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17.1 Introduction

Numerous negative effects of fossil fuel consumption have been
observed on the ecosystem due to the generated product wastes, effluents,
and air pollutants. The majority of greenhouse gas (GHGs) emissions are
coming from the transportation sector [1,2]. GHGs liberated through pet-
rochemicals include sulfur oxides, carbon monoxides, nitrogen oxides,
etc. [3]. The emitted GHGs have adverse impacts on the environment such
as acid rain, soil contamination, and pollution of natural water resources
[3–6]. However, a reduction in such pollution can be found in biofuels as a
favorable alternate.

To mitigate GHG impact on climate change, several efforts have been
made by various organizations. For example, the 2°C scenario (2DS)
was proposed by the International Energy Agency (IEA) to deal with this
global environmental concern. The 2DS outlines an energy system that
aligns with the emissions path suggested by recent climate science
research, which indicates an 80% probability of keeping global tempera-
ture rise within 2°C. Rules made by members of 2DS were mostly focused
on carbon dioxide emissions with a planned reduction of about 50% in
such emissions by 2050. Such targets can be achieved by using alternate
energies such as solar, wind, biofuels, etc. [7].

Hence, finding renewable energy sources becomes essential. Among
all alternative energy sources, biofuel is a favorable substitute for
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fossil fuels [8]. Biofuels are categorized based on their manufacturing
processes, such as first-, second-, and third-generation biofuels (1G,
2G, and 3G) [9]. Feedstocks such as maize, corn, and sugarcane were
used in the production of first-generation biofuels. Raw materials like
nonfeedstocks were used in second-generation biofuels, mainly lignocel-
lulosic materials such as bagasse, wheat straw, etc. Algae, cyanobacteria,
fungi, and yeast were used for third-generation biofuels [10]. These
categories of biofuels are recognized as advanced biofuels. However,
the production of advanced biofuels had some contrary impact related
to environmental compatibility and resource management (Fig. 17.1).
Therefore, in this chapter, the discussion focuses on the compatibility
of advanced biofuels in terms of climate change and its related aspects
such as environmental resources and biodiversity management. The
chapter also discusses a life cycle assessment of advanced biofuels with
respect to climate change.

FIG. 17.1 Schematic presentation of advanced biofuels impact on climate change.

IV. Impact of advanced biofuels

274 17. Impact of advanced biofuels on climate change



17.2 Advanced biofuel production strategies with regard
to climate change

The first generation of biofuels was produced by the extensive fermen-
tation of sugars, lipids, and carbohydrates. This required a huge quantity of
organic mass generated by feedstocks. This mass is ultimately transferred
into different energy forms such as electricity, biogas, bioethanol, etc. [9].

Feedstocks, mainly corn and sugarcane, were used for first-generation
biofuels, but the major limitation is the scarcity of a substrate for produc-
tion. Overcoming this problem led to increasing biomass production in the
form of other feedstocks containing a higher percentage of starch, mainly
potato, rice, barley, and wheat. Oil seeds were used for oil extraction for
biodiesel production by fermentation and transesterification, and starchy
material was converted to bioethanol [11].

Concerns regarding the low impact of first-generation biofuels with
respect to GHGs and climate change resulted in a second generation of
biofuels. Second-generation biofuel production is based on nonfeedstock
materials such as biomass from agroforestry residues; this avoids compe-
tition among feedstocks [10]. However, GHG emissions from second-
generation biofuels were also reported, although they were relatively
low in comparison with the first generation and fossil fuels [11].

The algal biomass remains the primary choice of third-generation bio-
fuels. Characteristics of third-generation biofuels that make them ecosus-
tainable are the need for less land to cultivate as well as the fast growth
rate of microalgae and other microbes compared with feedstock and
higher plants. This ultimately reduces the stress of biofuels on
agroindustry-based resources and on land [12]. The third-generation bio-
fuel can also be beneficial in terms of GHG emissions because photosyn-
thetic microalgae are known for the consumption of CO2 at a higher rate
(approx. 40%) than any other known living entities [12,13]. In addition,
many algae species are also known for producing added-value products,
including single cell proteins (SCP) and other nutrients [14,15].

