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Abstract

The contribution of switchgrass (Panicum virgatum L.), a perennial C4 grass, in reducing greenhouse gas (GHG)

emissions was reviewed under three main areas; the impact on carbon dioxide (CO2), nitrous oxide (N2O), and

methane emissions (CH4), whilst also taking into account the effects of land conversion to switchgrass. Switch-

grass is able to enhance biomass accumulation in a wide range of environmental conditions, which is the pre-

mise for considerable carbon assimilation and storage in the belowground organs. The progress in some areas of

crop husbandry (e.g., tillage and fertilization) has fostered benefits for carbon storage, while restraining GHG

emissions. As root biomass is the main indicator of soil carbon sequestration, switchgrass’s dense and deep root-

ing is a relevant advantage, although uncertainty still exists about the crop’s belowground biomass accumula-
tion. In agreement with this, most LCA studies addressing CO2 emissions report significant benefits from

switchgrass cultivation and processing. Beside CO2, switchgrass performed better than most other biomass crops

also in terms of N2O emission. In the case of CH4 emission, it may be argued that switchgrass should act as a

moderate sink, i.e., contributing to mitigate CH4 atmospheric concentration, but a substantial lack of information

indicates the need for specific research on the topic. Land conversion to switchgrass is the latest issue which

needs to be addressed in LCA studies: not surprisingly, the net CO2 abatement appears remarkable if switch-

grass is grown in former arable lands, although it is slightly negative to positive if switchgrass replaces perma-

nent grassland. In conclusion, switchgrass could significantly contribute to mitigate GHG emissions, although
areas of uncertainty still exist in the assessment of soil carbon storage, N2O and CH4 emissions, and the effects

of converting lands to switchgrass. Further improvements must, therefore, be achieved to strengthen the crop’s

remarkable sustainability.

Keywords: bioenergy, biofuel, carbon, climate change, global warming, land use change

Received 30 September 2011; revised version received 30 September 2011 and accepted 20 October 2011

Introduction

Global warming and increasing concentration of atmo-

spheric greenhouse gases (GHG) have prompted con-

siderable interest in the potential role of soil and plant

biomass (Watson et al., 2000), together containing about

2.7 times more carbon (C) than the atmosphere (Watson

et al., 1996; Schlesinger, 1997), in mitigating climate

change. Since the industrial revolution, the atmospheric

CO2 concentration has increased by around 37% and,

consequently, global temperatures have risen by

approx. 0.8 °C (Metz et al., 2007). Recent studies show

that a global warming of more than 1 °C, relative to

2000, exceeds the adaptive capacity of many systems,

thus resulting in unpredictable risks for living species

and irreversible effects on the earth’s climate (Mastran-

drea & Schneider, 2004; Hansen et al., 2006). On the

other hand, global temperatures are projected to

increase further by 1.1–6.4 °C over the next century,

thus actions need to be taken urgently to mitigate green-

house gas (GHG) emissions in the atmosphere (Metz

et al., 2007).

Agriculture occupies about 40–50% of the Earth’s land

surface and accounts for 10–12% of anthropogenic GHG-

emissions (5.1–6.1 Gt CO2-eq yr�1). Despite considerable

annual CO2 exchanges between agricultural lands and the

atmosphere, the net flux is minimal (0.04 Gt CO2 yr�1,

less than 1% of global anthropogenic emissions). There-

fore, nearly all GHG emissions from agriculture are

methane (CH4) and nitrous oxide (N2O) that account for

about 60% and 50% of global anthropogenic N2O and CH4

emissions, respectively (Metz et al., 2007). In general,

N2O emissions are generated by N fertilization, whereas
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the main source of CH4 emissions are livestock produc-

tion and manure management. In addition, N2O and

CH4 emissions from agricultural activities increased by

17% from 1990 to 2005 (US-EPA, 2006), and are pro-

jected to further increase by 35–60% up to 2030 (Mosier

& Kroeze, 2000; FAO, 2003), unless improved agricul-

tural practices and agronomic strategies are adopted

(Follett et al., 2001).

A significant global GHG mitigation contribution can

therefore be expected from agriculture, especially

through improved crop and land management devised

to enhance soil carbon sequestration, and by replacing

fossil fuels with agricultural feedstocks used for energy.

Estimates by Eggelston et al. (2006) show that the agri-

cultural GHG mitigation potential is 350–700 MtC per

year, to which 300–1300 MtC from the displacement of

fossil fuels should be added by dedicating 10–15% of

agricultural land to energy crops. Methane and nitrous

oxide emissions from agriculture could be reduced by

15–56% and by 9–26%, respectively, by growing energy

crops. Other estimates show the global potential for

GHG mitigation in agriculture by 2030 is from 200 to

1800 MtCO2-eq yr�1 (Fawcett & Sands, 2006; Fujino

et al., 2006; Kemfert et al., 2006; Smith & Wigley, 2006);

nonetheless, it should be stressed that these estimates

are very uncertain due to a knowledge gap regarding

CH4, N2O, and soil C-emissions, and the unpredictable

price of carbon (Smith et al., 2007).

Like all renewable energy sources, energy crops dis-

place the production of an equivalent amount of energy

from fossil fuels and thus have the potential to reduce

GHG emissions. However, converting the potential bio-

energy production into GHG mitigation potential is not

straightforward, as carbon offsets of energy crops rela-

tive to fossil fuels depend on several factors that make

the emissions balance positive, neutral or negative, to

an extent depending, among others, on crop productiv-

ity, quality of gas emissions, amount of carbon stored in

the soil, the sectors where bioenergy is used (electricity,

transport etc.), and the efficiency with which energy

crops are produced.

Due to the high biomass productions, deep root sys-

tems (Ma et al., 2000a; Sommer et al., 2000) and conser-

vative agricultural practices that limit oxidative

processes and thus soil organic carbon (SOC) losses,

perennial grasses offer a concrete possibility to partially

restore the SOM pool (Potter et al., 1999; Reicosky, 2003;

Pacala & Socolow, 2004; Lemus & Lal, 2005). It should

also be recognized that, compared with other grasses,

bioenergy crops provide a dual contribution to GHG

savings: not only do they store considerable amounts of

carbon in the soil, but they also replace an equivalent

amount of fossil energy. For example, Turhollow & Per-

lack (1991) estimated that carbon dioxide emissions

from the combustion of aboveground biomass of

switchgrass is 1.9 kg GJ�1, compared with 13.8, 22.3,

and 24.6 kg GJ�1 of gas, petroleum, and coal, respec-

tively. Switchgrass (Panicum virgatum L.), a gramineous

rhizomatous C4 perennial grass native to North Amer-

ica, was first proposed as an energy crop to the US

Department of Energy in 1994 (D.J. Parrish, personal

communication), and since then it has been attracting

growing interest worldwide, as testified by the increas-

ing number of publications per year: 42–144 per year,

the average of the last two 4-year periods, respectively

(from Scopus and Web of Science).

In this framework, the objective of the present review

was to scan the potential contribution of switchgrass to

limit GHG emissions. Three sections are addressed sep-

arately, reflecting specific aspects that relate specifically

to different GHG emissions.

