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ABSTRACT 

Bioenergy crop is defined as any plant used to produce energy in the form of biofuel or combusted 

for its energy content to generate electricity or heat. The bio-energy crops, which include several 

species of perennial herbaceous crops and short-rotation woody crops (SRWC) are capable of 

alleviating energy constraints and reducing CO2 levels. The herbaceous crops with less woody 

tissue comprise mostly bunch-type grasses, which are commonly harvested at the end of the 

cropping season when important nutrients (especially nitrogen) have been translocated to roots. 

Different grasses and millets, such as kleingrass (Panicum coloratum L.), buffalograss (Buchloe 

dactyloides Nutt.), tall fescue (Fetusca arundinacea), napiergrass (Pennisetum purpureum 

Schum.), switchgrass (Panicum virgatum L.), reed canary grass (Phalaris arundeneacea L.), 

miscanthus (Miscanthus spp.), eastern gamagrass (Tripsacum dactyloides), big bluestem 

(Andropogon gerardii) and sorghum (Sorghum bicolor), have been identified as promising species 

for biofuel production which can be grown through rationing up to 15 years, where asSRWC 

includes fast growing tree species with wide adaptability like willow (Salix spp.), cottonwood 

(Populus fremontii L.), poplar (Populus ssp.), sycamore (Platanus occidentalis), sweetgum 

(Liquidambar styraciflua), silver maple (Acer saccharinum L.), black locust (Robinia 

pseudoacacia) and Eucalyptus. The lignocellulosics biomass of these woody crops is utilized in 

fermentation systems for production biofuels. Bioenergy can contribute to reducing the overall 

consumption of fossil fuels. Both biomass and biofuels can be derived from bioenergy crops, 

agricultural co‐products or waste materials. Bioenergy crops have the potential to sequester 

approximately 1631 Tg C yr
−1

 worldwide and contribute to the reduction of greenhouse gas 

emissions and helps in mitigating climate change and its negative impacts. The integration of 

bioenergy with geological carbon capture and storage is also considered to be very effective in 

mitigation of green house gases. This paper reviews the literature supporting evidence for utilities 

and potentials of bioenergy crops in mitigation of climate change through carbon biosequestration 

and their role in offsetting emissions due to fossil fuel as an alternative source of energy. 
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INTRODUCTION 

Bioenergy crops are the plants used to produce energy. These crops can produce large volume of biomass, 

high energy potential are adapted to grow in marginal soils. Bioenergy crops contribute greatly in 

reduction of consumption of fossil fuels. Bioenergy crops include both biomass crop which produces 

solid material used for combustion and biofuel crops used to produce liquid products (biofuels) useful to 

power vehicles. Dedicated energy crops, agricultural co‐products or waste materials are the sources of 

both biomass and biofuels. The energy crops should have the ability to grow through conventional 

farming techniques. Some of the bioenergy crops can also be grown for use in an anaerobic digester to 

break down organic material to produce biogas for heat and power generation. Bioethanol (a petrol 

alternative) and biodiesel (a diesel alternative) are two most common types of biofuel produced from 

crops. Biofuels can be mixed up to a 5% biofuel and 95% fossil fuel blend for use in unmodified vehicles. 

Some of the important crops used for biodiesel production are wheat, sugar beet and fodder beet which 

produces bioethanol through enzymes and fermentation technology and oilseeds crops, which are crushed 
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and refined to produce biodiesel. The bioenergy crops used for heat and electricity generation include 

short rotation coppice viz.sycamore, poplar, hazel, willow, sweet chest nut, silver birch, ash, alder and 

lime; miscanthus (a tall, woody grass); reed canary grass; forest material and tree management residues 

and switch grass rye grass. Ideally, biomass crops should produce higher quantity of biomass containing 

readily digestible polysaccharides and tailored composition with value-added chemicals (Ragauskas et al., 

2006). As a prerequisite, biomass crops must have a sustained capacity and efficiency to capture and 

convert available solar energy into harvestable biomass with minimal inputs and minimal environ-mental 

impact (Sims et al., 2006).But, the disadvantages of using conventional food crops(Heaton et al., 2004)as 

biomass crops is that  most of them are annual, requiring higher inputs of energy for cultivation, planting, 

chemical inputs and harvesting each year (Hulsbergen et al., 2001), which limits their ability to reduce 

GHG emission (Farrell et al., 2006).  

