticale 60 120

Fiber

sorghum

0 120

© 2013 Blackwell Publishing Ltd, GCB Bioenergy, 6, 425–438
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at the end of February or early March for late harvested treat-

ments. In the miscanthus stand, the aerial biomass was

weighted in an area of 3.84 m² containing six plants and the

number of stems was measured in a larger zone of 25.6 m².

The biomass production per hectare was calculated by multi-

plying the biomass per stem by the number of stems per ha.

The switchgrass stand was very homogeneous and the biomass

was collected in a 2.50 m² zone. Fescue and alfalfa were har-

vested at flowering for the first two cuts and at the end of

growth for the third cut. Triticale was harvested at physiologi-

cal maturity. The biomass of these three crops was collected in

a 15 m² area. Sorghum was harvested at the end of September

and the biomass was sampled in a 21.6 m² area (six rows of

8 m). For all crops, the cutting height was 7 cm and the dry

matter content was obtained after drying representative subs-

amples at 65 °C for 96 h. The biomass production was

expressed in tons of dry matter per hectare for all crops.

Dry subsamples were analyzed each year to quantify the

concentration of carbon (C), nitrogen (N), phosphorus (P), and

potassium (K). Total C and N were determined by dry combus-

tion (NF ISO 10694 and 13878) using an elemental analyzer

(CNS 2000, Leco). P and K were measured after total minerali-

zation by hydrogen peroxide and nitric acid. P was determined

by UV-Visible spectroscopy (Varian Cary 50) and K by atomic

absorption spectroscopy (Varian AA240FS). N, P, and K con-

tents at harvest and ratios of each nutrient concentration to car-

bon concentration (N/C, P/C and K/C) were then calculated.

The soil mineral nitrogen content in the 0–150 cm layer, cal-

culated using measurements of soil bulk density and mineral

N concentrations (data not shown), was 159 � 30 kg N ha�1

(mean � standard deviation) in April 2006. It decreased during

the following 2 years in all treatments reaching 44 � 23 kg

N ha�1 in March 2008 and was fairly constant thereafter.

Assessment of GHG balance in relation to N-P-K
fertilization

The experimental data were used to compare the GHG balance

related to N-P-K fertilization of the different bioenergy crops

using a modified version of the cost/benefit method proposed

by Crutzen et al. (2008). This analysis was made by considering

the production of ethanol from lignocellulose, which is likely to

be the major biobased product from carbohydrates (Bozell &

Petersen, 2010). The indicator developed by Crutzen et al.

(2008) compares the global warming effect of N2O emissions

resulting from N fertilization (Meq), and the cooling effect due

to replacement of fossil fuel by biofuel (M). In our study, the

calculation of M was similar to that of Crutzen et al. (2008), but

we added to the calculation of Meq the effect of the GHG emit-

ted during production and transport of fertilizer-N, P, and K.

Let us consider first the benefit (‘saved fossil CO2’) due to

bioenergy crops. According to Crutzen et al. (2008), it is

directly linked to carbon contained in biomass as ‘the lower

heat value per carbon and consequently the CO2 emissions per

energy unit are almost identical for the fossil fuels and the bio-

fuels’. It can be written:

M ¼ rC � lCO2

lC
� cv ð1Þ

where M is in g CO2 kg�1 DM of biomass, rC is the carbon con-

centration in biomass (g kg�1), cv is the yield of transformation

of biomass into ethanol (g C biofuel g�1 C biomass), l terms

refer to the molar weights of CO2 and C (lCO2/lC = 44/12).

We calculated cv as:

cv ¼ EtOH � CEtOH

rC
ð2Þ

where EtOH is the conversion yield of biomass to ethanol

(g kg�1) and CEtOH is the C content of ethanol (CEtOH = 24/46).

Lignocelluloses can be biologically converted into ethanol

following either separate hydrolysis and fermentation (SHF)

or simultaneous saccharification and cofermentation of C5

and C6 sugars (SSCF), the last one being favored in several

technologies under development in USA (Aden, 2008) and in

Europe (Gnansounou, 2010). For triticale, we assumed a

separate conversion of grain using mature first generation

technologies. We used the following calculation for EtOH

derived from USDOE (2010), Vogel et al. (2011), and Zhao

et al. (2012):

EtOH ¼ 0:51 � ð1:11 � 0:85 � starchþ 1:11 � 0:65 � cellulose
þ1:14 � 0:65 � hemicelluloseÞ ð3Þ

where the concentrations of starch, cellulose, and hemicellu-

lose, expressed in g kg�1 of dry harvested biomass, are

obtained from Da Silva Perez et al. (2010); 0.51 is the conver-

sion factor of ethanol from sugars (USDOE, 2010; Vogel et al.,

2011; Zhao et al., 2012); 1.11 and 1.14 are the conversion factors

of sugars from glucan (cellulose and starch) and xylan (hemi-

cellulose), respectively; 0.85 is the process efficiency of ethanol

from starch (Zhao et al., 2012) and 0.65 is a process efficiency of

ethanol from lignocellulose, which seems achievable via SSCF

for most crops (Olofsson et al., 2008).

Let us consider now the cost effect of bioenergy crops.

According to Crutzen et al. (2008), it can be written:

Meq ¼ tN2O�lN2O

lN2

� GWP ð4Þ

where Meq is given in kg CO2 t�1 dry matter of harvested bio-

mass, l represents the molar weights of N2O and N2 (lN2O/

lN2 = 44/28) and GWP is the global warming potential of N2O

(296 kg CO2 kg�1 N2O). tN2O represents the amount of N2O-N

emitted per unit of harvested biomass (kg N t�1 DM) and is

equal to:

tN2O ¼ rN � y
e

ð5Þ

where rN is the nitrogen concentration in the harvested biomass

(kg plant-N t�1 DM), y is the ‘yield of N2O-N from fixed N

application’, i.e. the global N2O emission factor for N input (kg

N2O-N kg�1 fertilizer-N) and the term e was defined by Crut-

zen et al. (2008) as ‘a surrogate for the uptake efficiency of the

fertilizer by the plants’. These authors set the e value at 0.40,

based on reviews dealing with N fertilizer recovery efficiency

(REN), i.e. the percentage of fertilizer-N recovered in the above-

ground plant biomass. However, we agree with Rauh & Berenz

(2007) that this value is too small and inappropriate. Indeed,

© 2013 Blackwell Publishing Ltd, GCB Bioenergy, 6, 425–438
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according to the definitions of tN2O and y, tN2O can also be

written:

tN2O ¼ FN � y
B

ð6Þ

where FN is the amount of N fertilizer (kg ha�1) and B is the

harvested biomass (t DM ha�1).

Combining Eqns (5) and (6) yields:

e ¼ B � rN
FN

ð7Þ
or

e ¼ QN

FN
ð8Þ

where QN is the amount of N in the harvested biomass

(kg ha�1).

Thus, e cannot be equated to REN, but represents the ratio of

the amount of nitrogen in the harvested biomass to the amount

of fertilizer-N applied to the crop.

Finally, combining Eqns (4), (5), and (7) yields:

Meq ¼ FN
B

� y � lN2O

lN2

� GWP ð9Þ

There is still a serious debate about the N2O emission fac-

tor y in the literature (e.g. Reay et al., 2012). Crutzen et al.

(2008) proposed a value of 0.03–0.05, estimated from a global

‘top-down’ approach. This value includes direct emissions

from soil and indirect emissions from downwind and down-

stream ecosystems. It was further re-estimated by Smeets et al.