The first examines the effects of switchgrass cultiva-

tion and processing (LCA) on carbon emissions. The

contrasting role of intensive agricultural practices on

CO2 emissions is discussed, such as the amount of nitro-

gen fertilizers that is proportional to the release of CO2

and N2O emissions on one hand, and its increase of fos-

sil fuel displacement per unit land area (thus reducing

CO2 emissions) by enhancing the aboveground biomass

accumulation, on the other. The effects of soil conserva-

tion practices achieved with switchgrass compared with

conventional tillage in preserving soil carbon storage

were also reviewed. There is evidence of an alarming

decline in soil organic matter (SOM) due to inappropri-

ate soiltillage; however, if agricultural practices are

reduced to the minimum, such as with switchgrass,

C-source soils can rapidly shift to C-sink soils, seques-

tering up to 60–70% of the depleted C pool (Kucharik

et al., 2001; Monti et al., 2001; Lal, 2002, 2003; West &

Post, 2002; Gregorich et al., 2005; Ussiri & Lal, 2009).

In the second section, we reviewed nitrous oxide

(N2O) emissions by growing switchgrass. Nitrous oxide

is an intermediate in the reaction sequence of deni-

trification and a minor by-product of nitrification

(Eggelston et al., 2006) with considerably higher global

warming power (296 times) than CO2 (Robertson &

Grace, 2004). A total of 27 studies were reviewed that

generally revealed considerable benefits from switch-

grass in terms of N2O savings with respect to fossil

counterparts, both by cultivation practices and over the

life cycle.

In the last section, we reviewed the methane (CH4)

emissions, a greenhouse gas that has 21 times more glo-

bal warming power than CO2 (Chan & Parkin, 2001).As

switchgrass production is not related to wetland

agriculture (e.g., rice fields, etc.), its CH4 emissions are

minimal. Ten g of CH4 kg N�1 is usually considered as

the customary value for CH4 emission from agricultural
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activities, thus its contribution to the total GHG emis-

sion is relatively small (Cherubini & Jungmeier, 2010).

However, we found significant uncertainties in the few

data available, and the potential benefits deriving from

switchgrass cultivation and processing are therefore

only indicative.

Finally, as the land use change is generally omitted or

included as an omitted-variable bias in the LCA calcula-

tions, the importance of taking into account direct or

indirect land use changes (LUC and iLUC) in assessing

the GHG of switchgrass was discussed.

Carbon savings

The influence of crop management on C savings

Carbon sequestration by switchgrass depends on root

development (Parrish et al., 2003) and several other fac-

tors such as crop residues (Tufekcioglu et al., 2003;

Anderson-Texeira et al., 2009), climate and soil condi-

tions (Lemus & Lal, 2005), autotrophic respiration (Wil-

liams et al., 2004), initial SOM inventory (Bransby et al.,

1998; Garten & Wullschleger, 1999), type of converted

land (Fargione et al., 2008), soil bulk density and redox

potential (Oades, 1988; Grigal & Berguson, 1998; Baer

et al., 2002; Sanderson, 2008), crop combination (Tilman

et al., 2006), nitrogen fertilization and conservative till-

age practices (Mehdi et al., 1999; Ma et al., 2000a;

Conant et al., 2001; Lee et al., 2007).

Among agricultural practices, soil tillage, nitrogen fer-

tilization, and the harvest pattern likely play the most

important role in carbon emissions. Fargione et al.

(2008) showed how tillage of natural ecosystems can

cause significant organic matter losses that will offset C

sequestration by the established crop for several years.

Switchgrass sowing can be carried out in rows or by

seed broadcasting and even under no-tillage. In many

cases, no-tillage may be the only profitable alternative

to cultivate this crop and to reduce soil erosion prob-

lems. No-tillage and other forms of conservation tillage

are known to reduce soil respiration and the consequent

CO2 emissions with respect to conventional tillage (Lal,

1997; Ussiri & Lal, 2009). However, no-tillage should

only be adopted when favorable soil conditions (well

balanced bulk density and porosity; rapid drainage)

occur, as firm, wet soils are prone to higher N2O and

CH4 losses. This could potentially reverse the benefits

achieved in terms of reduced CO2 emissions. Further-

more, the use of no-tillage reduces the energy inputs in

terms of fuels for machinery and can therefore reduce

CO2 emissions.

Nitrogen fertilization plays an indirect role in carbon

emissions as a strong enhancer of plant growth, in turn

reflecting on potential carbon storage. For example, Lee

et al. (2007) showed that soil C increased from 1.9 to

2.8 Mg C ha�1 yr�1 with an application of 0 and

224 kg ha�1 yr�1 of mineral N, respectively, and up to a

rate of 4.0 Mg C ha�1 yr�1 with manure (224 kg

N-eq ha�1 yr�1). In general, switchgrass can recover

and incorporate between 10% and 40% of the applied

nitrogen into its organic matter (Bransby et al., 1998).

However, depending on the fertilization rate, the alloca-

tion of carbohydrates between roots and shoots may

change. For example, Heggenstaller et al. (2009) indi-

cated that a rate of 140 kg N ha�1 favored the allocation

of carbohydrates to the roots and their growth. On the

other hand, at higher rates (220 kg N ha�1) shoots were

the preferential sink of carbohydrates. In addition, nitro-

gen fertilization was shown to increase root N concen-

tration, not root C concentration (Ma et al., 2000a). The

consequent decrease in root C/N ratio (from about

57 g g�1 with no N to 30 g g�1 with 200 kg N ha�1)

will probably lead to better humification, and therefore

to a higher sequestration of root carbon (Ammann et al.,

2009). In addition to marginal improvements in biomass

productivity, elevated nitrogen fertilization can create

severe lodging problems, increase the ash content in the

biomass, nitrogen leaching, water pollution, and

increased CO2 emissions associated with the energy

consumed during the fertilizer production phase. There-

fore, efficient and specific fertilization management pro-

grams are needed that allow optimum biomass growth

and partitioning of carbohydrates which in turn will

sequester more carbon in the above- and belowground

parts of the plant and at the same time reduce opera-

tional emissions.

Using organic wastes (manure, slurries, etc.) as N

sources for switchgrass fosters a recycling of these bio-

masses in a nonfood crop, which is often more desirable

than in food crops. Organic fertilizers also allow a sig-

nificant saving in the amount of energy used for the

production of mineral fertilizers (3.26 kg CO2-e kg�1 N;

Ecoinvent Centre, 2004), although allowances should be

made for the higher consumption of energy in the han-

dling, transport, and distribution of organic fertilizers.

Harvesting is another important factor to preserve

soil carbon content. When switchgrass is harvested after

senescence, biomass losses occur (leaves and heads)

which in one way reduces productivity, but in another

can add carbon to the soil organic matter. As mentioned

earlier, switchgrass is normally harvested once a year,

but there is no general consensus about the effects of

the single vs. double cut strategy on carbon savings. A

double cut system apparently enhances aboveground

biomass, in turn reducing CO2 emissions through a

higher fossil fuel displacement (Table 1); however, the

long-term double cut system generally weakens the

crop with a consequent strong decrease of biomass
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yield, probably due to an insufficient accumulation of

reserves in the storage organs (Sanderson et al., 1999;

Reynolds et al., 2000; Thomason et al., 2004; Fike et al.,

2006; Monti et al., 2008). At the same time, the mid-sea-

son cut may shift assimilates from root to shoot re-

growth, curbing the amount of belowground carbon

available for storage (Ma et al., 2000a). It appears that

one cut per year is more beneficial in view of a restraint

in CO2 emissions, as it enhances carbon translocation to

the belowground organs, in turn favoring carbon rhizo-

deposition and/or assimilation in the following season.

