Biofuels

We used the TEM45 model to determine the energy and carbon sequestration consequences of biofuel production in the U.S.  We examined maize and switchgrass, a perennial tallgrass, for ethanol production, assuming conventional starch fermentation for maize and cellulosic ethanol conversion for switchgrass.  We also examined soybean for biodiesel production.  We developed parameterizations of maize and soybean based on data from the Kellogg Biological Station in Michigan, and a parameterization for switchgrass based on data from a tallgrass prairie site in Osage, Oklahoma.  In the experiments, we simulate a) all cropland as corn, both fertilized and unfertilized, b) all cropland as fertilized soybean, and c) all grassland that is not in crops as switchgrass, both fertilized and unfertilized.  We then determined the total crop yield of corn, soy, and switchgrass in all five cases and used data from the literature to convert the yields to energy input and output as well as emissions abatement (Table 1).  For the switchgrass, we considered the carbon sequestration produced by converting the native grassland (parameterized by the shortgrass prairie at Pawnee National Grassland in CO) to switchgrass cultivation.  Note that the energy inputs assume an “island economy” and include costs like seeds, farm energy, fertilizers and pesticides, farm machinery, farm capital, crop conversion, construction, labor, and transportation.  Typical coproducts include distillers dry grain with solubles from maize, and soybean meal and glycerol from soybean.

Table 1: Energy conversion factors

	
	Energy In (MJ/l) 
	Energy Out (MJ/l) 
	Coproducts (MJ/l) 
	Mass to Vol. (l/kg)
	Emissions Avoidance (gC/MJ)

	maize
	20.39 (1)
	21.26 (1)
	4.31 (1)
	0.38 (3)
	3.28 (1)

	soybean
	28.38 (1)
	32.93 (1)
	21.94 (1)
	0.23 (4)
	9.09 (1)

	switchgrass
	5.49 (2)
	21.26 (1)
	1.96 (2)
	0.255 (2)
	20.2 (2)


1 (Hill et al., 2006)
2 (Tilman et al., 2006)
3 (Shapouri et al., 1995)
4 http://www.fapri.missouri.edu/outreach/publications/2006/biofuelconversions.pdf
http://www.ag.ndsu.edu/pubs/ageng/machine/ae945w.htm
The energy allocation (Figure 1, Table 2) shows the largest net energy gains for the fertilized crops, with 1.96 EJ yr-1 for soy, 1.42 EJ yr-1 for fertilized maize, and 1.11 EJ yr-1 for fertilized switchgrass.  The net energy gains approach 1 EJ yr-1 for unfertilized maize, but are inconsequential for unfertilized switchgrass.  By comparison, in the U.S., the transportation sector alone consumes about 28 EJ yr-1(Energy Information Administration).  Although fertilized switchgrass has less net energy gain than maize or soybean, it also has significantly less energy input demands, and the ratio of biofuel output to coproduct output is the highest.  

Table 2: Energy Allocation (EJ yr-1)

	
	Fert
	
	
	
	No F.
	
	
	

	
	Input
	OutBio
	OutCo
	Net
	Input
	OutBio
	OutCo
	Net

	maize
	-5.58
	5.82
	1.18
	1.42
	-3.80
	3.97
	0.80
	0.97

	soybean
	-2.10
	2.43
	1.62
	1.96
	
	
	
	

	switchgrass
	-0.32
	1.25
	0.11
	1.04
	-0.03
	0.11
	0.01
	0.09


Greenhouse gas savings arise because growing crops take up the carbon released during combustion.  The carbon sequestration resulting from land use conversion is significantly larger than the gains due to greenhouse gas savings for fertilized switchgrass (Figure 2, Table 3), because enhanced productivity and root turnover allow for more soil carbon storage in fertilized grassland than non-fertilized grassland.  Even discounting the effects of land conversion, fertilized switchgrass allows for a larger reduction of emissions than the other crops due to the much lower required inputs and the higher efficiency of the cellulosic ethanol conversion.  The transportation sector in the U.S. currently emits over 518 Tg C yr-1(Energy Information Administration).

Table 3: Carbon Sequestration (TgC yr-1)

	
	Fert
	
	
	
	No F.
	