(2007) who proposed a value of 0.027 and well argued by

Davidson (2009) who found y = 0.025 for nitrogen derived

from mineral fertilizer by coupling bottom-up and top-down

approaches. We used the latter value because it better

accounts for the different potential sources of N2O and is in

better agreement with the direct and indirect emission factor

estimates of the IPCC methodology (Davidson, 2009). We also

assumed that N fertilization for biomass production will be

mainly derived from mineral fertilizer. As y only includes the

biological N2O emission sources (Davidson, 2009), we propose

to add to the Meq value the contribution of GHG (CO2, N2O,

and CH4) emitted during fertilizer production and transport

(MeqN):

MeqN ¼ aN � FN
B

ð10Þ

where aN is the GHG emission factor of fertilizer-N production

and transport (kg CO2 eq kg�1 N). Similarly, GHG emissions

due to production and transport of P and K fertilizers are:

MeqP ¼ aP � FP
B

ð10’Þ

MeqK ¼ aK � FK
B

ð10’’Þ

The values of aN (5.84),aP (4.63), and aK (0.60) are found in

the Ecoinvent 2.2 database (Swiss Center for Life Cycle Inven-

tories, 2010) with UAN solution, triple superphosphate, and

potassium chloride as fertilizer types for N, P, and K, respec-

tively. These values include GHG emissions due to fertilizer

production and transport ‘at regional storehouse’. Finally, the

total emissions of GHG resulting from N-P-K fertilization are:

Meqt ¼ MeqþMeqN þMeqP þMeqK ð11Þ

The ethanol production (t ha�1 yr�1) was calculated as:

EP ¼ B � EtOH ð12Þ

and the net benefit of the bioenergy crop (t CO2 eq avoided

ha�1 yr�1), not considering emissions from fuel use during cul-

tivation and from the transport and transformation of the bio-

mass, was:

CO2 avoided ¼ B � M�Meqtð Þ ð13Þ

Calculation of ‘optimized’ fertilization rate

The Meqt/M ratio could be calculated in the experimental treat-

ments, but it is more relevant to calculate it in situations of sus-

tainable bioenergy production. We assumed that the

sustainability of bioenergy cropping systems involves compen-

sating for nutrients removed in harvested biomass. Indeed, on

one hand, any surplus of nutrients increases the potential losses

of nutrients into the environment and, on the other hand, nutri-

ent deficiency can impair soil fertility and future crop yield

(OECD, 2008). Therefore, the calculations of M, Meq, and Meqt

were applied to ‘optimized’ situations for which nutrient fertil-

ization was calculated to reach a balance between inputs and

outputs, rather than to experimental treatments. In a first step,

N, P, and K balances were calculated for each experimental treat-

ment as the difference between fertilization inputs and harvest

outputs. Then ‘optimized’ N fertilization rates were calculated

empirically using a linear relationship between N balance and N

fertilization rate, fitted on data from the N� and N+ treatments

of each crop, to define the level of N fertilization leading to an N

balance equal to 0. For the calculation of Meq, this was similar to

the use of the original calculation by Crutzen et al. (2008) with

Eqn (4), but assuming that e = 1. For alfalfa, we assumed no N

fertilization, given its N-fixing capacity. The expected biomass in

the ‘optimized’ situations was also calculated assuming a linear

relationship between biomass and N fertilization rate. Similarly,

concentrations of C, P, and K were determined assuming a linear

relationship with biomass and the ‘optimized’ P and K fertiliza-

tion rates were calculated to be equal to the harvest outputs. The

error on the ‘optimized’ N rate with this method is likely to be

small because the relationship between N fertilization and N

uptake, and thus N balance, is linear when nitrogen supply is

lower or close to the crop nitrogen needs (e.g. Ter Steege et al.,

2001). The errors on expected biomass and P and K fertilization

rates are also reasonable because most estimates were interpo-

lated between two close values of biomass and P and K concen-

trations (Fig. 1 and Fig. 2).

Statistical analysis

ANOVA was used for statistical analysis of the biomass pro-

duction, the N/C, the P/C, and the K/C ratios, for each year
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from 2007 (2006 being incomplete in terms of results), after

verifying that variances were homogeneous. ANOVA was per-

formed separately for the criss-cross of perennial crops and the

split-plot of annual and semiperennial crops by using the

criss-cross and the split-plot options of the statistical software

Statbox 7.0. The comparison of all crops together was based on

the difference in means and on the standard deviations.

Results

Biomass production

Over the period 2007–2010, the biomass production var-

ied widely between crops and experimental years

(Table 3). The ANOVA showed that there was a significant

crop effect among perennials every year from 2008

(Table 4). In 2008, miscanthus E treatments yielded

more than miscanthus L, switchgrass E, and L. In 2009,

the biomass ranked as follows: miscanthus E > miscan-

thus L > switchgrass E > switchgrass L. In 2010, the

biomass was still the highest in miscanthus E treatments

followed by miscanthus L and then switchgrass E and

L. The nitrogen application rate had a significant effect

in 2009, the biomass production being generally higher

in N+ treatments. In 2010, an interaction appeared

between crop and nitrogen, illustrating a strong and

positive effect of fertilizer-N on miscanthus E, switch-

grass E, and switchgrass L, but still no effect on the mi-

scanthus harvested late.

The ANOVA indicated that a significant crop effect

appeared on biomass production of annual and semiperen-

nial crops in 2007 and remained later, but the crop ranking

varied between years: fescue > alfalfa and fiber sorghum >
triticale in 2007; alfalfa > triticale > fiber sorghum > fescue

in 2008; fiber sorghum > triticale > fescue > alfalfa in 2009

and fiber sorghum and alfalfa > triticale > fescue in 2010.

Nitrogen application rate had a significant effect on bio-

mass in 2008. Triticale responded positively each year

from 2008 and fescue responded positively in 2007, 2008,

and 2010, whereas alfalfa and fiber sorghum were not

influenced by N fertilization rate.

During the whole period 2007–2010, the average bio-

mass production was highest for the perennial C4 crops.

Miscanthus produced more than switchgrass and both

crops produced more at early harvest than at late

harvest (Fig. 1). Annual and semiperennial crops had

the lowest biomass yield. The effect of nitrogen was vis-

ible for switchgrass E and L, fescue, and triticale.

Nutrient content at harvest

The nutrient (N, P, and K) content at harvest was

expressed, for each nutrient, per unit of C produced to

give efficiencies of nutrient removal. The variability in
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the three nutrient/carbon ratios was much higher

between crops than between years (Table 3) making

these ratios specific for each crop. The C concentrations

were very similar between N treatments and varied

only slightly between crops, with higher C concentra-

tions for perennial C4 crops than for the other crops

(Table 5). Variations in the three nutrient/C ratio were

thus mainly due to variations in nutrient concentra-

tions.