Moreover, one cut per year reduces the use of harvest

machinery, thus decreasing CO2 emissions. To our

knowledge, only one study (Al-Kaisi & Grote, 2007)

addressed the effects of long-term harvesting intervals.

The authors indicated that annually harvested switch-

grass caused higher soil CO2 emissions than a 5-year

interval harvesting, probably due to a different root bio-

mass of switchgrass under the two harvesting systems.

Soil carbon sequestration

Root biomass is by far the most important indicator for

estimating potential soil C sequestration (Sommer et al.,

2000; Lemus & Lal, 2005); understanding switchgrass

root development and dynamics could be therefore use-

ful for predicting the potential contribution of this crop

to carbon sequestration. Perennial grasses are known to

develop deep roots and store considerable belowground

biomass with a below- to aboveground biomass ratio of

about 2 : 1 in the long-term (Wilts et al., 2004). Although

some authors reported that the belowground biomass of

switchgrass did not exceed 52–57% of the total biomass

(Bowden et al., 2010), it generally exhibited an outstand-

ing ability to extend to considerable depth in the soil,

with a belowground biomass often exceeding the above-

ground biomass (McLaughlin & Walsh, 1998; Ma et al.,

2000b), meaning values up to four or five times higher

than those of maize (Zan et al., 1997) and sorghum

(Monti & Zatta, 2009). Unfortunately, there is still great

uncertainty about long-term belowground biomass

accumulation patterns and rooting depth of switchgrass

(Bransby et al., 1998; Don et al., 2011), which may

be ascribed to different environmental conditions and

sampling methodologies. Belowground biomass varied

considerably (2.8–16.8 Mg ha�1 yr�1) across the experi-

ments, which could be partially explained by the very

different soil profiles (10–350 cm) sampled for root bio-

mass determination (Table 2). Even though the correla-

tion between root biomass and soil profile was

relatively high (r = 0.61), we were unable to find a clear

relationship between the two variables (P = 0.11).

Along with rooting depth, root size was found to play

a key role in the soil C-turnover (Trumbore & Gaudin-

ski, 2003; Strand et al., 2008), given the important role of

fine roots in soil carbon deposition (Richter et al., 1999).

To our knowledge, only one study quantified the fine

(0–2 mm diameter), small (2–5 mm) and coarse (> 5 mm)

switchgrass roots (Tufekcioglu et al., 2003), which

revealed that the fine roots were considerably higher in

switchgrass than in poplar (+57%), cool-season grasses

Table 1 Biomass yield with single vs. double cut harvest in a

series of experimental cases in switchgrass

Location Years

Cuts

yr�1

Biomass

yield

(Mg ha�1) Source

Dallas, TX,

USA

5 1 7.1 Sanderson

et al. (1999)2 6.6

Stephenville,

TX, USA

5 1 14.8 Sanderson

et al. (1999)2 8.7

Knoxville,

TX, USA

5 1 17.4 Reynolds

et al. (2000)2 18.7

Ames, IA, USA 2 1 13.5 Vogel

et al.(2002)2 13.0

Mead, NE, USA 2 1 11.0 Vogel

et al. (2002)2 11.3

Chickasha,

OK, USA

3 1 16.0 Thomason

et al. (2004)2 20.0

Perkins, OK,

USA

3 1 9.8 Thomason

et al. (2004)2 10.4

Princeton, KY,

USA

3 1 12.7 Fike

et al. (2006)2 14.5

Raleigh, NC,

USA

3 1 11.9 Fike

et al. (2006)2 17.0

Jackson, TN,

USA

3 1 11.3 Fike

et al. (2006)2 13.8

Knoxville,

TN, USA

3 1 18.7 Fike

et al. (2006)2 21.3

Blacksburg ‘A’,

VA, USA

3 1 11.0 Fike

et al. (2006)2 13.6

Blacksburg ‘B’,

VA, USA

3 1 10.7 Fike

et al. (2006)2 16.2

Orange, VA,

USA

3 1 11.6 Fike

et al. (2006)2 13.5

Morgantown,

WV, USA

3 1 14.5 Fike

et al. (2006)2 13.4

Ozzano,

Bologna, Italy

4 1 14.9 Monti

et al. (2008)2 14.1

St. Lambert,

Québec,

Canada

1 1 11.5 Massé

et al. (2010)2 11.9

Stillwater,

OK, USA

3 1 15.9 Aravindhakshan

et al. (2010)2 15.4

Frederick and

Burneyville,

OK, USA

2 1 13.6 Guretzky

et al. (2011)2 18.0

In some cases, data are approximated from graphical presenta-

tions.
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(+44%), maize (+641%) and soybean (+748%). These

results may partially explain the outstanding capacity to

sequester C in the soil shown by switchgrass (Frank

et al., 2004). Considering that the maximum annual rate

of soil C sequestration for perennial vegetation is

usually less than 1 Mg C ha�1 yr�1 (Post & Kwon,

2000), Zan et al. (2001) measured a SOC rate of 1.1 Mg

C ha�1 yr�1 in southwestern Quebec over a 4-year per-

iod, whereas rates of up to 2.4–4.0 Mg C ha�1 yr�1 were

reported by Lee et al. (2007) in a switchgrass crop

grown in the Conservation Reserve Program (CRP) in

South Dakota (Table 2). It is worth mentioning that in

old CRP sites not including switchgrass, Gebhart et al.

(1994) measured 1.1 Mg C ha�1 yr�1 over a 5-year

Table 2 Measured and estimated switchgrass root biomass and soil C accumulation rates

Location Soil type

Plant age

(yr)

Profile

(cm)

Root biomass C accum. rate Source

(Mg ha�1 yr�1)

Texas Silty-clay-loam 3 0–30 – 1.2 Ocumpaugh

et al., 2003

Alabama Sandy-loam 4 0–75 5.9–9.8 – Bransby et al., 1998

SW-Quebec Chicot sandy-loam 4 0–60 6.0–8.1 �11–(�8) Mehdi et al., 1999

Pennsylvania;

New York; New

Jersey

Fine-loamy;

Coarse-loamy;

coarse-silty

9–18 0–120 – ns–30%* Corre et al., 1999

Alabama Several types 3 0–300 – �0.2–4.6 Ma et al., 2000a

Alabama Sandy-clay 10 0–350 – +28–45%† Ma et al., 2000a

Montreal Rocky shallower;

high fertility

4 0–60 2.8–4.0 1.1 Zan et al., 2001

USA Several Several 0–100 – 0.53–0.78‡; 1.40§ McLaughlin

et al., 2002¶

USA (13 locations) Several Several 0–90 – 1.7 Sanderson et al. **

Alabama Decatur silt-loam 6 0–15 – +65% Tolbert et al., 2002

Virginia and

Tennessee

– 5 0–90 6.6–10.9 ~ 1 Parrish et al., 2003

Virginia and

Tennessee

– 10 0–90 8.6–13.6 +42%†† Parrish et al., 2003

Iowa Riparian buffer 7 0–125 16.8 0.8 Tufekcioglu et al., 2003

North Dakota Loamy; fine-silty;

coarse-loamy

3 0–90 5.9–6.5 10.1 Frank et al., 2004

Tennesee, Kentuky,

Virginia

Several (4 sites) 0–50 +22–43% Garten &

Wullschleger, 1999

Minnesota; North

Dakota; South Dakota

Several (42 sites) 2–19 0–120 6.7 15.3‡‡ Liebig et al., 2005

Minnesota Degraded to

poor fertile

– 0–60 – 0.48–2.70§§ Tilman et al., 2006

South Dakota Silty-clay-loam 4 0–90 – 2.40–4.01 Lee et al., 2007

Pennsylvania Silty-loam 7 0–30 7.4–14.0 �14–33% Sanderson, 2008

North Dakota; South

Dakota; Nebraska

Several (10 sites) Several 0–120 – 0.60–4.30 Liebig et al., 2008

USA Several types Several 0–30 – 0.40–0.68 Anderson-Texeira

et al., 2009¶

North Italy Fine-silty 8 0–120 8.5 ± 0.7 (SE) – Monti & Zatta, 2009

In some cases, data are approximated from graphical presentations.