 

TYPES OF ENERGY CROPS  

The bioenergy crops should have the capacity to alleviate energy constraints and reduceCO2 levels. The 

U.S. Department of Energy (U.S. DOE) has classified these plants into two major groups, which include 

perennial herbaceous crops and short-rotation woody crops (McLaughlin and Walsh, 1998). 

 

Herbaceous Energy Crops 

These plants have very less woody tissue and mostly comprise bunch-type grasses. These are commonly 

harvested at the end of the growing season like hay when important nutrients such as nitrogen have been 

translocated to roots (Lemus, 2004). Some of the grasses like klein grass (Panicum coloratum L.), 

elephant grass (Pennisetum purpureum Schum.), reed canary grass (Phalaris arundeneacea L.), 

switchgrass (Panicum virgatum L.), buffalograss (Buchloe dactyloides Nutt.), miscanthus (Miscanthus 

spp.), eastern gamagrass (Tripsacum dactyloides), tall fescue (Fetusca arundinacea) and big bluestem 

(Andropogon gerardii) were found to be promising species for biofuel production (Madakadze et al., 

1999). These grasses regrow from their roots and do not require replanting for long periods of time (>15 

years).  

 

Short-Rotation Woody Energy Crops (SRWC) 

These are fast growing woody plants with wide adaptability and better resistance to diseases. This group 

of plants include hardwood species such as cottonwood (Populus fremontii L.), willow (Salix spp.), 

sycamore (Platanus occidentalis), poplar (Populus spp.), sweetgum (Liquidambar styraciflua), black 

locust (Robinia pseudoacacia), silver maple (Acer saccharinum L.), and Eucalyptus. These crops can also 

be used for paper production and the waste can be utilized for energy. Trees like alders (Alnus spp.), 

mesquite (Prosopis spp.), and the Chinese tallow (Sapium sebiferum) are of considerable regional 

importance in the United States (Brown, 2003). 

 

The bioenergy crops are also categorized in to three groups on  the  basis  of  biomass  production  and  

their  use  as  energy  crop (Dipti and Priyanka, 2013): 

 

1. Traditional Bioenergy Crops:  

Natural vegetation or crop residues are major source of traditional biofuels, which are the main energy 

source in number of countries like Bhutan (86%), Nepal (97%).But  they  are  not  sustainable and their  

exploitation  may  contribute  to  desertification, land degradation and are ineffective to mitigate the 

impact of  global climate change. 

 

2. First Generation Bioenergy Crops:  

Majority of liquid biofuels production is based on First Generation Bioenergy Crops. This can be used 

for both food as well as biofuel. Therefore the raw materials used for biofuel production compete with 
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food for fertile land and inputs. Some of the examples of FGECs are corn, sugarcane, oil palm and 

rapeseed.  Biofuels derived from these plants through fermentation of sugars to produce ethanol or trans-

esterfication of plant oils to produce biodiesel. 

 

3. Second Generation Bioenergy Crops (SGECs):  

These crops are thought to be more efficient than First Generation Bioenergy Crops. The biofuel obtained 

biochemically or thermo-chemically from lingo-cellulosic from SGECs have more energy content 

(GJ/ha/yr) than most FGECs biofuels. They avoid many of the environmental concerns, and may offer 

greater cost reduction potential. Early SGECs include perennial forage crops such as Phalaris 

arundinacea L., Medicago sativa L., Switchgrass, Cynodon spp. and Pennisetum purpureum Schumach 

(Oliver et al., 2009). The capacity of Miscanthus to fix CO2 ranges from 5.2 to7.2 t C/ha/yr, which results 

in a negative C balance (Boe and Beck, 2008 and Jakob et al., 2009).  The  non-edible  plant  oils  (e.g.,  

from  Jatropha curcas  L., Euphorbiacea; 30-50% oil) and soap nut (Sapindus mukorossi  and  S. 

trifoliatus; 52% oil), as new sources for biodiesel production , which do not compete with edible oils 

produced from crop plants (Ram et al., 2008). 