The ANOVA performed on N/C ratio showed very

significant differences between perennial crops

(Table 4): in 2007 and 2008, the N/C ratio of miscanthus

L was lower than that of miscanthus E, switchgrass L

and E (Table 3). In 2009 and 2010, miscanthus L and

Table 3 Mean biomass production, N/C, P/C, and K/C ratio measured in the different crops and treatments from 2007 to 2010

Biomass production

t ha�1 N/C g kg�1 P/C g kg�1 K/C g kg�1

2007 2008 2009 2010 2007 2008 2009 2010 2007 2008 2009 2010 2007 2008 2009 2010

Miscanthus E N� 23.0 23.6 24.0 26.1 10.4 8.4 6.7 10.3 1.6 1.3 1.6 2.3 19.4 14.0 15.0 20.2

N+ 22.7 26.2 27.7 28.4 11.1 9.5 11.8 14.7 1.6 0.9 1.2 1.7 17.9 14.2 16.4 19.5

Miscanthus L N� 14.3 18.5 20.9 22.2 3.2 3.8 3.3 5.6 0.8 1.0 0.6 1.3 5.7 10.4 8.6 15.4

N+ 15.4 19.5 20.5 22.0 4.2 4.8 6.9 9.3 0.8 0.8 0.8 1.0 10.4 11.2 12.5 14.1

Switchgrass E N� 19.6 18.9 14.9 9.2 11.8 10.3 7.1 8.7 2.5 2.2 1.9 2.8 23.8 17.4 15.0 14.8

N+ 19.3 20.1 19.5 18.2 14.6 11.1 10.2 12.9 2.6 2.1 1.6 3.0 21.3 19.7 18.3 19.6

Switchgrass L N� 15.9 16.7 13.8 12.6 10.6 7.5 4.4 6.1 1.9 1.7 0.7 1.6 11.2 7.2 2.7 3.5

N+ 17.5 19.4 17.5 16.0 12.0 9.0 6.8 11.1 1.8 1.6 1.0 1.7 11.3 7.9 4.8 9.1

Fescue N� 16.6 7.5 5.8 6.0 28.4 16.9 38.7 35.9 6.0 5.1 4.6 6.1 62.0 40.1 50.8 46.8

N+ 19.1 11.4 6.4 8.0 31.1 20.0 43.6 40.3 6.6 5.1 4.9 6.7 66.5 40.1 53.2 50.4

Alfalfa N� 14.6 15.8 3.3 12.7 64.0 58.2 57.9 59.1 5.9 5.7 4.4 5.1 58.2 43.6 34.5 44.3

N+ 14.6 16.0 3.2 12.6 64.8 61.3 56.1 59.5 6.3 5.8 4.6 5.7 58.3 43.0 29.9 40.8

Triticale N� 12.6 11.7 7.6 8.1 19.9 19.4 14.5 14.9 4.2 4.8 4.6 4.2 12.8 15.7 15.7 16.5

N+ 13.1 14.6 10.6 12.0 20.3 25.3 18.6 19.7 4.5 4.6 4.3 4.1 13.7 18.3 15.7 16.5

Fiber sorghum N� 14.0 11.1 12.3 12.0 23.7 18.7 12.4 11.8 5.4 5.2 3.3 3.6 44.2 24.4 27.3 27.1

N+ 14.5 12.6 12.4 13.5 25.3 27.5 14.3 16.6 4.4 4.8 3.0 4.3 37.2 23.4 24.8 27.4

Table 4 P-values and levels of significance of the statistical analysis of the two studied factors and their interaction on biomass pro-

duction, N/C, P/C, and K/C ratio obtained by a two-way ANOVA for each year and for the two experimental parts: criss-cross of

perennials and split-plots of annuals and semiperennials

Perennials Annuals and semiperennials

Crop Nitrogen Crop*Nitrogen Block Crop Nitrogen Crop*Nitrogen Block

Biomass production 2007 0.118 0.569 0.540 0.141 0.001** 0.133 0.414 0.475

2008 0.005** 0.082 0.386 0.113 0.002** 0.000*** 0.000*** 0.424

2009 0.001** 0.028* 0.186 0.186 0.000*** 0.091 0.170 0.93

2010 0.000*** 0.104 0.027* 0.902 0.025* 0.077 0.508 0.335

N/C 2007 0.000*** 0.119 0.285 0.631 0.000*** 0.058 0.620 0.843

2008 0.000*** 0.213 0.968 0.702 0.000*** 0.000*** 0.003 0.407

2009 0.002** 0.003** 0.033* 0.070 0.000*** 0.026* 0.089 0.282

2010 0.002** 0.001** 0.815 0.104 0.000*** 0.010* 0.440 0.373

P/C 2007 0.000*** 0.850 0.980 0.880 0.000*** 0.727 0.145 0.022*

2008 0.000*** 0.120 0.344 0.227 0.003** 0.444 0.763 0.695

2009 0.004** 0.647 0.028* 0.256 0.001** 0.969 0.397 0.603

2010 0.000*** 0.468 0.288 0.823 0.016* 0.107 0.555 0.975

K/C 2007 0.000*** 0.446 0.038* 0.196 0.000*** 0.764 0.047* 0.868

2008 0.002** 0.447 0.780 0.391 0.000*** 0.908 0.459 0.959

2009 0.001** 0.005** 0.587 0.027* 0.000*** 0.187 0.072 0.718

2010 0.000*** 0.053 0.031* 0.185 0.000*** 0.931 0.124 0.271

*Significant effect (0.05 > P � 0.01).

**Very significant effect (0.01 > P � 0.001).

***Highly significant effect (P < 0.001).
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switchgrass L had a significantly lower N/C ratio than

miscanthus E and switchgrass E. Significant differences

were also observed between the N treatments from 2009

(Table 4): low N rates always resulted in lower N/C

ratios than N+ treatments, whatever the crop (Table 3).

The ANOVA also showed very significant differences in

P/C and K/C ratio every year: miscanthus L had the

lowest P/C ratio, switchgrass E had the highest, and

miscanthus E and switchgrass L had intermediate val-

ues. Nitrogen application rate had no significant effect

on P/C ratio. Miscanthus L and switchgrass L had

lower K/C ratios than miscanthus E and switchgrass E.

No significant effect of nitrogen was observed, except in

2009.

The N/C ratio of annual and semiperennial crops

varied significantly between crops every year: the N/C

ratio decreased from alfalfa to fescue, triticale, and fiber

sorghum in all years (Tables 3 and 4). N fertilization

significantly increased the N/C ratio of crops from 2008

to 2010: the effect was noticeable for fescue, triticale,

and fiber sorghum. P/C and K/C ratios varied signifi-

cantly between crops every year: alfalfa and fescue had

higher P/C ratio than triticale and fiber sorghum. The

K/C ratio ranking was fescue > alfalfa > fiber sor-

ghum > triticale for all years except 2008, when fescue

and alfalfa had similar values. N fertilization did not

affect the P/C and K/C ratios of the harvested plants.

Over the whole period 2007–2010, the average N/C

ratio was lowest in miscanthus L followed by miscan-

thus E, switchgrass E and L < triticale and fiber sor-

ghum < fescue < alfalfa (Fig. 2a). Most N+ treatments

had slightly higher N/C ratios than N� treatments. The

P/C ratio was lowest in miscanthus L followed by mi-

scanthus E and switchgrass L < switchgrass E < triticale

and fiber sorghum < fescue and alfalfa (Fig. 2b). The

ranking of the K/C ratio was slightly different, with the

lowest values for switchgrass L, followed by miscanthus

L < miscanthus E, switchgrass E and triticale < fiber

sorghum < fescue and alfalfa (Fig. 2c).

Nutrient balances

The annual inputs and outputs of N, P, and K are

shown in Table 5. The nitrogen output/input ratio (e)

was calculated in the fertilized treatments. It was

greater than 1 in miscanthus E N+, fescue N� and triti-

cale N�, indicating that N fertilization did not compen-

sate for the N removed at harvest. The e ratio was close

to 1 for triticale N+ and fiber sorghum N+ receiving

120 kg fertilizer-N ha�1 yr�1, meaning that the N bal-

ance was close to 0. It was below 1, i.e. N inputs

exceeded N outputs, in miscanthus L N+, switchgrass L

N+, and to a lesser extent in switchgrass E N+ and fes-

cue N+. The average N balance can be calculated from

Table 5. It was almost nil or positive (from �2 to

+59 kg ha�1 yr�1) in all N+ treatments except for mi-

scanthus E (�24 kg ha�1 yr�1), whereas it was negative

in all N� treatments (from �19 to �100 kg ha�1 yr�1).