	
	

	
	Emissions Avoided
	N2O
	C Seq.
	Net
	GHG
	N2O
	C Seq.
	Net

	maize
	27.95
	-8.89
	
	19.06
	19.06
	-6.06
	
	13.0

	soybean
	25.23
	-3.13
	
	22.1
	
	
	
	

	switchgrass
	25.2
	-2.79
	164.1
	186.5
	2.2
	-.24
	3.3
	5.25
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Figure 1: Energy allocation of corn (with and without N fertilization), switchgrass ( with and without fertilization), and soybean.
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Figure 2: Carbon implications for corn (with and without N fertilization), switchgrass (with and without fertilization), and soybean.
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crop yield

				CROP YIELD (Tg C)

						no N loss		fertilized				no N loss		fertilized		(fertilized)

		year		maize		maize		maize		tallgrass		tallgrass		tallgrass		soybean

		1990		93.378		264.968		384.81		7.428		18.223		22.309		173.368

		1991		130.493		277.444		403.664		6.847		13.116		62.207		180.606

		1992		71.787		218.926		326.249		4.723		8.999		88.346		144.84

		1993		70.048		217.553		323.057		4.555		8.643		110.253		145.545

		1994		101.681		258.448		371.995		4.599		9.042		126.447		167.621

		1995		79.817		214.384		318.145		4.465		8.172		120.79		139.904

		1996		61.289		184.752		277.961		4.109		7.823		124.205		123.629

		1997		65.673		196.748		294.693		4.245		7.952		127.432		130.498

		1998		138.994		281.396		411.111		4.458		8.242		149.065		184.526

		1999		95.459		227.4		328.296		4.215		7.305		131.705		143.782

		2000		86.953		224.035		324.276		4.152		7.241		139.224		143.643

		mean (Tg C yr^-1)		90.5065454545		233.2776363636		342.2051818182		4.8905454545		9.5234545455		109.2711818182		152.542

		cropland area (10^12 m^2)		1.9794		1.9794		1.9794		1.1533		1.1533		1.1533		1.988

		g C m^-2 yr^-1		45.7242323202		117.8527010021		172.8832887836		4.2404798878		8.2575691888		94.7465376036		76.73138833

		kg C ha^-1 yr^-1		457.2423232017		1178.5270100214		1728.8328878356		42.4047988775		82.5756918881		947.4653760356		767.3138832998

		CF: (gC)/(g dry mass)		0.475		0.475		0.475		0.475		0.475		0.475		0.475

		CF: acres/ha		2.47105		2.47105		2.47105		2.47105		2.47105		2.47105		2.47105

		CF: pounds DW/bushel		47.32		47.32		47.32		50		50		50		52.2

		CF: pounds/kilogram		2.2046		2.2046		2.2046		2.2046		2.2046		2.2046		2.2046

										*		*		*

		yield (bushels/acre)		18.1491523824		46.778841779		68.6219318138		1.5929409016		3.1019648854		35.5916403405		27.609415554

		bushels/acre, NASS 1995 yield (http://usda.mannlib.cornell.edu/usda/nass/CropProdSu//1990s/1996/CropProdSu-01-00-1996.pdf)		N/A		N/A		114		N/A		N/A		N/A		35





biofuel conversion

				CROP SCENARIO

						no N loss		fertilized				no N loss		fertilized		(fertilized)						corn -noF		corn - F		tallgrass-noF		tallgrass - F		soybean

				maize		maize		maize		tallgrass		tallgrass		tallgrass		soybean				biofuel		3.968		5.820		0.109		1.247		2.432

																				coproducts		0.804		1.180		0.010		0.115		1.621

		avg. yield (Tg C yr^-1)		90.51		233.28		342.21		4.89		9.52		109.27		152.54				total input		-3.805		-5.582		-0.028		-0.322		-2.096

		avg. yield (Tg DM yr^-1)		190.54		491.11		720.43		10.30		20.05		230.04		321.14

		CF: (L biofuel)/(kg DM)		0.38		0.38		0.38		0.26		0.26		0.26		0.23

		CF: (MJ)/(L biofuel)		21.26		21.26		21.26		21.26		21.26		21.26		32.93

		CF: (MJ coproducts)/(L biofuel)		4.31		4.31		4.31		1.96		1.96		1.96		21.94

		CF: (MJ conversion energy)/(L biofuel)		20.39		20.39		20.39		5.49		5.49		5.49		28.38