 

4. Third Generation Bioenergy Crops (TGECS):  

These plants include boreal and CAM plants which are  potential  sources  of  feed  stocks  for  direct  

cellulose fermentation; Eucalyptus spp., which is used for  bioenergy  production  through  thermo-

conversion and micro-algae which is a potential source of biodiesel. Some of the third generation 

bioenergy crops which have been tested  for  biodiesel  production  are African  palm  (22%  oil),  

coconut  (55-60% oil), and grain of castor bean (45-48% oil), and peanut (40-43% oil).  These crops help 

in  reducing  GHG  emissions  by  capturing  CO2  released  from   power  plants  or  by generating 

biomass through photosynthesis. 

 

5. Dedicated Bioenergy Crops (DECs): 

These plants are solely dedicated to produce energy without impacting food security or the environment.  

The crops can be grown through environment friendly approach and can contribute more to GCC 

mitigation (Petersen, 2008). DECs also help in carbon sequestration, conservation and enhancement of 

biodiversity, mitigation of salinity and improvement of soil  and  water  quality. These crops  include  

cellulosic  crops, which includes  short  rotation  trees  and  shrubs  such  as  eucalyptus (Eucalyptus  

spp.), poplar (Populus  spp.), willow (Salix  spp.), and birch (Betula  spp.); perennial grasses that include 

canary grass (Phalaris arundinacea), giant reed (Arundo donax), reed switchgrass  (Panicum virgatum),  

Johnson grass (Sorghum halepense) elephant  grass  (Miscanthus  x gigantus) and sweet sorghum 

(Sorghum bicolor); and  non-edible  oil  crops  like castor  bean  (Racinuscommunis),  pongamia 

(Pongamia spp.), physic  nut (Jatropha curcas) and  oil radish (Raphanus sativus). 

 

IMPORTANT FEATURESOF BIOENERGY CROPS 

1. Agronomicand Architectural Traits:  

Bioenergy crops should be Agronomically efficient and require lower inputs for establishment, require 

less input of fossil fuel, adaptable to marginal lands. It should also provide higher biomass and energy 

yield to help in mitigating global warming and climate change.  These crops should not have low dry 

matter partitioning to reproductive parts, longer duration, perennial growth and low moisture content at 

harvest. The canopy architecture  of  a dedicated bioenergy crop plant should  minimize  plant-to-plant  

competition  and maximize  competition  with  weeds,  maximize  radiation  interception  and water use 

efficiency, accelerate drying in the field, and facilitate mechanical harvesting. The attributes of the plant 

like thick, straight, upright stem and resistance to lodging plays important role in this regard. Short stature 

of the plant helps to increase  light  access  and  enable  dense  growth, whereas  large  stem  diameter  

and  reduced branching optimizes energy density for transport and processing. 
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2. Physiological and Eco-Physiological Traits: 

Bioenergy crops should have higher photosynthetic efficiency to utilize solar energy and store thermo-

chemical energy. Enhanced production of biomass and bioenergy by these plants can be achieved by 

manipulating different physiological and eco-physiological attributes which maximize radiation 

interception, radiation, water use efficiency and nutrient use efficiency and confers environmental 

sustainability. Different ecophysiological traits such as high  growth  rate,  response  to  light competition,  

canopies  with  low  extinction  coefficients,  leaf  traits  for  efficient  light capture (including optimum 

leaf area index, and specific leaf areaC4 or CAM photosynthetic pathway coupled with  large WUE,  long 

canopy duration, large capacity  for  C sequestration,  nutrient  cycling  and  low  nutrient (nitrogen  and  

sulfur) requirements can modulate  thermal  time sensitivity to extend the growing season of these crops 

and  increase above ground biomass production. 

 

3. Biochemical Composition and Caloric Content: 

The energy content or heat value, released when burned in air is expressed in terms of caloric value of a 

material. Most of the plants differ in their biochemical composition (i.e. proteins, carbohydrates, lipids, 

organic acids, etc.) and in the amount of glucose molecules required to produce a unit of these organic 

compounds. The composition of plant body determines the of energy availability from a specific biomass 

type, when adjusted for moisture content and attributes to differences in energy output. The biomass yield 

and composition also influences the GHG profiles and potential of bioenergy crops to mitigate climate 

change.   