This result is fully consistent with our objective defined

earlier, except for Miscanthus E in which both N treat-

ments had a negative N balance and for alfalfa, which

derived most of its N from the atmosphere.

Table 5 Measured (mean � standard deviation) inputs and outputs of N, P, and K, carbon concentration in the harvested biomass

(rC) and nitrogen output/input ratio (e) in the experimental treatments (mean over the period 2007–2010)

Input N kg ha�1 yr�1

Output

rC g kg�1 e

N P K

kg ha�1 yr�1

Miscanthus E N� 0 100 � 10 19 � 0 192 � 22 463 � 2

N+ 120 144 � 16 16 � 2 206 � 12 463 � 4 1.20 � 0.13

Miscanthus L N� 0 38 � 10 9 � 2 95 � 20 479 � 3

N+ 120 61 � 8 8 � 1 112 � 3 478 � 3 0.50 � 0.06

Switchgrass E N� 0 70 � 4 17 � 1 133 � 3 462 � 1

N+ 120 107 � 10 20 � 1 175 � 33 462 � 2 0.89 � 0.08

Switchgrass L N� 0 51 � 6 10 � 1 45 � 6 474 � 1

N+ 120 80 � 3 13 � 1 68 � 12 473 � 2 0.67 � 0.02

Fescue N� 90 112 � 4 22 � 1 207 � 12 434 � 0 1.25 � 0.05

N+ 180 153 � 8 29 � 1 266 � 10 433 � 0 0.85 � 0.04

Alfalfa N� 0 313 � 17 29 � 1 248 � 19 448 � 2

N+ 0 315 � 17 30 � 0 236 � 13 440 � 10

Triticale N� 60 79 � 4 20 � 2 67 � 5 444 � 6 1.31 � 0.06

N+ 120 119 � 16 25 � 3 90 � 8 445 � 5 0.99 � 0.14

Fiber sorghum N� 0 88 � 8 23 � 3 164 � 10 424 � 15

N+ 120 122 � 26 24 � 4 162 � 20 431 � 6 1.02 � 0.22
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The annual P and K balances calculated over the 2007

–2010 period were negative in all crops as no fertiliza-

tion was applied during the 5 years of the experiment.

The average P balance varied between �8 and

�30 kg ha�1 yr�1, and the lowest P removal was found

in miscanthus L. The average K balance was more vari-

able (�45 to �266 kg ha�1 yr�1) and dependent on the

crop: switchgrass and triticale had the smallest balances,

while the greatest K removal occurred with miscanthus

E, fescue, and alfalfa. The difference between P and K

removals at harvest was likely due to the combination

of two phenomena: (i) the lower crop requirements for

P compared to K; and (ii) the luxury K uptake due to

high levels of potassium in this soil (254 mg K2O kg�1

measured in the 0–30 cm soil layer in 2005).

GHG balance in relation to N-P-K fertilization

The main characteristics of the ‘optimized’ situations

used to calculate GHG balance are shown in Table 6.

Nutrient fertilization was calculated so that the nutrient

balance of each element was equal to 0 and the nitrogen

output/input ratio (e) was 1 in the crops receiving ‘opti-

mized’ fertilization rates. The calculation indicated that

the annual requirements of fertilizer-N ranged from 0

for alfalfa to 157 kg ha�1 for miscanthus E. The require-

ment was less than 70 kg ha�1 for miscanthus L and

switchgrass L, and more than 120 kg ha�1 for switch-

grass E, fescue, triticale, and fiber sorghum. The annual

requirements of fertilizer-P ranged from 8 kg ha�1 for

miscanthus L to 29 kg ha�1 for alfalfa. The annual

requirements of fertilizer-K were the highest and ranged

from 57 kg ha�1 for switchgrass L to 233 kg ha�1 for

fescue and 242 kg ha�1 for alfalfa.

Table 7 summarizes the results of the calculations of

the GHG balance. The conversion yield of the harvested

biomass to ethanol (EtOH) varies from 114 g kg�1 for

alfalfa to 276 g kg�1 for triticale. Only 13–32% of the

carbon content of the harvested biomass is thus con-

verted into ethanol (cv). Alfalfa has the lowest conver-

sion yield because of its low lignocellulose content and

its high protein content, which was not converted into

ethanol but would rather be used for human or animal

food, as is often assumed (Sanderson et al., 2007; San-

derson & Adler, 2008). Replacing fossil fuel by ethanol

would save between 219 g CO2 kg�1 for alfalfa and

528 g CO2 kg�1 for triticale (M value). The CO2 saved is

higher for perennial crops than for semiperennial and

annual crops, except for triticale.

The highest GHG emissions resulting from N-P-K fer-

tilization are due to biogenic N2O emissions following

N fertilization (Meq), except for alfalfa which does not

receive N fertilization. GHG emissions resulting from

N-fertilizer production and transport (MeqN) are also

important: they are equivalent to approximately 50% of

the biogenic N2O emissions following N fertilization

(Meq). Emissions resulting from P and K-fertilizer pro-

duction and transport (MeqP and MeqK,) are much smal-

ler. If we exclude alfalfa, the N-related GHG emissions

(Meq and MeqN) represent more than 90% of the total

GHG emissions resulting from N-P-K fertilization

(Meqt). Meqt range from 24 g CO2 kg�1 for alfalfa to

255 g CO2 kg�1 for fescue.

The Meqt/M ratio is less than 1 in all cases, meaning

that GHG emissions resulting from N-P-K fertilization

are smaller than the savings of CO2 due to replacement

of fossil fuel. Nevertheless, the different crops exhibit a

wide variability: the lowest Meqt/M ratio is observed in

miscanthus L (0.10) and the highest in fescue (0.72). This

result indicates that GHG emissions resulting from N-P-

K fertilization could offset from 10% (miscanthus L) to

72% (fescue) of the GHG emissions saved by replacing

fossil fuels, depending on the crop. Miscanthus, switch-

grass and alfalfa have a lower Meqt/M ratio than the

other crops. The date of harvest is particularly impor-

tant for the perennial crops: late harvest reduces the

Meqt/M ratio by 2.7-fold for miscanthus and 1.6-fold for

switchgrass compared to early harvest.

The energy performance of the crop is highly depen-

dent on the N/C ratio of the crop: a strong positive cor-

relation (r² = 0.93) was observed between the Meqt/M

ratio and the N/C ratio of the harvested biomass of the

nonlegume crops (Fig. 3). Triticale fell below the aver-

age relationship with a lower Meqt/M ratio than fiber

sorghum despite a similar N/C ratio. This is due to a

higher cv value explained by a more efficient conversion

of starch into ethanol. Alfalfa was not included in this

relationship because it had the highest N/C ratio

(61 g kg�1) and the second lowest Meqt/M ratio (0.11).

This is because we assumed no N fertilization for this

legume crop.

Finally, we calculated the net CO2 emissions avoided

by the bioenergy crops due to the substitution of etha-

nol production for fossil resources (Fig. 4). This calcula-

tion took into account (i) the difference between the

GHG emissions saved by replacing fossil fuels and the

GHG emissions resulting from N-P-K fertilization per

ton of biomass; and (ii) the biomass production per

hectare. Net CO2 emissions ranged from 1.0 in fescue to

8.6 t CO2 ha�1 yr�1 in miscanthus E and L. The crops

which avoided the smallest amounts of CO2 per hectare

had either a low biomass conversion yield to ethanol

(alfalfa) or a low GHG saving per ton of biomass (fes-

cue). Conversely, the perennial crops which saved the

highest amounts of CO2 per hectare had high biomass

production (miscanthus E) and/or high GHG saving

per ton of biomass (miscanthus L). To save as much

CO2 as miscanthus L, the other crops, miscanthus E,
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switchgrass E, switchgrass L, Fescue, alfalfa, triticale,

and fiber sorghum had to produce 41, 48, 12, 359, 131,

29, and 137% more biomass, respectively, than miscan-

thus L (not shown). Only miscanthus E did so in our

experimental conditions. The ethanol production ranged

from 1.3 t ha�1 yr�1 for alfalfa to 6.0 t ha�1 yr�1 for

miscanthus E. We observed a positive and strong corre-

lation between the net CO2 emissions avoided and the

ethanol production (r² = 0.91) mainly due to the contri-

bution of biomass production in both calculations.