		CF: (MJ)/(L gasoline)		30.00		30.00		30.00		30.00		30.00		30.00		30.00

		CF: gallons/liter		0.2642		0.2642		0.2642		0.2642		0.2642		0.2642		0.2642

		GL (10^9 liters) biofuel		72.41		186.62		273.76		2.63		5.11		58.66		73.86

		G gal (billion gallons) biofuel		19.13		49.30		72.32		0.69		1.35		15.50		19.51

		G gal USA gasoline usage		140.00		140.00		140.00		140.00		140.00		140.00		140.00

		% replacement		9.68		24.96		36.61		0.35		0.68		7.84		15.30

		eJ gross energy		1.539		3.968		5.820		0.056		0.109		1.247		2.432

		eJ coproduct credits		0.312		0.804		1.180		0.005		0.010		0.115		1.621

		eJ used in production		-1.476		-3.805		-5.582		-0.014		-0.028		-0.322		-2.096

		eJ net energy		0.375		0.967		1.418		0.047		0.091		1.040		1.957
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				CROP SCENARIO

						no N loss		fertilized				no N loss		fertilized		(fertilized)						corn -noF		corn - F		tallgrass-noF		tallgrass - F		soybean

				maize		maize		maize		tallgrass		tallgrass		tallgrass		soybean				C savings**		19.06		27.95		2.19		25.17		25.23

		GL (billion liters) biofuel		72.41		186.62		273.76		2.63		5.11		58.66		73.86				N2O		-6.06		-8.89		-0.24		-2.79		-3.13

		eJ gross biofuel energy		1.54		3.97		5.82		0.06		0.11		1.25		2.43				C seq.*		0.00		0.00		3.30		164.10		0.00

		CF: (gC)/(gCO2)		0.273		0.273		0.273		0.273		0.273		0.273		0.273

		CF: (gCO2 saved)/(MJ biofuel)		17.61		17.61		17.61		74		74		74		38.03

		CF: (gCO2 equiv. N2O produced)/(g crop yield m^-2)		5.6		5.6		5.6		8.2		8.2		8.2		4.72

										*		*		*

		Tg yr^-1 emissions C abated		7.39		19.06		27.95		1.13		2.19		25.17		25.23

		Tg yr^-1 CO2e-C from N2O		-2.35		-6.06		-8.89		-0.12		-0.24		-2.79		-3.13

		Tg yr^-1 C sequestered in croplands		0.00		0.00		0.00		2.37		3.30		164.10		0.00

		total: less Tg yr^-1 C in atmosphere		5.04		13.00		19.06		3.37		5.25		186.48		22.10
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crop yield

				CROP YIELD (Tg C)

						no N loss		fertilized				no N loss		fertilized		(fertilized)

		year		maize		maize		maize		tallgrass		tallgrass		tallgrass		soybean

		1990		93.378		264.968		384.81		7.428		18.223		22.309		173.368

		1991		130.493		277.444		403.664		6.847		13.116		62.207		180.606

		1992		71.787		218.926		326.249		4.723		8.999		88.346		144.84

		1993		70.048		217.553		323.057		4.555		8.643		110.253		145.545

		1994		101.681		258.448		371.995		4.599		9.042		126.447		167.621

		1995		79.817		214.384		318.145		4.465		8.172		120.79		139.904

		1996		61.289		184.752		277.961		4.109		7.823		124.205		123.629

		1997		65.673		196.748		294.693		4.245		7.952		127.432		130.498

		1998		138.994		281.396		411.111		4.458		8.242		149.065		184.526

		1999		95.459		227.4		328.296		4.215		7.305		131.705		143.782

		2000		86.953		224.035		324.276		4.152		7.241		139.224		143.643

		mean (Tg C yr^-1)		90.5065454545		233.2776363636		342.2051818182		4.8905454545		9.5234545455		109.2711818182		152.542

		cropland area (10^12 m^2)		1.9794		1.9794		1.9794		1.1533		1.1533		1.1533		1.988

		g C m^-2 yr^-1		45.7242323202		117.8527010021		172.8832887836		4.2404798878		8.2575691888		94.7465376036		76.73138833

		kg C ha^-1 yr^-1		457.2423232017		1178.5270100214		1728.8328878356		42.4047988775		82.5756918881		947.4653760356		767.3138832998