*ns (insignificant increase) till the 16th year then an increase by 30% until the18th compared with C3� cropland;

†percentage of increase with respect to fallow land;

‡compared with cropland;

§compared with degraded lands;

¶simulation study;

**personal communication in McLaughlin et al. (2002);

††soil organic matter (SOM);

‡‡more SOC than cropland;

§§in switchgrass monoculture or combined crops.
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period (0–100 cm), meaning less than half the rates

achieved by switchgrass. Sanderson (2008)measured a

33–140% increase in soil C content in the upper 5 cm

layer after 7 years, about 20% of which derived from

switchgrass. Corre et al. (1999) showed that in the upper

5 cm, soil C derived from switchgrass increased from

25% to 72% from the 9th to the 18th year. However, in a

higher layer (0–30 cm) the soil C increase was consider-

ably lower or insignificant. In a similar study, Garten &

Wullschleger (1999) showed that about 22–43% of soil C

in the surface 10 cm originated from switchgrass after

5 years. The same authors, in another study (Garten &

Wullschleger, 2000), predicted the potential recovery of

SOC in switchgrass grown on degraded lands and

reported a 12% increase in SOC inventory over a period

of 10 years following establishment. About 75–90% of

the SOC was mineral-associated organic matter (MOM)

with a turnover from 26 to 40 years, whereas the rest

was particulate organic matter (POM) with a turnover

time of 2–4 years. Overall, coarse root C in switchgrass

plots was 23.8–58.7 mg cm�2, hence significantly higher

than in maize (0–2.2 mg cm�2) and fescue (2.5–

18.5 mg cm�2) (Garten & Wullschleger, 2000). The sig-

nificant increase of soil carbon levels under switchgrass

was confirmed by several other studies. Ocumpaugh

et al. (2003) reported that in Texas the average soil car-

bon levels (0–30 cm) increased by 20% in a 3-year

switchgrass plant. Sanderson (2008) and McLaughlin

(1993) showed a 30% increase in SOC in Virginia after

4 years of switchgrass cultivation. However, in some

cases less than 1 Mg ha�1 yr�1 of SOC rate was esti-

mated. For example, in a simulation study over the first

10 years of switchgrass cultivation, McLaughlin et al.

(2002) calculated 0.78 Mg C ha�1 yr�1. Likewise, in a

review study including 146 site-treatment combinations,

Anderson-Texeira et al. (2009) reported that the cultiva-

tion of switchgrass caused an increase of SOC in the top

30 cm by 0.40–0.68 Mg ha�1 yr�1, a relatively high

amount, however, as the authors showed that in the

same period maize reduced the soil C reserves by 3–

8 Mg ha�1 yr�1 with crop residue removal.

Perennial grasses generally have 70–90% of root bio-

mass in the upper 0.3–0.4 m of soil, thus most of the SOC

changes can be expected to occur in this layer (Garten &

Wullschleger, 1999; Ma et al., 2000b; Tufekcioglu et al.,

2003; Liebig et al., 2008). Nonetheless, a pronounced abil-

ity by switchgrass to colonize the deep soil layers was

also found (Ma et al., 2000b; Liebig et al., 2005; Monti &

Zatta, 2009). Deep root allocation will probably provide

more stable C pools, in turn strongly influencing SOC

turnover, as carbon is less susceptible to mineralization

at deeper layers (Grigal & Berguson, 1998; Ma et al.,

2000b). In reviewing 87 cases, Anderson-Texeira et al.

(2009) found that the SOC accumulation determined by

switchgrass tended to increase with sampling depth, but

the relationship was not significant; conversely, in the

present review (Table 2) we found the correlation

between sampling depth and SOC increase to be highly

significant(r = 0.79, P � 0.01). Plant density (20–120 cm

row spaced) was found to not influence the rooting

depth of switchgrass (Ma et al., 2000a).

Life cycle carbon emissions by switchgrass

Life cycle C-emissions can vary considerably with feed-

stock type, production process (Farrell et al., 2006),

and land use (Table 3). Only in very few cases did

switchgrass lead to negative environmental effects; for

example Pimentel & Patzek (2005) reported that ethanol-

switchgrass production requires about 50% more fossil

energy than fossil-ethanol production. However, the lit-

erature is generally consistent in reporting significant

benefits from switchgrass. In a recent study by Adler

et al. (2007), poplar and switchgrass showed the greatest

potential among several annual and perennial crops in

mitigating CO2 emissions. The largest benefits, approx.

�210 g CO2-e m�2 yr�1, occurred when switchgrass

was used to produce electricity by gasification

(�24 g CO2 MJ�1). Skinner & Adler (2010) measured an

annual net ecosystem exchange (NEE) ranging from

�112 to �910 g CO2-e m�2 yr�1 for a spring-harvested

switchgrass over 5 years. The authors also estimated that

the net biome productivity (NBP), i.e., the real amount of

C sequestration per year given by all carbon in- and out-

fluxes of the field including harvested biomass, ranged

from �112 to �344 g CO2-e m�2 yr�1. Adler et al. (2007)

also calculated that switchgrass could reduce the emis-

sions (CO2 equivalents) by up to 93% compared with fos-

sil counterparts, and by about one-fifth and one-third of

those of maize and hybrid poplar grown under conven-

tional tillage. Wu et al. (2006) calculated a fuel life cycle

assessment which revealed that a mixture of 85% switch-

grass-ethanol and 15% gasoline (E85, v/v) can lead to

approx. 60% and 85% savings in C-emission compared

with fossil transport fuel and petroleum, respectively.

Similar results were found by Bai et al. (2010) comparing

switchgrass-E85 with gasoline (Table 3). Monti et al.

(2009) analyzed the cradle-to-farm gate impacts in four

perennial energy grasses and compared it with a wheat-

maize rotation. They found about 50% less emissions by

perennial lignocellulosic grasses with respect to a con-

ventional rotation. Moreover, switchgrass showed the

highest land-based environmental benefits in six impact

categories of nine, and 27–32% lower impacts than other

perennials on marine-water ecotoxicity, i.e., the category

most affected by energy crops. In general, among the

annual and perennial energy crops considered, switch-

grass generally resulted in the most favorable CO2
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emission-based scenario (Monti et al., 2009). In addition,

significant net emission savings, up to 82% compared

with coal, were also found in a more recent study (Monti

& Fazio, unpublished), in which switchgrass for bioelec-

tricity showed the lowest environmental loads.