In our conditions, miscanthus was the crop which pro-

duced the most ethanol per hectare, with an advantage

Table 6 Calculated inputs and outputs of N, P, and K, biomass production (B), carbon concentration in the harvested biomass (rC)

and nitrogen output/input ratio (e) in the ‘optimized’ fertilization situations (mean over the period 2007–2010)

Input = output* kg ha�1 yr�1

B t ha�1 yr�1 rC g kg�1 eN P K

Miscanthus E 157 15 210 26.9 462 1.00

Miscanthus L 46 8 102 19.1 479 1.00

Switchgrass E 101 20 168 18.7 462 1.00

Switchgrass L 68 12 57 16.3 473 1.00

Fescue 131 25 233 10.0 434 1.00

Alfalfa 0 29 242 11.6 444

Triticale 118 24 89 12.5 445 1.00

Fiber sorghum 123 24 163 13.3 431 1.00

*Except for alfalfa for which N input = 0.

Table 7 Calculated conversion yields of biomass to ethanol on a DM basis (EtOH) or a carbon basis (cV), saved fossil CO2 by ligno-

cellulosic ethanol (M), biogenic N2O emissions resulting from N fertilization (Meq), GHG emissions resulting from N-fertilizer produc-

tion (MeqN), P-fertilizer production (MeqP), K-fertilizer production (MeqK), total GHG emissions resulting from N-P-K fertilization

(Meqt) and cost/benefit ratio (Meqt/M)

EtOH g kg�1 DM cV g g�1 C

M Meq MeqN MeqP MeqK Meqt

Meqt/Mg CO2 kg�1 DM

Miscanthus E 224 0.25 429 68 34 3 5 109 0.25

Miscanthus L 260 0.28 498 28 14 2 3 48 0.10

Switchgrass E 214 0.24 409 63 32 5 5 105 0.26

Switchgrass L 251 0.28 481 48 24 3 2 78 0.16

Fescue 184 0.22 353 153 77 12 14 255 0.72

Alfalfa 114 0.13 219 0 0 12 12 24 0.11

Triticale 276 0.32 528 110 55 9 4 178 0.34

Fiber sorghum 192 0.23 368 108 54 8 7 178 0.48
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Fig. 3 Relationship between the cost/benefit ratio (Meqt/M) of

the bioenergy crops and their N/C ratio in ‘optimized’ fertiliza-

tion conditions.
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for early harvests, and which avoided the most CO2

emissions per hectare.

Discussion

Biomass production

The production of miscanthus in our conditions was in

the range of what is reported in the literature (Heaton

et al., 2004; Miguez et al., 2008; Cadoux et al., 2012). As

shown in other studies (Schwarz et al., 1994; Beale &

Long, 1997; Himken et al., 1997; Danalatos et al., 2007;

Christian et al., 2008), no effect of fertilization was

observed during the 5 years in the late harvest treat-

ments. From 2008, the slight effect of N fertilization on

the biomass production in early harvested treatments

illustrated a likely N deficiency. Indeed, Strullu et al.

(2011; 2013) showed that cumulative early harvests led

to depletion of rhizome N reserves associated with a

decrease in spring N remobilization and then to a

decrease in biomass production.

The yield of switchgrass was in the upper range of

what is reported in the bibliography (Heaton et al.,

2004; McLaughlin & Adams Kszos, 2005; Fike et al.,

2006). The weaker response of L treatments to N fertil-

ization is likely to be due to the same phenomenon as

miscanthus i.e. the N cycling in the crop (Yang et al.,

2009).

The biomass production of fescue and alfalfa was

rather low compared with perennial crops. One reason

is that the biomass production of fescue varied widely

between years, with low yields in 2008, 2009, and 2010.

The low yield in 2009 could be due to the first year of

establishment of the crop while the spreading of an

inappropriate herbicide might have impeded the crop

growth in 2010. No clear explanation can be offered for

the low biomass yield of fescue in 2008. The effect of N

fertilization each year except 2009 at the establishment

of the crop confirms the high N requirements of this

crop (B�elanger et al., 1992). The lower production of

alfalfa observed in 2009 and 2010 is attributed to the

establishment of the crop in 2009 and to either delayed

effects of the water deficit observed in 2009 or a variety

effect.

Biotic and abiotic stresses may have occurred and

may explain the relatively low yield of triticale. Indeed,

in northern France, Brancourt-Hulmel et al. (2003)

showed that the biomass production of wheat, a species

similar to triticale, could reach 20 t ha�1 on average.

They also showed that the yield dropped to 14 t ha�1 in

the absence of N fertilization and fungicide. The bio-

mass production of fiber sorghum was lower than often

reported in the literature; biomass yields of about

20 t ha�1 and up to 30 t ha�1 are reported, but mainly

in southern Europe (Mastrorilli et al., 1995, 1999;

Cosentino et al., 2012). The susceptibility of sorghum to

low temperatures impedes sowing before mid-May in

our conditions. The consequence is a considerably

shorter growing period with likely reduced radiation

interception.

The hierarchy of crops in terms of biomass produc-

tion differs from that reported in other studies. Boehmel

et al. (2008) observed the following hierarchy: maize

(annual C4), miscanthus and triticale > willow (short

rotation coppice) > switchgrass and wheat. In the study

of Scholz & Ellerbrock (2002), the biomass ranked as:

hemp (annual C3) > poplar (short rotation cop-

pice) > rye and cocksfoot (annual and semiperennial

C3, respectively) > triticale. These differences underline

that biomass production varies widely according to soil

and weather conditions as well as crop management, as

shown by Cadoux et al. (2010). This is particularly true

for the C4 crops, especially perennials, which maximize

the interception of radiation (Dohleman & Long, 2009)

and are potentially the most productive, but which can

produce less than C3 crops if they are grown at unsuit-

able latitudes (Gosse et al., 1986).

Nutrient removal at harvest

The low and comparable nutrient/C ratios of miscan-

thus and switchgrass are consistent with the findings of

Monti et al. (2008) and Propheter & Staggenborg (2010).

Late harvest resulted in lower nutrient removal than

early harvest; this is due to nutrient translocation from

leaves and stems to the rhizomes and/or to leaf fall

during winter and/or stem leaching occurring in

autumn/winter (Christian et al., 2002; Adler et al., 2006;

Yang et al., 2009; Amougou et al., 2012; Cadoux et al.,

2012). In contrast, semiperennial crops (alfalfa and fes-

cue) are characterized by a high nutrient concentration

(e.g. Scholz & Ellerbrock, 2002) and a large amount of N

removed at harvest, which has been identified as a

major disadvantage of using grasslands for bioenergy

(Ceotto, 2009). Our study confirms this finding and

shows that the high removal of K at harvest puts semi-

perennial forage crops (legume and nonlegume) at a

disadvantage. In accordance with the results of Scholz

& Ellerbrock (2002), we showed that the nutrient

removal at harvest of annual crops (triticale and sor-

ghum) was intermediate between those of perennial

and semiperennial crops.