17.3 Advanced biofuels and their impact on greenhouse gases

The CO2 consumption during photosynthesis by plants and algae can
significantly limit GHG emissions from fossil fuels. In this context, biofuel
production from lignocellulosic and algal biomass will maintain a balance
between bioenergy and carbon capture and storage (BECCS) [16]. This
indicates a balance between deforestation and afforestation processes.
Biofuel and bioenergy sectors are essential to mitigate the GHG emissions
caused by the transportation sector, which predominantly relies on fossil
fuels. These emissions disrupt the carbon capture and storage (CCS) in the
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environment, making biofuels and bioenergy essential for mitigating their
impact on climate change. Yet, the mitigation benefit of biofuels in GHGs
is debatable because of the ecological carbon loss from the environment,
especially from land [17]. To fill this gap, there is a need for more land or
the implementation of earlier strategies used for the reduction of CO2 [18].
These strategies include aforestation to minimize global warming; the
maximum use of renewable energy sources such as electricity, and solar
energy, besides the development of technologies to produce advanced
biofuels for transportation with the fewest or zero GHG emissions
[19–21]. The emission factor (EF) can be measured as the emissions seen
related to biofuel production and expressed as the ratio of GHGs emitted
per unit of bioenergy produced. The EF will be the comparison of differ-
ences that counts emissions of units of bioenergy at the time of production
in the energy system and gives the exact outline for assessing the biofuel
production strategies [22–25].

A comparative analysis based of available literature on CO2 emissions
from first- and second-generation biofuels shows that GHG emissions
(Table 17.1) are influenced by the conversion of feedstock into fuel [35].
A comparable decrease inGHG emissions (59%–82%)was observed related
to gasoline emissions compared with feedstock used in biofuels containing
high sugar [26]. The life cycle assessment (LCA) of sugarcane shows a
remarkable discharge of GHG emissions throughout the farming and
downstreaming of ethanol. First-generation biofuel crops use a higher
concentration of fertilizers and terrestrial assets [29]. This drives the high
consumption of nitrogen-based fertilizer, which increases N2O emissions.

TABLE 17.1 Impact of biofuel on greenhouse gas emissions (in terms of Co2 release).

Type of

biofuel

Substrate/

feedstock

Bioethanol/biofuel

production (L/kg)

% Emission CO2

gCO2eq/MJ Reference

First
generation

Corn 0.45–6.46 43–78 [26,27]

Sugarcane 0.50 45 [26,28]

Wheat 0.30 68 [29]

Cassava 0.15–20 – [26]

Soybean – 10 [29]

Second
generation

Rice straw 110–120 – [30]

Corn meal/
stover

5–10 7.6 [31,32]

Palm wood 0.20 – [33]

Paddy
straw

0.0008 – [34]
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The downstreaming processes adopted for sugarcane released N2O [36].
The N2O emissions from processing starch containing raw substances also
raised GHG emissions [37]. In contrast, the soybean biofuel LCA showed
comparatively decreased GHG emissions than sunflower and rapeseed oil
biofuels [38]. The soybean biofuel is known to reduce up to 65% GHG emis-
sions when compared with fossil fuels such as diesel and petroleum [29].

It is hypothesized that nonfeedstock biofuel such as second-generation
bioethanol produced from lignocellulose waste could minimize GHG
emissions by 70%–85% by 2050 [39]. The European Union (EU) has made
great efforts to reduce GHGs by up to 35% by increasing the use of renew-
able energy [40]. However, the LCA of second-generation fuels shows
contrasting findings because the higher consumption of organic biomass
for biofuel production may adversely impact the ecosystem. For example,
straw removal from a farm can be responsible for the reduction in soil
organic matter as well as disturbing the soil nutrient cycle, which ulti-
mately leads to soil infertility. Straw removal from cropland can adversely
impact ammonia volatilization because of the mobilization of mineralized
fertilizers [41]. The recalcitrant nature of the lignin biomass poses a chal-
lenge, due to its increased persistence in the environment even after its
associated components like cellulose, and hemicellulose have been used.

17.4 Impact on water

While the extensive evaluation of biofuel impact was focused on GHG
emissions, other associated problems concerning climate change besides
water pollution have also attracted attention from scientists and academia.
The problems related to natural water increase during feedstock produc-
tion, processing, and biofuel production [42,43]. Advanced biofuels
require less water when prepared using straw over any other oil seed-
based biofuel. However, this water consumption will be more in compar-
ison with other renewable energy sources [44]. Out of the total amount of
water used in biofuel manufacture, the major part (approx. 84.6%) will be
used for feedstock production in agriculture. An overall observation of the
effects exerted by biofuel generation suggests that nonfeedstock biomass
used for biofuel production can mitigate the water depletion scenarios. In
addition, the reduced use of fertilizers and land for the cultivation of bioe-
nergy crops might also help to restore environmental sustainability [45].