McLaughlin &Walsh (1998) estimated that by converting

Table 3 Cradle-to grave GHG emission savings by switchgrass compared with other crops

Source End-product Process Counterpart GHG savings GHG units Methodology

Wu et al., 2006 Bio-ethanol* Hydrol./Ferment. Gasoline 60–62 % GREET§

CHP (Bio-DME)† Gasification Petroleum 82–84 % GREET

CHP (Bio-FTD)‡ Gasification Petroleum 85–87 % GREET

Adler et al., 2007 Bio-electricity Gasification Coal 93 % DAYCENT

69 g C-e MJ�1 DAYCENT

210 g C m�2 yr�1 DAYCENT

Bai et al., 2010 Bio-ethanol* Hydrol./Ferment. Gasoline 65 % LCA

Cherubini &

Jungmeier, 2010

Multiple fuels Biorefinery Oil & nat. gas 79 % LCA

201 g C m�2 yr�1 LCA

Monti & Fazio,

unpublished*

Bio-FTD Gasification Diesel 86 % LCA

Gasification Diesel 192 g C m�2 yr�1

CHP Combustion Natural gas 87 % LCA

Combustion Natural gas 291 g C m�2 yr�1

Bio-ethanol Hydrol./Ferment. Gasoline 82 % LCA

Hydrol./Ferment. Gasoline 206 g C m�2 yr�1

Campbell et al., 2009 Bio-electricity Multiple processes Gasoline 200–700 g C m�2 yr�1 EBAMM**

Bio-ethanol Hydrol./Ferment. Gasoline 220 g C m�2 yr�1 Several models

Patzek, 2010; Bio-ethanol Hydrol./Ferment. Gasoline �35 % LCA

7 g C-e MJ�1 LCA

Fritsche et al., 2009; Bio-heat Gas-heating Coal 86 % GEMIS††

Natural gas 89 % GEMIS

Schmer et al., 2008; Bio-ethanol Hydrol./Ferment. Gasoline 63–118‡‡ % EBAMM

Farrell et al., 2006; Bio-ethanol Hydrol./Ferment. Gasoline ~21 g C-e MJ�1 EBAMM

Samson &

Stamler, 2009

Bio-electricity Combustion Coal 351 g C m�2 yr�1 GREET,

GHGenius§§

Bio-electricity Combustion Oil 337 g C m�2 yr�1 GREET,

GHGenius

Bio-electricity Combustion Natural gas 270 g C m�2 yr�1 GREET,

GHGenius

Bio-ethanol Hydrol./Ferment. Gasoline 135 g C m�2 yr�1 GREET,

GHGenius

Gaunt &

Lehmann, 2008¶¶
Bioelectricity Slow pyrolysis Natural gas 114 g C m�2 yr�1 IPCC default

factorsBioelectricity Slow pyrolysis Coal 173 g C m�2 yr�1

Qin et al., 2006 Co-firing (coal) Coal 92 % Environ.

biocomplex.

analysis

Ney & Schnoor, 2002 CHP Combustion Coal 102 ± 68*** g C-e MJ�1 Incremental LCA

*E85 (mixture 85%ethanol and 15% gasoline);

†Dimethyl ether (DME);

‡Fischer-Tropsch diesel (FTD);

§Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation;

¶unpublished;

**Energy and Resources Group Biofuel Analysis Meta-Model;

††Global Emissions Model for integrated Systems by Oeko-Institut;

‡‡94% average of 10 switchgrass fields over a 5-year period;

§§GHGenius 3.14 program (Natural Resources Canada);

¶¶the authors calculated that in a biochar production system (50% energy) GHG saving can increase to 339 and 380 by displacing nat-

ural gas and coal with switchgrass, respectively;

***68 indicates the uncertainty in LCA calculated by the in- and outer-core analysis over thirty activities identified by the authors. In

some cases, data were approximated from graphical presentations or converted in g C m�2 yr�1 from g CO2 ha�1 yr�1.
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switchgrass to ethanol and including belowground C

stocks, C-emission savings would be approx. 30 times

higher per unit land area compared with maize (2.98 vs.

0.09 Mg C ha�1 yr�1). The environmental benefits of

switchgrass-ethanol compared with maize-ethanol were

emphasized by Farrell et al. (2006) who pointed out that

only cellulose (switchgrass)-ethanol offers large reduc-

tions in C-emissions. Likewise, Luo et al. (2010) showed

that global warming potential (GWP) of switchgrass-eth-

anol was consistently lower than that of maize stover,

sugarcane (and bagasse), flax shives, and hemp hurds.

In an optimized system for bioenergy and biochar

production from switchgrass, Gaunt & Lehmann (2008)

estimated up to 380 g C m�2 yr�1 avoided by displac-

ing fossil fuels with switchgrass (Table 3). The authors

pointed out that a strategy that combines pyrolysis for

bioenergy production with application of biochar to soil

is more effective in mitigating climate change than pro-

ducing solely bioenergy. Fritsche et al. (2009) estimated

life cycle impacts of several bioenergy systems in differ-

ent European environmental zones, and found the emis-

sions by switchgrass (5.7 kg CO2 eq. GJ�1) much lower

than those of biogas and maize-ethanol (36.5 and

61.3 kg CO2-e GJ�1, respectively). The authors also esti-

mated that an oil heating system emits 0.3–0.4 kg CO2-e

per kWhth, i.e., about tenfold more than switchgrass.

The positive results on carbon emission containment

from switchgrass-solid fuels are also proved in terms of

bioethanol production (Tilman et al., 2006). Based on

actual production data from 10-year switchgrass fields

and considering an annual C sequestration of

0.14 Mg CO2 Mg�1 aboveground biomass (switchgrass)

per year (Andress, 2002), Schmer et al. (2008) estimated

that switchgrass-ethanol averaged 94% lower emissions

than gasoline. However, solid biofuel seems to outper-

form liquid biofuels in terms of land use efficiency as

well as of GHG mitigation. In the case of switchgrass,

Campbell et al. (2009) reported that the gross transporta-

tion output per hectare is 85% greater for bioelectricity

than for cellulosic ethanol, and net GHG offsets were

108% greater for bioelectricity than for bioethanol. Sam-

son & Stamler (2009) estimated about 5 Mg CO2 per

hectare of total GHG offsets by displacing gasoline with

second generation switchgrass-ethanol. Nonetheless, it

should be recognized that other issues such as water

use, human toxicity, economic benefits, etc., would need

to be assessed before establishing that bioelectricity is

preferred over bioethanol.

Nitrous oxide

In general, annual crops produce about three times

more emissions than unmanaged successional lands

and perennial crops (Robertson et al., 2000). Along with

N fertilizers, other sources such as crop type, soil

organic matter content, soil pH and texture may play

important roles in controlling the activity of nitrifiers

and denitrifiers and thus N2O emissions (Stehfest &

Bouwman, 2006).

To the best of our knowledge, very few studies have

examined the impact of switchgrass on nitrous oxide

emissions. This is probably mainly due to the high spa-

tial and temporal variability in N2Ofluxes (Robertson &

Grace, 2004), that makes spot measurements with small

chambers poorly representative in a global perspective.