 

BIOENERGY CROPS AND CARBON SEQUESTRATION  

Soil C sequestration is a process in which plants remove CO2 from the atmosphere and incorporate it into 

soil C pool. Though about 75 to 80 per cent of the lost C can be re-sequestered in to the world soils, 

management practices and ecological factors limit the rate of SOC sequestration (Wojick, 1999). Soil 

quality can improved through conversion of degraded agricultural soils to perennial crops by increasing C 

sequestration, high biomass production and deep root systems (Ma et al., 2000). Bioenergy crops have a 

potential to reduce the rate of CO2 enrichment of atmospheric by replacing fossil fuels because of the 

cumulative effects due to high biomass accumulation (Bransby et al., 1998). However, these crops 

provide net gains in C sequestration only if they replace annual row crops. Bioenergy crops are the link 

between sink (biomass and SOC) and the source (fossil fuel combustion). They are the sink/source 

transition since the C incorporated into their biomass and root system has a high potential for being 

incorporated into the SOC pool. Bioenergy crops can be used as a good option to sequester atmospheric 

CO2 by increasing biomass productivity which can be incorporated into existing energy alternatives to 

improve energy use efficiency (Zan et al., 2001). 

BIOMASS PRODUCTION AND CARBON SEQUESTRATION  

Most of the perennial crops are highly productive and have higher capacity to sequester C from the 

atmosphere. These perennial crops cause minimal soil disturbance during their growing season, and 

accumulate SOC over a 40-60 year period (Potter et al., 1999). The carbon stored in the aboveground 

biomass is utilized for energy production but carbon stored in roots below the surface can be sequestered 

into the soil. This means that the release of CO2 from co-firing of biomass does not contribute to the net 

global CO2 levels since the CO2releasedfrom its utilization was removed from the atmosphere through 

photosynthesis (Kort et al., 1998). Deposition and decay of plant material on the surface, growth of root 

and senescence below the surface contributes to SOC to the soil. There have been indications that the 

amount of C sequestered depends on biomass production and decomposition rate, and the fraction of the 

biomass that enters the long-term storage capacity (Quian and Follett, 2002). The root systems of 

perennial crops are very deed and massive which allows direct movement of C into the soil making it no 

labile SOC. Though aboveground biomass productivity and CO2 mitigation are also affected by climate, 
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most of the perennial bioenergy crops can survive under drought due to large nutrient reserves in their 

root system (Ingram and Fernandes, 2001). 

Above Ground Biomass 

Vegetative residues are important sources of replenishing SOC. The carbon sequestration capacity of soils 

depends on microbial activity which influences the decomposition of below ground root biomass 

(Williams et al., 2004). Residue covers moderate biological activity in the soil through cooling effect 

which favours the incorporation of C into the organo mineral complexes (Ingram and Fernandes, 2001). 

Cook and Beyea (2000) estimated biomass production of 7.4 Mg C ha
−1

 yr
−1

 by switchgrass, 5.4 Mg C 

ha
−1

 yr
−1

 by corn (Zea mays) and 8.0 Mg C ha
−1

 yr
−1

 by SRWC in a 3-year or 10-year rotation period. The 

amount of biomass production by these cropping systems may reduce CO2 emissions from fossil fuels by 

sequestering 400 kg C Mg
−1

 of biomass in switchgrass, 500 kg C Mg
−1

 in willow, and 600 kg C Mg
−1

 in 

poplar, compared with only 300 kg C Mg
−1

 by corn residue. Therefore, the amount of CO2 sequestered in 

the aboveground biomass (in immobile organic to labile inorganic forms) can have a great impact on the 

amount of C sequestered in the soil, depending on how much is left on the soil surface.  

Below Ground Biomass 

The perennial crops have prolific root system, which strongly influences C sequestration by incorporating 

significant quantities of organic matter into soil (Lemus and Lal, 2005). The soil organic material 

containing SOC helps in enhancing soil’s capacity to retain and provide nutrients and water to plants. 