17.4.1 Impact on water quality

Because biofuel production requires more water than fossil fuel pro-
duction [46,47], it causes induced stress on water supplies and diminishes
water quality [48]. Lack of uniformed and sustainable water treatment
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affects the availability and quality of natural water. It could also raise
problems related to water consumption from natural reservoirs as well
as pollution problems such as eutrophication. Water scarcity also impacts
biodiversity. The exclusive use and drain of water from natural reservoirs
may result in increased concentrations of salt and other minerals [49].
Depending on the water footprint, the evolution of algal biomass-based
biofuel production is recognized as water-sustainable bioenergy produc-
tion. This method consumes least amount of blue water (surface and
ground water) and available green water (rain water until its run off ) that
minimizes the problem of land water nexus by decreasing water evapora-
tion and acquisition of more land. It also creates a cooling impact in eco-
sphere due to consumption of atmospheric CO2 by algal biomass. At the
same time, the microalgal biomass can be cultivated using wastewater
also [50]. However, third-generation biofuel production also requires a
considerable amount of water, including sea water or wastewater [51].

17.4.2 Eutrophication and other associated impacts

First-generation biofuels required the cultivation of feedstock, for which
a large amount of fertilizers was used; this increased the utilizable form of
N2 and PO4 concentration in water bodies and resulted in eutrophication
[52]. Eutrophication in water bodies can lead to their deoxygenation and
the accumulation of toxicants by algae; it can also cause various diseases
of vertebrates such as the accumulation of nitrate in the body [53].

Unlike first- and second-generation biofuels, algal biofuel will not need
pesticides and fertilizers [54] because algae are photosynthetic organisms
that dwell in oligotrophic habitats. The cultivation of algae causes little to
no contamination of unwanted microorganisms [55]. This could be the
reason that third-generation biofuels do not lead to the eutrophication
of water bodies [54,56]. However, the use of wastewater to cultivate algal
biomass reduces water use, recycles water, helps with gray water foot-
prints, and decreases nutrient accumulation [50,57,58].

17.5 Impact on land

Soil is a dynamic and sustainable part of the ecosphere when used
wisely. Avoiding soil overexploitation can mitigate the impact of climate
change and aid biodiversity [59]. However, mismanagement in biofuel
production strategies impacts soil fertility while increasing erosion and
the biophysicochemical properties of the soil [60]. In addition, it can also
impact water bodies by changing their physicochemical properties [61].

To generate every unit of energy from biofuel, the large-scale use of land
is required. This land requirement was calculated as energy per unit crop.
The findings suggest that biofuels required approximately 10–20 times
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more land per unit of area compared with fossil fuels [62]. The reduction in
biodiversitywas due to the adaptation of feedstockmonoculture (e.g., corn)
strategies for biofuel production [63]. The natural degradation potential of
organic biomass is the measure of the sustainable habitat and biodiversity.
This potential of organic matter sustainability collapses when organic mat-
ter is used for biofuel production [64]. Furthermore, the invasion of species
in indigenous plant or crop species may also affect biodiversity [65]. The
crops taken to produce biofuels help with species invasion and make con-
ditions favorable for invasion by newer organisms [66].

Biofuel crop-harvesting practices can affect soil erosion, nutrients,
and soil organic matter. The feedstock harvesting associated with first-
generation biofuels may lead to soil erosion while also affecting the biogeo-
chemical cycling of minerals and organic compounds. This may lead to a
decrease in soil fertility and ultimately the increased use of fertilizer [67].
The excessive use of fertilizers results in additional environmental impacts.
For the maximum land acquisition for feedstock production, pressure was
created on the native ecosystem, which leads to decreases in soil fertility,
biodiversity, and the community dynamics of the ecosystem [68,69].