Most of the emission values reported in the literature are

estimates based on emission factors and calculation

guidelines developed by Eggelston et al. (2006) and LCA

studies such as Qin et al. (2006), Adler et al. (2007), Crut-

zen et al. (2008) among others. In addition, the discrepan-

cies between the reported emissions depend on how

they are calculated and expressed. Generally speaking,

the surplus nitrogen is particularly susceptible to N2O

emission (McSwiney & Robertson, 2005). Consequently,

improving N use efficiency through a precise estimation

of crop needs and timely fertilizer application will

reduce N2O emissions (Schlesinger, 1997).

The influence of crop management on N2O emissions

Almost all agricultural practices can be a significant

source of direct (from agricultural lands) and indirect

(from volatilization/deposition and leaching/runoff)

N2O emissions of anthropogenic origin.

Even though the N2O emissions from switchgrass

were lower than those from other perennial grasses and

annual crops, N2O remained the primary source of

GHG emissions and this was associated with the crop

production phase (KimS & Dale, 2004; Adler et al., 2007;

Kavdir et al., 2008). One of the best options to reduce

the considerable impact of fertilization in GHG emis-

sions is, therefore, to minimize the use of N fertilizers

or to develop and use more efficient N-use strategies,

such as the adoption of fertilizer best management prac-

tices that could reduce N2O emissions by 30–40%

(CAST-Council for Agricultural Science & Technology,

2004). These practices in general include the appropriate

amount, timing, and placement of fertilizers (Bransby

et al., 1998; CAST-Council for Agricultural Science &

Technology, 2004; Burton et al.,2008; Cherubini & Jung-

meier, 2010), and in particular the response of switch-

grass to fertilizers depends on precipitation, cultivar,

harvest management, and the symbiotic relationship

with arbuscular mycorrhizal fungi (Vogel, 2004).

Using organic fertilizers in lieu of mineral ones leads

to contrasting effects on N2O emissions: depending on

whether the comparison is based on the amount of total

(Kjeldhal) or available (mineral) nitrogen supplied, the
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application of mineral fertilizers led to a short-term

increase of N2O emissions with respect to organic N

sources (Dittert et al., 2005), or the opposite (Jones et al.,

2007). The latter case implies that a certain amount of

organic N is rapidly mineralized to nitrates, fueling the

pool most responsible for N2O losses when soil mois-

ture and temperature are not limiting factors (Jones

et al., 2007). Over an annual basis, N2O emissions from

mineral vs. organic N sources were either statistically

equivalent (Meng et al., 2005; Lampe et al., 2006; Dam-

breville et al., 2008; Sawamoto et al., 2010), or the latter

type released more N2O (Jones et al., 2007; Chirinda

et al., 2010), or even the opposite (Shimizu et al., 2010).

However, the comparisons between N2O emissions

from alternative fertilizers and especially between their

emission factors appear to be biased by the fact that no

common basis, i.e., total N vs. mineral N vs. NH4-N, is

assumed in the literature.

Intercropping with legumes could also be an option,

although the decomposition of their residues may con-

tribute to postharvest N2O emissions. In any case, the

limited results available suggest that, when compared

with other crops, switchgrass is particularly good at

mitigating the soil N2O emissions associated with N fer-

tilizer applications.

Even if Vogel (2004) indicated 10–12 kg N ha�1 for

each Mg ha�1 of biomass produced for switchgrass, the

optimal nitrogen fertilization dose for this crop varies

widely (Table 4). Therefore, balancing the nitrogen sup-

ply to achieve full yield potential while avoiding nutri-

ent excess is a task to be pursued with particular care in

reducing N2O emissions (Schimel, 1986; Heaton et al.,

2004). Bransby et al. (1998) indicated that the ability of

switchgrass to recover the applied nitrogen is 16%

higher than that of wheat and maize, thus confirming

other positive findings about the potential impact of

Table 4 Biomass yield with and without nitrogen, nutrient balance, and apparent recovery in a series of experimental cases in

switchgrass

Location Years Cuts yr�1

Applied

N * (kg ha�1)

Biomass yield

(Mg ha�1)

N balance †

(kg ha�1) Source

Beeville, TX, USA 3 1 0 3.8 - Muir et al. (2001)

3 1 168 14.3 -

Stephenville, TX, USA 7 1 0 6.0 - Muir et al. (2001)

7 1 168 8.3 -

Shorter, AL, USA 1 1 0 3.7 - Ma et al. (2001)

1 1 224 12.0 -

Ames, IA, USA 2 2 0 8.0 �55 Vogel et al. (2002)

2 2 120 12.0 0

Mead, NE, USA 2 2 0 9.0 �90 Vogel et al. (2002)

2 2 120 10.0 �10

Chickasha, OK, USA 4 1 0 16.6 �149 Thomason et al. (2004)

4 1 448 17.7 276

Chickasha, OK, USA 4 3 0 20.9 �276 Thomason et al. (2004)

4 3 448 22.5 129

Perkins, OK, USA 4 1 0 9.2 �90 Thomason et al. (2004)

4 1 448 10.3 322

Perkins, OK, USA 4 3 0 11.5 �136 Thomason et al. (2004)

4 3 448 11.9 264

Blacksburg and Orange, VA, USA 3 2 0 11.0 �76 Lemus et al. (2008a)

3 2 30 12.1 �71

3 2 90 13.3 �37

Lucas and Wayne, IA, USA 5 1 0 3.9 �187 Lemus et al. (2008b)

5 1 112 4.9 �113

5 1 224 5.2 �41

Frederick and Burneyville,OK, USA 2 1 0 10.4 �41 Guretzky et al. (2011)

2 1 135 15.0 32

2 1 180 15.5 67

Frederick and Burneyville, OK, USA 2 2 0 12.2 �95 Guretzky et al. (2011)

2 2 135 18.0 �48

2 2 180 22.8 �55

*Unfertilized vs. near-optimum rates of N;

†applied – removed N.
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switchgrass on N2O emission savings (KimS & Dale,

2004; Adler et al., 2007; Kavdir et al., 2008).

The high nitrogen use efficiency of switchgrass could

be one of the reasons for the 75% lower N2O emission

from switchgrass than miscanthus reported by Zeri et al.

(2009) in one of the few side-by-side comparisons of

N2O fluxes associated with the growth of these grasses.

Importantly, some studies showed that the highest N2O

fluxes occur just after N fertilizer application and/or

after large rainfall events (Davidson, 1992; Burton et al.,

2008), so the intrinsic ability of the crop to take up nitro-

gen immediately after its application can be decisive in

mitigating N2O fluxes. It has been shown that volatiliza-

tion of N as NH3 occurs at a rate of 2–10% of total min-

eral N application (Eggelston et al., 2006), compared

with about 1% of synthetic N emitted as N2O, whereas

0.75% of NO3-N leached to groundwater (about 30% of

total N applied) is converted to N2O. This means that

about 1.32% of N in synthetic fertilizer is estimated to

be emitted as N2O (Eggelston et al., 2006).

Although Bransby et al. (1998) had found evidence

that the apparent recovery of nitrogen by switchgrass

does not change with varieties and harvest time, further

studies revealed that the balance between applied and

removed nitrogen tends to be negative in the double

harvest system and positive in the single harvest system

(Table 4), potentially leading to higher N2O emissions.