GHG balance in relation to N-P-K fertilization

The GHG emissions resulting from N-P-K fertilization

were assessed and compared with the CO2 emissions

saved by replacing fossil fuel to evaluate the contribu-
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tion of the fertilization to the GHG balance of the biofu-

els. This cost/benefit methodology cannot replace a full

life-cycle analysis to make a complete GHG balance of

biofuel because it does not take into account the GHG

emissions resulting from cropping operations during

biomass production (except those for fertilizer produc-

tion and transport) and the GHG emissions during

transportation and conversion of the biomass. However,

it allows a useful comparison between crops to discrimi-

nate which crops are best suited for biofuel production

to obtain a largely positive GHG balance and what are

the main factors involved. Indeed, GHG emitted during

fertilizer production and transport are not likely to

change the hierarchy between crops, and GHG emis-

sions resulting from the use of fossil fuel and machinery

during biomass production are rather small compared

with fertilization-related emissions (St Clair et al., 2008;

Fazio & Monti, 2011). Soil carbon changes with time are

also not considered in our methodology; they could

lead to underestimates of GHG savings by perennial

crops, which are expected to favor carbon sequestration

in soils, at least when harvested late (Bessou et al.,

2011). Finally, our results are linked to the use of the

global worldwide emission factor from mineral N fertil-

izer (y) proposed by Davidson (2009) and to the emis-

sion factors of fertilizer production and transport. LCA

studies comparing bioenergy crops often use the 0.01

emission factor of the IPCC methodology for direct

emissions (Hillier et al., 2009; Fazio & Monti, 2011) and

few of them include the indirect emissions (Adler et al.,

2007), which leads to underestimates of N2O emissions

in most cases. The 0.025 global emission factor esti-

mated by Davidson (2009) and used in this study was

close to the results of using IPCC guidelines based on

both direct and indirect emissions (Davidson, 2009;

Reay et al., 2012). However, this methodology does not

take into account the variability in N2O emissions due

to differences in local conditions of biomass production

(e.g. soil type, climate). The emission factors for fertil-

izer-N production and transport (aN) can vary widely

between fertilizer types: from 3.3 kg CO2 eq kg�1 N for

urea to 8.65 kg CO2 eq kg�1 N for calcium ammonium

nitrate (Swiss Center for Life Cycle Inventories, 2010).

We chose to use the emission factor for UAN solution

(5.84) because it corresponds to the fertilizer used in the

experiment and it represents an intermediate value

between urea and ammonium nitrate, which are the

most widely used N fertilizers in Europe (IFA, 2012).

Furthermore, choosing another fertilizer type would

have changed the values of Meqt/M for all crops, but

not the crop hierarchy.

In spite of the addition of GHG emissions resulting

from fertilizer production and transport in our study,

our Meqt/M values were generally much lower than the

Meq/M values obtained by Crutzen et al. (2008) for

maize and sugarcane ethanol (0.9–1.5 and 0.5–0.9,

respectively, with y = 0.03–0.05). This discrepancy can

be partially explained by the difference in the nitrogen

output/input ratio (e) (0.4 for Crutzen et al. (2008) vs. 1

in our study for ‘optimized’ situations), and by the fact

that we used a lower emission factor for N2O emissions

(y) than Crutzen et al. (2008). Our value of e = 1 was

obtained assuming an increase in the sustainability of

crop management through optimizing agronomic

inputs, which was considered by Fazio & Monti (2011)

as a way to significantly improve the overall sustainabil-

ity of bioenergy chains. The low Meqt/M ratios obtained

for the perennial C4 crops and alfalfa can be explained

by their low nutrient requirements, particularly nitro-

gen, per unit of C produced. The possibility of using

crops with a very low N/C ratio makes second-genera-

tion biofuels potentially much more efficient than first-

generation biofuels in terms of GHG balance. This is

consistent with the results of the LCA studies on the

GHG balance of lignocellulosic ethanol (e.g. Adler et al.,

2007; Schmer et al., 2008; Fazio & Monti, 2011).

The N/C ratio of harvested biomass was very stable

over time for a given crop, very discriminating between

crops and strongly correlated with the Meqt/M ratio. It

is likely to rank the crops robustly and we propose to

use it as a simple indicator to compare nonlegume bio-

energy crops. Biomass production per hectare is an

additional indicator, but it seems to be much more site-

specific. In our conditions, miscanthus was the crop

which both produced the most ethanol and avoided the

most CO2 emissions per hectare. The advantage of early

harvests compared with late harvests because of higher

ethanol production per hectare and the same CO2 emis-

sions saved should be treated with caution. Indeed,

other consequences of nutrient fertilization than GHG

emissions are not taken into account. Finally, miscan-

thus L and switchgrass L allow the best compromise

between low N-P-K requirements, low Meqt/M ratio

and high biomass and ethanol production per hectare.

A more integrated environmental impact assessment,

taking into account changes of soil carbon stocks with

time, nitrate leaching, water consumption, etc., is now

necessary to complete the comparison of the different

cropping systems. Further research studies are needed

to extend this assessment to other soil and climatic con-

ditions and to consider cropping systems including food

and nonfood crops.

Acknowledgements

This work was carried out with the financial support of the
French National Research Agency (ANR) under the project
‘Regix’ and OSEO under the project ‘Futurol’. The authors are

© 2013 Blackwell Publishing Ltd, GCB Bioenergy, 6, 425–438

436 S . CADOUX et al.



grateful to B. Chauchard, C. Dominiarczyk, A. Texeira, and L.
Strullu (AgroImpact Unit of Estr�ees-Mons/Laon) for their tech-
nical assistance, and to J.L. Lecot, M. Devaux, M. Leleu and D.
Laude (Experimental Unit of Estr�ees-Mons) for maintaining the
long-term experiment. The authors thank M. Brancourt
(AgroImpact Unit of Estr�ees-Mons/Laon) for her advice on sta-
tistical analysis, and C. Godard (Agro-Transfert Ressources et
Territoires) for extracting data from the Ecoinvent database.

References

Aden A (2008) Biochemical Production of Ethanol from Corn Stover: 2007 State of Tech-

nology Model. Technical report NREL/TP-510-43205. National Renewable Energy

Laboratory, Golden, CO (USA). p. 9.

Adler PR, Sanderson MA, Boateng AA, Weimer PJ, Jung HJG (2006) Biomass yield

and biofuel quality of switchgrass harvested in fall or spring. Agronomy Journal,

98, 1518–1525.

Adler PR, Grosso SJ, Parton WJ (2007) Life-cycle assessment of net greenhouse-gas

flux for bioenergy cropping systems. Ecological Applications, 17, 675–691.

Amougou N, Bertrand I, Cadoux S, Recous S (2012) Miscanthus 9 giganteus leaf

senescence, decomposition and C and N inputs to soil. Global Change Biology Bioe-

nergy, 4, 698–707.

Beale C, Long S (1997) Seasonal dynamics of nutrient accumulation and partitioning

in the perennial C4-grasses Miscanthus9giganteus and Spartina cynosuroides. Bio-

mass and Bioenergy, 12, 419–428.

B�elanger G, Gastal F, Lemaire G (1992) Growth analysis of a tall fescue sward fertil-

ized with different rates of nitrogen. Crop Science, 32, 1371–1376.

Berndes G, Hoogwijk M, van den Broek R (2003) The contribution of biomass in

the future global energy supply: a review of 17 studies. Biomass and Bioenergy,

25, 1–28.

Bessou C, Ferchaud F, Gabrielle B, Mary B (2011) Biofuels, greenhouse gases and cli-

mate change. Agronomy for Sustainable Development, 31, 1–79.

Boehmel C, Lewandowski I, Claupein W (2008) Comparing annual and perennial

energy cropping systems with different management intensities. Agricultural Sys-

tems, 96, 224–236.