The production of second-generation biofuels has the potential to
minimize the problems associated with the production strategies of
first-generation biofuel. Biomass containing lignocellulose will be used
as the best alternative for fermentable sugar for biorefineries and biofuel
production [70]. However, the complex and recalcitrant nature of lignocel-
lulose limits its use in biofuel production in terms of less saccharification
[71]. Considering the higher mass in agro forest waste, great efforts have
been made to use this recalcitrant component in the bioenergy sector,
which includes physicochemical aswell as biological processes. As biolog-
ical processes are associated with fewer pollution problems, they are nat-
urally preferred [70,71]. The concept of natural biomassutilization systems
has becomemore advanced. These are used prominently in the bioconver-
sion of lignocellulose, especially cellulolytic enzyme-producing microor-
ganisms extracted from wood-eating insects and other animals [71,72].
Biodegradation technologies using microorganisms and their enzymes
could be adapted in the production of second- and third-generation
biofuels for bioprospection in cellulose degradation. Bioconversion will
not need any additional requirements such as fertilizer or major amounts
of water and will not increase any GHGs or pollutants, so it will mitigate
the GHG climate impact and hence remain ecofriendly [72].

17.6 Conclusions

Based on the results from studies, the negative features of advanced
biofuels make their actual implication difficult. These aspects primarily
include failing to mitigate GHG emissions as well as water and soil
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pollution. Biofuel production technologies do have some problems based
on their raw materials, processes techniques, and economics. This is
especially apparent with first- and second-generation biofuels that have
shown negative effects on soil, air, and water ecosystems. Therefore, for
the ecofriendly and sustainable production of biofuels, it is necessary to
develop processes that can reduce adverse impacts on the environment,
including climate change. The methodologies of biofuel production from
lignocellulosic waste reduce the threats of eutrophication, soil erosion,
and deforestationwhile also decreasing the GHG impact and the resulting
climate change. However, third- and fourth-generation biofuels could
help in the sustainable generation of biofuels while remaining ecofriendly
and reducing GHGs and the pollution of water bodies. Less land is
required for third-generation biofuel because it mainly uses water. That
ultimately creates a lesser burden in ecosystem management and
biodiversity. Biofuel technologies are constantly developed through
technological innovations that enhance the economic benefits as well as
mitigate the climate change impact to meet the needs of sustainable
energy production.

References

[1] Sims R, Schaeffer R, Creutzig F, Cruz-Nunez X, D’AgostoM, Dimitriu D, FigueroaMeza
MJ, Fulton L, Kobayashi S, Lah O, Mckinnon A. Transport climate change 2014: mitiga-
tion of climate change. In: Edenhofer O, et al., editors. Contribution of working group III
to the fifth assessment report of the Intergovernmental Panel on Climate Change. Cam-
bridge and New York: Cambridge University Press; 2014. Available at: http://www.
ipcc.ch/pdf/assessment-report/ar5/wg3/ipcc_wg3_ar5_chapter8.pdf.

[2] IEA. Renewables 2019, 2019. Paris https://www.iea.org/reports/renewables-2019.
[3] GristM. Environmentalmanagement and technology in oil refineries. In: Environmental

technology in the oil industry. Springer; 2016. p. 375–92.
[4] Bruckberger MC, Morgan MJ, Walsh T, Bastow TP, Prommer H, Mukhopadhyay A,

Kaksonen AH, Davis G, Puzon GJ. Biodegradation 2019;30(1):71–85.
[5] HsuCS, Robinson PR,HsuCS, Robinson PR. Petroleum science and technology in petro-

leum system and occurrence. Springer; 2019. p. 67–82.
[6] ItumaCG, EtukudohAB,AbuhMA,AkpomieKG,ObiohaCI. J Appl Sci EnvironManag

2018;22(1):47–53.
[7] Yabe K, Shinoda Y, Seki T, Tanaka H, Akisawa A. Energy Policy 2012;45:529–40.
[8] Roy P, Dutta A. Life cycle assessment (LCA) of bioethanol produced from different food

crops: economic and environmental impacts. In: Bioethanol production from food crops.
Academic Press; 2019. p. 385–99.

[9] Abdulkareem-Alsultan G, Asikin-Mijan N, Lee HV, Taufiq-Yap YH. Biofuels: past, pre-
sent, future. In: Innovations in sustainable energy and cleaner environment. Singapore:
Springer; 2020. p. 489–504.

[10] Dar MA, Syed R, Pawar KD, et al. Environ Technol Innov 2022;27:102459. https://doi.
org/10.1016/j.eti.2022.102459.

[11] SrivastavaN, SrivastavaM,Mishra PK, Ramteke PW, Singh RL, editors. New and future
developments in microbial biotechnology and bioengineering: From cellulose to
cellulase: Strategies to improve biofuel production. Elsevier; 2019 May 3.