Switchgrass has four to five times more belowground biomass than corn with additions of 2.2 Mg C ha
−1

 

yr
−1 

(Zan et al., 1997). Hence the removal of above ground biomass of switchgrass or other bioenergy 

crops may not adversely affect the SOC. Most of the perennial crops maintain higher biomass below the 

average cutting height and their fibrous root network close to soil surface aids in soil stabilization and 

SOC sequestration (Kort et al., 1998). However region-specific information is required to characterize C 

fluxes in land cultivated with bioenergy crops and effect of soil respiration on CO2 exchange in the 

ecosystem (Mielnick and Dugas, 2000). The amount of biomass produced both above and belowground 

influences C and N pools of the soil. Differences in root biomass as well as soil C vary with depth with 

larger percent of root biomass concentrated in the upper 35 cm of the soil profile (Tufekcioglu et al., 

2003). Most of the root fractions differ among vegetation types and soil depths.  

Differences in root biomass seem to indicate that cultivar selection along with soil type can affect the rate 

of SOC sequestration. Major C sequestrations occur belowground, where perennial root biomass, 

ephemeral roots, and decayed litter act as C sinks to mitigate atmospheric CO2 enrichment. Several 

studies on the assessment of root biomass pool indicate that switchgrass live fine root biomass decreases 

with depth (Ma et al., 2001), with the possibility that the amount of SOC sequestered follows the same 

pattern. The aboveground biomass and dead roots play an important role in C sequestration and its 

turnover due to their C and N contents (Tufekcioglu et al., 2003). The bioenergy crops like willow and 

switchgrass contribute more SOC to soil as compared to traditional crops like corn because of their great 

root mass in the soil profile. 

The oxidation of SOC is decreased with increasing depth due to reduction in microbial activity and deeper 

root placement leads to a stable SOC pool (Grigal and Berguson, 1998).Below ground root biomass is an 

important component of total SOC and the soil C dynamics (Gale and Cambardella, 2000).The dynamic 

portion of the belowground biomass is usually represented by fine roots (Buyanovsky et al., 1987). Most 

of the perennial warm-season grasses have well-developed root systems with a great root mass pool, 

which is comparable to the aboveground biomass annual crops (McLaughlin and Walsh, 1998). Most of 

the C is generated by rhizosphere deposition and fine root turn over from the large active root pool 

averaging 3 Mg ha
−1

 yr
−1

(Lynch and Whipps, 1991). The large pool of root biomass is not only a good 

sink for nutrient reserve, but also a sink to increase the SOM. 
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BIOFUELS IN MITIGATION OF CLIMATE CHANGE 

The major benefit of biofuels is their ability to reduce net CO2 emissions to the atmosphere. The CO2 

released from the burning of fossil fuel can be transferred to the biological C cycle through better carbon 

management to enhance food, fibre and bio-fuel production and enhance environmental quality through 

carbon sequestration.The components of a sustainable bioenergy system are environmental, economic, 

and social component. An environmentally sound system should not degrade the natural resources, soil, 

water, and air. Degradation can limit their ability to provide environmental service ranging from water 

resource, wildlife habitat or food and fiber production. Emissions of green house gases was found to be 

reduced by 20 to 60% (excluding carbon dioxide emissions from changes in land-use) when fossil fuels 

are replaced by first generation biofuels using most efficient systems. However conversion of forests and 

grasslands to agricultural fields to grow crops for biofuel has some of the potential adverse effects on 

climate. Depending on the farming method used, biofuels could be responsible for significant land use 

problems, such as releasing other greenhouse gases like nitrogen oxides into the atmosphere. 

 

 
PHYSIOLOGICAL BASIS OF YIELD VARIATION IN BIOMASS CROPS 

Agronomic and forestry plants convert solar energy into chemical energy by photosynthesis. These plants 

provide both biomass for energy and serve as a net sink for CO2.The carbon dioxide assimilated by the 

plant through photosynthesis is translocated to both shoot and root. The biomass yield can be enhanced by 

maximizing photosynthetic CO2 fixation to support both grain and biomass. The increase in biomass yield 

can also be achieved by increased photosynthesis, optimized photoperiodic response, optimized plant 

architecture, biotic and abiotic stress tolerance, regulated dormancy, floral sterility, optimal nitrogen (N) 

acquisition and nutrient use efficiency, delayed senescence of leaves, greater C allocation to stem 

diameter instead of height growth and lower root to shoot ratio to maximize aboveground biomass (Kern, 