Bozell JJ, Petersen GR (2010) Technology development for the production of bio-

based products from biorefinery carbohydrates—the US Department of Energy’s

‘top 10’ revisited. Green Chemistry, 12, 539–554.

Brancourt-Hulmel M, Doussinault G, Lecomte C, B�erard P, Le Buanec B, Trottet M

(2003) Genetic improvement of agronomic traits of winter wheat cultivars

released in France from 1946 to 1992. Crop Science, 43, 37–45.

Cadoux S, Briand S, Chabbert B et al. (2010) Biomass productivity of different energy

crops under French conditions. Results of the Regix experimental network. 18th

European Biomass Conference & Exhibition, pp. 269–272. Lyon.

Cadoux S, Riche AB, Yates NE, Machet JM (2012) Nutrient requirements of Miscan-

thus9giganteus: conclusions from a review of published studies. Biomass and Bio-

energy, 38, 14–22.

Ceotto E (2009) Grasslands for bioenergy production: a review. Agronomy for Sustain-

able Development, 28, 47–55.

Cherney J, Johnson K, Volenec J, Greene D (1991) Biomass potential of selected grass

and legume crops. Energy Sources, 13, 283–292.

Cherubini F (2010) The biorefinery concept: using biomass instead of oil for produc-

ing energy and chemicals. Energy Conversion and Management, 51, 1412–1421.

Christian D, Riche A, Yates N (2002) The yield and composition of switchgrass and

coastal panic grass grown as a biofuel in Southern England. Bioresource Technol-

ogy, 83, 115–124.

Christian D, Riche A, Yates N (2008) Growth, yield and mineral content of Miscan-

thus9giganteus grown as a biofuel for 14 successive harvests. Industrial Crops and

Products, 28, 320–327.

Chum H, Faaij A, Moreira J et al. (2011) Bioenergy. In: IPCC Special Report on Renewable

Energy Sources and Climate Change Mitigation (eds Edenhofer O, Pichs Madruga R, Sok-

ona Y et al.), pp. 1–187. Cambridge University Press, Cambridge, UK and New York.

Cosentino SL, Mantineo M, Testa G (2012) Water and nitrogen balance of sweet sor-

ghum (Sorghum bicolor moench (L.)) cv. Keller under semi-arid conditions. Indus-

trial Crops and Products, 36, 329–342.

Crutzen PJ, Mosier AR, Smith KA, Winiwarter W (2008) N2O release from agro-bio-

fuel production negates global warming reduction by replacing fossil fuels. Atmo-

spheric Chemistry and Physics, 8, 389–395.

Da Silva Perez D, Briand S, Leygue JP, Laboub�ee C, Chabbert B, Labalette F, Cadoux

S (2010) Comparison of agricultural and forest biomass with regard to biological

processes for bioethanol production of second generation. 18th European Biomass

Conference & Exhibition, pp. 506–510, Lyon.

Danalatos NG, Archontoulis SV, Mitsios I (2007) Potential growth and biomass pro-

ductivity of Miscanthus9giganteus as affected by plant density and N-fertilization

in central Greece. Biomass and Bioenergy, 31, 145–152.

Davidson EA (2009) The contribution of manure and fertilizer nitrogen to atmo-

spheric nitrous oxide since 1860. Nature Geoscience, 2, 659–662.

Dohleman FG, Long SP (2009) More productive than maize in the Midwest: how

does Miscanthus do it? Plant Physiology, 150, 2104–2115.

Fazio S, Monti A (2011) Life cycle assessment of different bioenergy production

systems including perennial and annual crops. Biomass and Bioenergy, 35,

4868–4878.

Field CB, Campbell JE, Lobell DB (2008) Biomass energy: the scale of the potential

resource. Trends in Ecology & Evolution, 23, 65–72.

Fike JH, Parrish DJ, Wolf DD, Balasko JA, Green JT, Rasnake M, Reynolds JH (2006)

Long-term yield potential of switchgrass-for-biofuel systems. Biomass and Bioener-

gy, 30, 198–206.

Gnansounou E (2010) Production and use of lignocellulosic bioethanol in Europe:

current situation and perspectives. Bioresource Technology, 101, 4842–4850.

Gosse G, Varlet-Grancher C, Bonhomme R, Chartier M, Allirand JM, Lemaire G

(1986) Production maximale de mati�ere s�eche et rayonnement solaire intercept�e

par un couvert v�eg�etal. Agronomie, 6, 47–56.

Haberl H, Beringer T, Bhattacharya SC, Erb KH, Hoogwijk M (2010) The global tech-

nical potential of bio-energy in 2050 considering sustainability constraints. Cur-

rent Opinion in Environmental Sustainability, 2, 394–403.

Haughton AJ, Bond AJ, Lovett AA et al. (2009) A novel, integrated approach to assess-

ing social, economic and environmental implications of changing rural land-use: a

case study of perennial biomass crops. Journal of Applied Ecology, 46, 315–322.

Heaton E, Voigt T, Long SP (2004) A quantitative review comparing the yields of

two candidate C4 perennial biomass crops in relation to nitrogen, temperature

and water. Biomass and Bioenergy, 27, 21–30.

Hillier J, Whittaker C, Dailey G et al. (2009) Greenhouse gas emissions from four

bioenergy crops in England and Wales: Integrating spatial estimates of yield and

soil carbon balance in life cycle analyses. Global Change Biology Bioenergy, 1, 267–

281.

Himken M, Lammel J, Neukirchen D, Czypionka-Krause U, Olfs HW (1997) Cultiva-

tion of Miscanthus under west European conditions: seasonal changes in dry

matter production, nutrient uptake and remobilization. Plant and Soil, 189, 117–

126.

Hoogwijk M, Faaij A, van den Broek R, Berndes G, Gielen D, Turkenburg W (2003)

Exploration of the ranges of the global potential of biomass for energy. Biomass

and Bioenergy, 25, 119–133.

Hoogwijk M, Faaij A, Eickhout B, De Vries B, Turkenburg W (2005) Potential of bio-

mass energy out to 2100, for four IPCC SRES land-use scenarios. Biomass and Bio-

energy, 29, 225–257.

IEA (2010) Energy Technology Perspectives. Scenarios & Strategies to 2050. Executive

Summary. IEA, Paris.

IFA (International Fertilizer industry Association). (2012) IFA database. Available at:

http://www.fertilizer.org/ifa/ifadata/search.

Karp A, Richter GM (2011) Meeting the challenge of food and energy security. Jour-

nal of Experimental Botany, 62, 3263–3271.

Karp A, Shield I (2008) Bioenergy from plants and the sustainable yield challenge.

New Phytologist, 179, 15–32.

Kering MK, Butler TJ, Biermacher JT, Guretzky JA (2012) Biomass yield and nutrient

removal rates of perennial grasses under nitrogen fertilization. BioEnergy Research,

5, 61–70.

Lewandowski I, Schmidt U (2006) Nitrogen, energy and land use efficiencies of mi-

scanthus, reed canary grass and triticale as determined by the boundary line

approach. Agriculture, Ecosystems & Environment, 112, 335–346.

Lewandowski I, Scurlock JMO, Lindvall E, Christou M (2003) The development and

current status of perennial rhizomatous grasses as energy crops in the US and

Europe. Biomass and Bioenergy, 25, 335–361.

Mantineo M, D’agosta GM, Copani V, Patan�e C, Cosentino SL (2009) Biomass yield

and energy balance of three perennial crops for energy use in the semi-arid Medi-

terranean environment. Field Crops Research, 114, 204–213.