280 17. Impact of advanced biofuels on climate change

IV. Impact of advanced biofuels



[12] Chew KW, Chia SR, Show PL, Ling TC, Arya SS, Chang JS. Bioresour Technol
2018;267:356–62.

[13] Pierobon SC, Cheng X, Graham PJ, Nguyen B, Karakolis EG, Sinton D. Sustain Energy
Fuels 2018;2(1):13–38. https://doi.org/10.1039/c7se00236j.

[14] Khoo KS, Chew KW, Yew GY, Leong WH, Chai YH, Show PL, Chen WH. Bioresour
Technol 2020;304:122996.

[15] Chew KW, Yap JY, Show PL, Suan NH, Juan JC, Ling TC, Lee DJ, Chang JS. Bioresour
Technol 2017;229:53–62.

[16] Smith P, et al. Nat Clim Chang 2016;6:42–50.
[17] Field JL, Richard TL, Smithwick EA, Cai H, Laser MS, LeBauer DS, Long SP, Paustian K,

Qin Z, Sheehan JJ, Smith P. Proc Natl Acad Sci 2020;117(36):21968–77.
[18] HarperAB, Powell T, Cox PM,House J, HuntingfordC, Lenton TM, Shu S.Nat Commun

2018;9(1):2938. https://doi.org/10.1038/s41467-018-05340-z.
[19] Canadell JG, Schulze ED. Nat Commun 2014;5:5282.
[20] VanVuurenDP, Stehfest E, Gernaat DE, VanDen BergM, Bijl DL, De Boer HS, Daioglou

V, Doelman JC, Edelenbosch OY, Harmsen M, Hof AF. Nat Clim Chang 2018;8:391–7.
[21] Fulton LM, Lynd LR, K€orner A, Greene N, Tonachel LR. Biofuels Bioprod Biorefin

2015;9:476–83.
[22] Hoefnagels R, Smeets E, Faaij A. Renew Sustain Energy Rev 2010;14:1661–94.
[23] Wicke B, Verwij P, van Meijl H, van Vuuren D, Faaij APC. Biofuels 2012;3:87–100.
[24] Lamers P, Junginger M. Biofuels Bioprod Biorefin 2013;7:373–85.
[25] Plevin RJ, Beckman J, Golub AA, Witcover J, O’Hare M. 2015. Environ Sci Technol

2015;49:2656–64.
[26] Cheroennet N, Suwanmanee U. Energy Procedia 2017;118:15–20. https://doi.org/

10.1016/j.egypro.2017.07.003.
[27] WangM, Han J, Dunn JB, Cai H, Elgowainy A. Environ Res Lett 2012;7:249–80. https://

doi.org/10.1088/1748-9326/7/4/045905.
[28] Bicalho T, Sauer I, Patiño-Echeverri D. J Clean Prod 2019;239:117903. https://doi.org/

10.1016/j.jclepro.2019.117903.
[29] Garlapati VK, Tewari S, Ganguly R. Life cycle assessment of first-, second-generation,

and microalgae biofuels. United Kingdom: Woodhead Publishing; 2019. p. 355–71.
https://doi.org/10.1016/b978-0-12-817937-6.00019-9.

[30] Zhang H, Zhang P, Ye J, et al. Bioresour Technol 2018;247:147–56. https://doi.org/
10.1016/j.biortech.2017.09.065.

[31] Han J, Elgowainy A, Dunn JB, Wang MQ. Bioresour Technol 2013;133:421–8. https://
doi.org/10.1016/j.biortech.2013.01.141.

[32] da Silva ARG, Torres Ortega CE, Rong BG. Bioresour Technol 2016;218:561–70. https://
doi.org/10.1016/j.biortech.2016.07.007.

[33] Raja Sathendra E, Baskar G, Praveenkumar R, Gnansounou E. Bioresour Technol
2019;271:345–52. https://doi.org/10.1016/j.biortech.2018.09.134.

[34] Wu XF, Yin SS, Zhou Q, Li MF, Peng F, Xiao X. Renew Energy 2019;136:865–72. https://
doi.org/10.1016/j.renene.2019.01.041.

[35] Dias De Oliveira ME, Vaughan BE, Rykiel EJ. Bioscience 2005;55(7):593. https://doi.
org/10.1641/0006-3568(2005)055[0593:eafecd]2.0.co;2.