Moreover, it is assumed that N2O emission could be

decreased by increasing switchgrass productivity, but

due to the direct and positive relationship between

increased yields and fertilization dose, the effective

potential for reducing GHG emission is counteracted by

N2O emissions. Comparing a biorefinery fed with

switchgrass biomass with the traditional fossil fuel

refinery, Cherubini & Jungmeier (2010) indicated that

the use of switchgrass has a net reduction in GHG emis-

sions, but that N2O emissions were about ten times

higher than in the fossil fuel refinery mainly because of

the fertilization level used for growing the crop

(112 kg N ha�1). The high emissions of N2O could, per-

haps, be partially ascribed to the decomposition of the

soil organic matter and dead roots, but it seems that this

point was not taken into account by the authors.

According to their computations, the production phase

of switchgrass was responsible for 80% of the GHG

emissions, approx. 40% of which were N2O emissions,

mostly due to fertilizers and chemicals, transport and

harvest, in that order of importance. In addition, the

computation by Qin et al. (2006) showed that of the total

N2O emissions 68.9% were due to the production and

use of fertilizers and atrazine, 30.5% to switchgrass

combustion in boilers, and the remaining traces to other

agricultural and processing activities. These data sug-

gest that with appropriate management of fertilizers

and with the development of efficient conversion tech-

nologies, significant N2O emission can be avoided.

Methane

The atmospheric concentration of CH4 has drastically

increased in the last few centuries, most likely due to

intensive agricultural activities and the use of fossil fuels

(Metz et al., 2007). Soils can be either a source or a sink of

methane, depending on land use and climatic conditions

(Chan & Parkin, 2001; Robertson & Grace, 2004; Dutaur

& Verchot, 2007). Factors affecting the capacity of soil to

oxidize atmospheric CH4, therefore to act as a sink, are

soil temperature, moisture, pH, and soil N status (Tlus-

tos et al., 1998). It is well documented that forest soils

and grasslands are net consumers of CH4, whereas culti-

vated soils have a lower sink potential and in both cases,

this potential is further reduced by agronomic and fertil-

ization practices (Tlustos et al., 1998; Chan & Parkin,

2001; Dutaur & Verchot, 2007; Kara & Özdýlek, 2010;

Kim et al., 2010). Mosier et al. (1991), for example, indi-

cated that annual fertilization increases the N2O fluxes

and at the same time decreases the CH4 uptake in the soil

by 41%, meaning an increased concentration of both

gases in the atmosphere. The same authors also reported

that high N turnover, whether native or due to fertiliza-

tion, results in the suppression of CH4 uptake. On the

other hand, in mid and late unmanaged successional for-

ests, N2O emissions were almost completely offset by

CH4 oxidation (Robertson et al., 2000). Moreover, in

unfertilized and undisturbed grasslands, methane

uptake was 1.4 and 2 times higher than in fallow lands

and wheat cultivated lands (Mosier et al., 1991). Thus,

considering that switchgrass is a perennial grass with

similar characteristics to native grasslands, and also has

low fertilization requirements and high N uptake effi-

ciency, and that tillage is practiced only at the establish-

ment year, methane flux contributions from this crop to

net GHG emissions may be close to zero. In an LCA

assessment of net GHG of several energy crops including

switchgrass, Adler et al. (2007) indicated that CH4 oxida-

tion was the smallest GHG sink, and that the estimated

CH4 uptake of switchgrass was �1.41 g CO2-e m�2 yr�1,

whereas another study from the Chariton Valley Biomass

Project estimated that during the agronomic practices to

establish switchgrass, the total CH4 emissions were

23 g CO2-e m�2, and that during harvesting the emis-

sions were 17.4 g CO2-e m�2 (Ney & Schnoor, 2002).

Currently, however, the information available on CH4

flux contributions to net GHG emission from switchgrass

is very limited, probably because of its aforementioned

small GHG sink force, so most LCAs and other studies

did not take it into account, nor explicitly mention it.

This is not to say that actual CH4 flux measurements in
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switchgrass are inexistent as far as we know. In one of

the few complete sets of data available from an LCA

assessment of a power generation chain (Qin et al., 2006),

it was shown that in contrast to N2O emissions, the larg-

est CH4 emissions are produced during the processing/

combustion phase of switchgrass and not during the

crop production phase. The degradation of the lost

switchgrass biomass accounted for 90% of the total CH4

emissions, although 5% was due to the combustion in

boilers (Qin et al., 2006). In any case, actual values based

on field measurements are urgently needed to more pre-

cisely estimate CH4 emissions from the production/

transformation phases of switchgrass to different end-

uses. Even though it is believed that CH4 emissions have

a negligible effect on the overall GHG budget, these

kinds of measurements would probably help to reduce

the large number of uncertainties in its estimation.

Land conversion to switchgrass

Direct land use change (LUC) accounts for the in/out-

fluxes deriving from land conversion to a new use (e.g.,

tropical forest to oil palm). Land use conversion to

energy crops can have very different environmental

effects in terms of GHG emissions depending on the

type of converted land, e.g., forest, grassland, native

ecosystems, intensively cultivated croplands or

degraded lands, as well as on the type of energy crop

(Penman et al., 2003; Righelato & Spracklen, 2007; Fargi-

one et al., 2008). For example, the net CO2 abatement

from growing switchgrass can vary from very signifi-

cant to insignificant, if arable lands or permanent

grasses are converted, respectively (Bransby et al., 1998;

Bullard & Metcalfe, 2001; McLaughlin et al., 2002). It

was estimated that almost 170 years would be needed

to restore C losses caused by conversion of forest land

to corn-based ethanol (Searchinger et al., 2008); although

this seems to be an overestimation, it is an indication of

the considerable effects of changing land use patterns.

On the other hand, converting croplands to perennial

grasses such as switchgrass was found to increase soil C

stock at a rate of 1.1 Mg C ha�1 yr�1 (Gebhart et al.,

1994), meaning that 17 Mha of land enrolled in the Con-

servation Reserve Program (CRP) may have the poten-

tial to sequester about 45% of C-emissions from U.S.

agriculture. Similar conclusions were reached by Wat-

son et al., (2000) and Penman et al., (2003) which esti-

mated up to 1.2 Mg C ha�1 yr�1 of SOC storage by the

conversion of arable lands to perennial energy grasses,

due to the ability of perennial crops to accumulate large

amounts of net primary products in their root system.

Switchgrass, in particular, resulted in a considerable

ability to accumulate belowground biomass (McLaugh-

lin & Walsh, 1998; Ma et al., 2000b). Likewise, Garten &

Wullschleger (2001) predicted long-term (up to

30 years) regional gains in SOC, especially with land

conversion from cropland to switchgrass. The authors

found negative to positive effects (approx. �1 to

1 Mg C ha�1 yr�1) by converting pasture to switch-

grass, and always positive effects by converting crop-

land to switchgrass (up to approx. 2.8 Mg C ha�1 yr�1).