Mastrorilli M, Katerji N, Rana G, Steduto P (1995) Sweet sorghum in Mediterranean

climate: radiation use and biomass water use efficiencies. Industrial Crops and

Products, 3, 253–260.

Mastrorilli M, Katerji N, Rana G (1999) Productivity and water use efficiency of

sweet sorghum as affected by soil water deficit occurring at different vegetative

growth stages. European Journal of Agronomy, 11, 207–215.

© 2013 Blackwell Publishing Ltd, GCB Bioenergy, 6, 425–438

HIGH GHG SAVING BY PERENNIAL BIOENERGY CROPS 437



McLaughlin SB, Adams Kszos L (2005) Development of switchgrass (Panicum virga-

tum) as a bioenergy feedstock in the United States. Biomass and Bioenergy, 28, 515–

535.

Miguez FE, Villamil MB, Long SP, Bollero GA (2008) Meta-analysis of the effects of

management factors on Miscanthus9giganteus growth and biomass production.

Agricultural and Forest Meteorology, 148, 1280–1292.

Monti A, Di Virgilio N, Venturi G (2008) Mineral composition and ash content of six

major energy crops. Biomass and Bioenergy, 32, 216–223.

Neset TSS, Cordell D (2012) Global phosphorus scarcity: identifying synergies for a

sustainable future. Journal of the Science of Food and Agriculture, 92, 2–6.

OECD (2008) Environmental Performance of Agriculture in OECD Countries Since 1990.

Paris, France. Available at: www.oecd.org/tad/env/indicators (accessed 03

December 2012).

Olofsson K, Bertilsson M, Lid�en G (2008) A short review on SSF-an interesting pro-

cess option for ethanol production from lignocellulosic feedstocks. Biotechnology

for biofuels, 1, 1–14.

Propheter JL, Staggenborg S (2010) Performance of annual and perennial biofuel

crops: nutrient removal during the first two years. Agronomy Journal, 102, 798–805.

Propheter J, Staggenborg S, Wu X, Wang D (2010) Performance of annual and peren-

nial biofuel crops: yield during the first two years. Agronomy Journal, 102, 806–814.

Ragauskas AJ, Williams CK, Davison BH et al. (2006) The path forward for biofuels

and biomaterials. Science, 311, 484.

Rauh S, Berenz S (2007) Interactive comment on “N2O release from agro-biofuel pro-

duction negates global warming reduction by replacing fossil fuels”. Atmospheric

Chemistry and Physics Discussion, 7, 4616–4619.

Reay DS, Davidson EA, Smith KA, Smith P, Melillo JM, Dentener F, Crutzen PJ (2012)

Global agriculture and nitrous oxide emissions. Nature Climate Change, 2, 410–416.

Rowe RL, Street NR, Taylor G (2009) Identifying potential environmental impacts of

large-scale deployment of dedicated bioenergy crops in the UK. Renewable and

Sustainable Energy Reviews, 13, 271–290.

Sanderson MA, Adler PR (2008) Perennial forages as second generation bioenergy

crops. International Journal of Molecular Sciences, 9, 768–788.

Sanderson MA, Martin NP, Adler P (2007) Biomass, energy, and industrial uses of

forages. In: Forages Volume II: The science of grassland agriculture, 6th (eds Barnes

RF, Nelson CJ, Moore KJ, Collins M), pp. 635–647. Iowa State University Press,

Ames, IA.

Schmer MR, Vogel KP, Mitchell RB, Perrin RK (2008) Net energy of cellulosic etha-

nol from switchgrass. Proceedings of the National Academy of Sciences of the United

States of America, 105, 464–469.

Scholz V, Ellerbrock R (2002) The growth productivity, and environmental impact of

the cultivation of energy crops on sandy soil in Germany. Biomass and Bioenergy,

23, 81–92.

Schwarz H, Liebhard P, Ehrendorfer K, Ruckenbauer P (1994) The effect of fertiliza-

tion on yield and quality of Miscanthus sinensis “Giganteus”. Industrial Crops and

Products, 2, 153–159.

Sims REH, Hastings A, Schlamadinger B, Taylor G, Smith P (2006) Energy crops:

current status and future prospects. Global Change Biology, 12, 2054–2076.

Smeets EMW, Faaij APC (2007) Bioenergy potentials from forestry in 2050. Climatic

Change, 81, 353–390.

Smeets E, Bouwmann AF, Stehfest E (2007) Interactive comment on “N2O release

from agro-biofuel production negates global warming reduction by replacing fos-

sil fuels”. Atmospheric Chemistry and Physics Discussion, 7, 4937–4941.

Somerville C, Youngs H, Taylor C, Davis SC, Long SP (2010) Feedstocks for lignocel-

lulosic biofuels. Science, 329, 790–792.

St Clair S, Hillier J, Smith P (2008) Estimating the pre-harvest greenhouse gas costs

of energy crop production. Biomass and Bioenergy, 32, 442–452.

Strullu L, Cadoux S, Preudhomme M, Jeuffroy M, Beaudoin N (2011) Biomass pro-

duction and nitrogen accumulation and remobilisation by Miscanthus9giganteus

as influenced by nitrogen stocks in belowground organs. Field Crops Research, 121,

381–391.

Strullu L, Cadoux S, Beaudoin N, Jeuffroy M-H (2013) Influence of belowground

nitrogen stocks on light interception and conversion of Miscanthus 9 giganteus.

European Journal of Agronomy, 47, 1–10.

Styles D, Jones MB (2007) Energy crops in Ireland: quantifying the potential life-

cycle greenhouse gas reductions of energy-crop electricity. Biomass and Bioenergy,

31, 759–772.

Swiss Center for Life Cycle Inventories (2010) Ecoinvent database v2.2. Swiss Center

for Life Cycle Inventories, T€anikon, Switzerland.

Ter Steege MW, Stulen I, Mary B (2001) Nitrogen in the environment. In: Plant Nitro-

gen (eds Lea PJ, Morot-Gaudry JF), pp. 379–397. Springer, Berlin.

Teske S, Pregger T, Simon S, Naegler T, Graus W, Lins C (2011) Energy [R] evolution

2010–a sustainable world energy outlook. Energy Efficiency, 4, 1–25.

Tilman D, Socolow R, Foley JA et al. (2009) Beneficial biofuels–the food, energy, and

environment trilemma. Science, 325, 270.

USDOE (2010) Theoretical Ethanol Yield Calculator. Available at: www.eere.energy.

gov/biomass/ethanol_yield_calculator.html.

Vogel KP, Dien BS, Jung HG, Casler MD, Masterson SD, Mitchell RB (2011) Quanti-

fying actual and theoretical ethanol yields for switchgrass strains using NIRS

analyses. BioEnergy Research, 4, 96–110.

Wiedenfeld RP (1984) Nutrient requirements and use efficiency by sweet sorghum.

Energy in agriculture, 3, 49–59.

Yang J, Worley E, Wang M, Lahner B, Salt DE, Saha M, Udvardi M (2009) Natural

variation for nutrient use and remobilization efficiencies in switchgrass. BioEnergy

Research, 2, 257–266.

Zegada-Lizarazu W, Elbersen HW, Cosentino SL, Zatta A, Alexopoulou E, Monti A

(2010) Agronomic aspects of future energy crops in Europe. Biofuels, Bioproducts

and Biorefining, 4, 674–691.

Zhao YL, Steinberger Y, Shi M, Han LP, Xie GH (2012) Changes in stem composition

and harvested produce of sweet sorghum during the period from maturity to a

sequence of delayed harvest dates. Biomass and Bioenergy, 39, 261–273.

© 2013 Blackwell Publishing Ltd, GCB Bioenergy, 6, 425–438

438 S . CADOUX et al.