2002; Sims et al., 2006; Long et al., 2006 and Ragauskas et al., 2006]. Light interception efficiency of the 

plant through which intercepted light is converted into biomass is one potential limitation on biomass 

yield. It is estimated that less than 2% of sunlight is initially captured by photosynthesis. The efficiency of 

the bioenergy system can be realized through higher photo assimilate production resulting in increased 

biomass yield (Van Camp, 2005). Reducing photorespiration in C3 species by incorporation of C4 

enzymes into C3 species (Jiao et al., 2002) or expression of a heat-tolerant Rubiscoactivase or expression 

of an inorganic C transporter would be beneficial in this regard (Van Camp, 2005). Total photosynthetic 

capacity can be improved by improving light intercept efficiency at the plant or canopy level. Light 

interception efficiency depends on the size, duration and canopy architecture (Ceulemans and Isebrands, 

1996 and Madakadze et al., 1999). A crop that can maintain optimum canopy architecture throughout the 

growing season will absorb the largest proportion of incident radiation (Kern, 2002) thereby, enhancing 

the total photosynthetic capacity (Van Camp, 2005). Evergreen woody perennial energy crops (WPEC) 

like Pinus and Eucalyptus species can maximize seasonal use of sunlight. Understanding the mechanisms 

underlying the source sink regulation in plants is needed to force plants to store more C per unit leaf area 

than they would for normal regular growth and development purposes (Johnson et al., 2007). For 

example, short rotation poplar (Populus ssp.) appears to accumulate more C per unit leaf area following 

defoliation (e.g., harvest of biomass) than they normally would without any changes in plant architecture 

(Rae et al., 2004 and Larson, 2006). When the mechanisms underlying the source-sink regulation are 

understood, plants can be developed that exhibit significantly larger rates of net photosynthetic CO2 

fixation and larger amounts of total accumulation of C ha
-1

 yr
-1

. 
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COMBININGBIO-ENERGY WITH GEOLOGICAL CARBON STORAGE FOR EFFECTIVE 

MITIGATION OF GREEN HOUSE GAS 

The innovative and effective carbon sequestration techniques like Bio-energy with Carbon Capture and 

Storage (BECCS) could play an important role mitigation of climate change in future. This carbon 

removal technology combines both bioenergy (energy from biomass) use and geologic carbon capture and 

storage and results in negative carbon dioxide emissions (Obersteiner, 2001).  This technology facilitates 

integration of trees and crops, which extract carbon dioxide (CO2) from the atmosphere through 

photosynthesis (and their biomass is also used in processing industries or power plants) and carbon 

capture and storage via CO2 injection into geological formations (Global CCS Institute, 2010).  The 

uniqueness of BECCS as an effective carbon sequestration technique lies is in its ability to result in 

negative emissions of CO2. The bioenergy plants effectively remove carbon dioxide from the atmosphere 

by capturing the atmospheric carbon dioxide in its biomass. The plant biomass which serves as a carbon 

sink during its growth is the source of bioenergy, a renewable energy. The combustion or processing of 

biomass during industrial processes re-releases the CO2 into the atmosphere. The process thus results in a 

net zero emission of CO2, though this may be positively or negatively altered depending on the carbon 

emissions associated with biomass growth, transport and processing. Carbon capture and storage (CCS) 

technology serves to intercept the release of CO2 into the atmosphere and redirect it into geological 

storage locations. Through this technology, carbon dioxide can be trapped in geologic formations for very 

long periods of time, whereas a tree only stores its carbon during its lifetime. According to the Fourth 

Assessment Report by the Intergovernmental Panel on Climate Change (IPCC) it is a key technology for 

achieving lower atmospheric CO2 concentration targets (Fisher et al., 2007).The Royal Society of London 

estimated that the negative emissions obtained by BECCS to be equivalent to a 50 to 150 ppm decrease 

in global atmospheric carbon dioxide concentrations (Royal Society, 2009). 

CONCLUSION 

Bioenergy crops not only mitigate the effects of climate change through C sequestration but also offset 

the emission of carbon dioxide as source of biofuel. The plant biomass of short rotation woody crops acts 

as carbon sink and helps in long term storage of carbon. Integration of bioenergy with geological carbon 

capture and storage holds promise for future in mitigation on climate change through negative carbon 

emissions. 
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