Although LUC is not a new issue in soil carbon stud-

ies – more than 20 years ago Hall & Scurlock (1991)

pointed out that LUC would probably be the main factor

impacting on soil carbon contents in the future – it is

only recently that GHG emissions as a result of convert-

ing arable lands, natural ecosystems, permanent grass-

land, the savannah, etc., were characterized (Eggelston

et al., 2006) and that LUC emissions were recognized in

LCA studies. Nonetheless, LUC data are missing in

most LCA-bioenergy studies, thus exposing them to the

risk of critically biased LCA outcomes (Penman et al.,

2003; Farrell et al., 2006; Croezen et al., 2010; Searchin-

ger, 2010). Fritsche et al. (2010) showed that CO2-e emis-

sions can increase four times by including LUC in the

LCA calculations for oil palm-biodiesel, with the crop

replacing a tropical rainforest, or even higher for soy-

bean cultivated in humid savannah lands for the pro-

duction of fatty acid methyl ester (FAME). Likewise,

Gnansounou et al. (2009) analyzed GHG emissions in

nine types of lands converted to energy crops and

found CO2 emissions strongly affected by LUC, i.e.,

from –80% in severely degraded grassland to +5% in

forested land. The authors also considered an annual

energy crop (wheat) converted to bioethanol, which can

be expected to provide much less C storage than peren-

nial grasses such as switchgrass, especially in long-term

C-depleted soils (Liebig et al., 2005; Fargione et al.,

2008). For example, Tolbert et al. (2002) showed an

almost 70% SOC increase in the upper 15 cm soil layer

in 3-year switchgrass grown on traditional croplands.

Finally, Cherubini & Jungmeier (2010) tested the impor-

tance of LUC through a sensitivity analysis; they found

that GHG annual emissions of the biorefinery system

decreased from more than 100 000 Mg CO2-e to almost

zero, with 0.2 and 1.1 Mg C ha�1 of soil C sequestra-

tion, respectively. Therefore, it can be concluded that

much more attention should be paid to LUC emissions

to provide reliable LCA outcomes.

Not only direct land use change, but also indirect

LUC (iLUC), i.e., the overall displacement of cropland

in response to the increased production of biofuels,

should be taken into account in quantitative GHG emis-

sion estimations (Fritsche et al., 2010; Searchinger, 2010).

However, although some progress has been made in

predicting the amount of cropland that could be

replaced by biofuels and how much emission the

change in land use will produce, iLUC effects cannot be
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quantified directly and need to be modeled on a global

scale by coupling complex economic and biophysical

models. Overall, significant uncertainty still persists

regarding iLUC emissions; it therefore appears unwise

to assign emission coefficients to iLUC in GHG balances

based on current knowledge (Searchinger et al., 2008).

Nonetheless, Fritsche et al. (2010) showed that adding

iLUC plus LUC emissions to LCAs could result in

almost double GHG emissions per unit of energy. More-

over, a recent iLUC simulation study by Croezen et al.

(2010) revealed that GHG emissions of biofuels on a

European and global scale were 20–60 g CO2-e MJ�1, i.

e., 25–75% of C-emissions per MJ of the amount of pet-

rol and diesel fuel being substituted. Further studies are

therefore needed to define specific criteria for quantify-

ing consistent iLUC values to appropriately include

them in GHG emission balances.

Conclusions

Our review reveals that switchgrass could contribute to

reducing GHG emissions throughout its life cycle when

used as a bioenergy feedstock. Nonetheless, significant

sources of uncertainty relating to the GHG balance must

be urgently addressed, especially on soil carbon seques-

tration (Ney & Schnoor, 2002), direct- and indirect land

use change (Fritsche et al., 2010), and the emissions of

highly impacting greenhouse gases such as N2O and

CH4 (Robertson & Grace, 2004). The generation of such

information will help to reduce uncertainties and to

delineate robust development policies and innovative

technologies for producing and transforming switch-

grass. In the case of N2O, switchgrass seems to reduce

the emissions compared with most perennial and

annual crops because of its lower fertilization require-

ments and high N use efficiency. In any case, among

the GHGs associated with switchgrass cultivation and

other similar grasses, N2O fluxes from fertilization prac-

tices constitute the primary source of GHG emissions,

whereas, on the other hand, CH4 emissions are always

considered as minimal. However, more experimental

data in long-term trials across wide precipitation and

temperature gradients are needed to reduce the uncer-

tainties in the coefficient factors used to estimate their

impacts at a global level. Most LCA studies on bioener-

gy systems do not include the source of the data or use

modeled data based on conjecturable assumptions, so

there is an urgent need to support research activities on

these topics to provide measured data and validate

models.

Cultivation and management practices that impact

both yield and GHG emissions include crop establish-

ment, fertilization timing and rates, control of weeds

and pests, harvest time and method. The decision on

when and how much nitrogen fertilizer should be

applied, for example, will determine the amount of

nutrient leaching/runoff and emissions of N2O pro-

duced. Therefore, an in-depth evaluation of such fac-

tors, as well as their interactions, is necessary to refine

agricultural practices to both maximize yields and mit-

igate GHG emissions from switchgrass. Moreover,

substantial environmental benefits such as the reduc-

tion of soil erosion and nutrient leaching could be

achieved by the use of improved products and agro-

nomic practices. However, it has to be taken into

account that a practice that is highly effective in

reducing emissions at one site may be less effective or

even counterproductive elsewhere. Such practices

should therefore be flexible and easily adaptable to

the prevailing local conditions.

In addition to the extensive root systems of switch-

grass, adopting no-tillage practices may further help to

improve soil physical properties and to maintain, if not

increase, the soil C levels, and at the same time, reduce

fossil energy requirements. Again, this could signifi-

cantly contribute to CO2 savings. Even though the abil-

ity of switchgrass to develop deep roots is widely

recognized and documented in the literature, and the

below- and aboveground biomasses of switchgrass were

quantified in a significant number of studies, we found

the correlation between root and aboveground biomass

insignificant. Restricting soil samples to the upper layers

while at the same time increasing the repetitions thus

appears to be a reasonable compromise, although root

allocation to depth, especially of fine roots which were

found to be abundant in switchgrass, can play a very

important role in determining the C-turnover. Impor-

tantly, considerable variability emerged from reviewing

several articles on switchgrass capacity to sequester car-

bon. The reason for such uncertainty is not well under-

stood; however, it is likely related to plant ages,

sampling periods, soil types, and the difficulties in

quantifying the actual amount of carbon added to the

soil system by plant roots due to the continuous and

simultaneous fluxes of carbon compounds between the

soil-plant-atmosphere continuum. Moreover, in the case

of switchgrass establishment on a former cropland,

there is limited information on when a new equilibrium

in SOC can be reached and therefore on the time span

during which carbon sequestration cannot contribute to

reducing CO2 emissions. Some authors estimate that up

to 50 years may be needed to reach the equilibrium

(Lemus & Lal, 2005).

Although some evidence suggests greater savings

when switchgrass is converted to electricity than cellu-

lose-bioethanol, other issues need to be assessed before

establishing that bioelectricity is the ideal and preferred

method of conversion. Regardless of the conversion
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method, there is general consensus in the literature that

GHG emissions from switchgrass are generally lower

than those from other energy crops currently used for

bioenergy purposes.

Some studies report trivial GHG savings from con-

verting permanent grasslands to switchgrass, while sig-

nificant positive effects on carbon sequestration were

achieved by displacing croplands.Therefore, switchgrass

cultivation should be limited to degraded or abandoned

areas, or croplands, taking into account the food priority

production. Indirect land use changes (iLUC) cannot be

quantified at present as such studies are still in their

infancy. Nonetheless, there is evidence that ignoring or

underestimating the iLUC effects can greatly bias the

GHG balance of switchgrass. A considerable number of

studies are therefore imperative to identify specific cri-

teria for estimating LUC and iLUC and to understand

and quantify consistent values, which can be appropri-

ately included in GHG emission balances.
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