[36] Cai H, Dunn JB, Wang Z, Han J, WangMQ. Biotechnol Biofuels 2013;6(1):1–15. https://
doi.org/10.1186/1754-6834-6-141.

[37] Carmo JB, Filoso S, Zotelli LC, de Sousa Neto ER, Pitombo LM, Duarte-Neto PJ, Vargas
VP, Andrade CA, Gava GJ, Rossetto R, Cantarella H. GCB Bioenergy 2013;3:267–80.

[38] Crutzen PJ, Mosier AR, Smith KA, Winiwarter W. Atmos Chem Phys 2008;(2):389–95.
https://doi.org/10.5194/acp-8-389-2008.

[39] Requena JS, Guimaraes AC, Alpera SQ, Gangas ER, Hernandez-Navarro S, Gracia LN,
Martin-Gil J, Cuesta HF. Fuel Process Technol 2011;92(2):190–9.

281References

IV. Impact of advanced biofuels



[40] Gnansounou E. Bioresour Technol 2010;101(13):4842–50. https://doi.org/10.1016/j.
biortech.2010.02.002.

[41] Nanda S, Azargohar R, Dalai AK, Kozinski JA. Renew Sustain Energy Rev
2015;50:925–41. https://doi.org/10.1016/j.rser.2015.05.058.

[42] Gabrielle B, Gagnaire N. Biomass Bioenergy 2008;32(5):431–41. https://doi.org/
10.1016/j.biombioe.2007.10.017.

[43] Aberilla JM, et al. Renew Energy 2019;141:493–506. https://doi.org/10.1016/j.
renene.2019.04.036.

[44] Schonhoff A, et al. Biomass Bioenergy 2021;145:105966. https://doi.org/10.1016/j.
biombioe.2021.105966.

[45] Zhu Y, et al. Renew Sustain Energy Rev 2019;115:109396. https://doi.org/10.1016/j.
rser.2019.109396.

[46] Simon JM. A ZeroWaste hierarchy for Europe. New tools for new times. In: Fromwaste
management to resource management; 2019.

[47] de Vries SC, van de Ven GWJ, van Ittersum MK, Giller KE. Biomass Bioenergy
2010;34:588–601.

[48] Wang S, Thomas K, Ingledew W, Sosulski K, Sosulski F. Cereal Chem 1997;1997
(74):621–5.

[49] Zhu L, Huo S, Qin L. Int J Green Energy 2015;12:595–602.
[50] Matson PA, Parton WJ, Power A, Swift M. Science 1997;277:504–9.
[51] Gerbens-Leenes P, Xu L, Vries dG, Hoekstra A. Water Resour Res 2014;50:8549–63.
[52] Yang J, Xu M, Zhang X, Hu Q, Sommerfeld M, Chen Y. Bioresour Technol

2011;102:159–65.
[53] Balvanera P, Daily GC, Ehrlich PR, Ricketts TH, Bailey S-A, Kark S, et al. Science

2001;291:2047.
[54] Anderson DM, Glibert PM, Burkholder JM. Estuaries 2002;25:704–26.
[55] Lardon L, HeliasA, Sialve B, Steyer J-P, BernardO. Environ Sci Technol 2009;43:6475–81.
[56] Chen CY, Yeh KL, Aisyah R, Lee DJ, Chang JS. Bioresour Technol 2011;102:71–81.
[57] Hou J, Zhang P, Yuan X, Zheng Y. Renew Sustain Energy Rev 2011;15:5081–91.
[58] Zaimes GG, Khanna V. Biotechnol Biofuels 2013;6:1.
[59] Doran JW, Zeiss MR. Appl Soil Ecol 2000;15(1):3–11.
[60] Kim S, Dale BE. Biomass Bioenergy 2005;29:426–39.
[61] Pimentel D, Kounang N. Ecosystems 1998;1:416–26.
[62] McDonald RI, Fargione J, Kiesecker J, Miller WM, Powell J. PLoS One 2009;4(8), e6802.
[63] Sala OE, Sax D, Leslie H. In: Howarth R, Bringezu S, editors. Biofuels: Environmental

consequences and interactions with changing land use. Ithaca, NY: Cornell University;
2009. p. 127–37. Available at: http://cip.cornell.edu/biofuels/.

[64] Brentrup F, K€usters J, Lammel J, Kuhlmann H. Eur J Agron 2004;20:247–64.
[65] Crooks JA. Oikos 2002;97:153–66.
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