		CF: (gC)/(g dry mass)		0.475		0.475		0.475		0.475		0.475		0.475		0.475

		CF: acres/ha		2.47105		2.47105		2.47105		2.47105		2.47105		2.47105		2.47105

		CF: pounds DW/bushel		47.32		47.32		47.32		50		50		50		52.2

		CF: pounds/kilogram		2.2046		2.2046		2.2046		2.2046		2.2046		2.2046		2.2046

										*		*		*

		yield (bushels/acre)		18.1491523824		46.778841779		68.6219318138		1.5929409016		3.1019648854		35.5916403405		27.609415554

		bushels/acre, NASS 1995 yield (http://usda.mannlib.cornell.edu/usda/nass/CropProdSu//1990s/1996/CropProdSu-01-00-1996.pdf)		N/A		N/A		114		N/A		N/A		N/A		35
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				CROP SCENARIO

						no N loss		fertilized				no N loss		fertilized		(fertilized)						corn -noF		corn - F		tallgrass-noF		tallgrass - F		soybean

				maize		maize		maize		tallgrass		tallgrass		tallgrass		soybean				biofuel		3.968		5.820		0.109		1.247		2.432

																				coproducts		0.804		1.180		0.010		0.115		1.621

		avg. yield (Tg C yr^-1)		90.51		233.28		342.21		4.89		9.52		109.27		152.54				total input		-3.805		-5.582		-0.028		-0.322		-2.096
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		CF: (L biofuel)/(kg DM)		0.38		0.38		0.38		0.26		0.26		0.26		0.23

		CF: (MJ)/(L biofuel)		21.26		21.26		21.26		21.26		21.26		21.26		32.93

		CF: (MJ coproducts)/(L biofuel)		4.31		4.31		4.31		1.96		1.96		1.96		21.94

		CF: (MJ conversion energy)/(L biofuel)		20.39		20.39		20.39		5.49		5.49		5.49		28.38

		CF: (MJ)/(L gasoline)		30.00		30.00		30.00		30.00		30.00		30.00		30.00

		CF: gallons/liter		0.2642		0.2642		0.2642		0.2642		0.2642		0.2642		0.2642

		GL (10^9 liters) biofuel		72.41		186.62		273.76		2.63		5.11		58.66		73.86

		G gal (billion gallons) biofuel		19.13		49.30		72.32		0.69		1.35		15.50		19.51

		G gal USA gasoline usage		140.00		140.00		140.00		140.00		140.00		140.00		140.00

		% replacement		9.68		24.96		36.61		0.35		0.68		7.84		15.30

		eJ gross energy		1.539		3.968		5.820		0.056		0.109		1.247		2.432

		eJ coproduct credits		0.312		0.804		1.180		0.005		0.010		0.115		1.621

		eJ used in production		-1.476		-3.805		-5.582		-0.014		-0.028		-0.322		-2.096

		eJ net energy		0.375		0.967		1.418		0.047		0.091		1.040		1.957
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				CROP SCENARIO

						no N loss		fertilized				no N loss		fertilized		(fertilized)						corn -noF		corn - F		tallgrass-noF		tallgrass - F		soybean

				maize		maize		maize		tallgrass		tallgrass		tallgrass		soybean				C savings**		19.06		27.95		2.19		25.17		25.23

		GL (billion liters) biofuel		72.41		186.62		273.76		2.63		5.11		58.66		73.86				N2O		-6.06		-8.89		-0.24		-2.79		-3.13
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		Tg yr^-1 emissions C abated		7.39		19.06		27.95		1.13		2.19		25.17		25.23

		Tg yr^-1 CO2e-C from N2O		-2.35		-6.06		-8.89		-0.12		-0.24		-2.79		-3.13

		Tg yr^-1 C sequestered in croplands		0.00		0.00		0.00		2.37		3.30		164.10		0.00

		total: less Tg yr^-1 C in atmosphere		5.04		13.00		19.06		3.37		5.25		186.48		22.10





		0		0		0

		0		0		0

		0		0		0

		0		0		0

		0		0		0



C savings**

N2O

C seq.*

Crop/Fertilization

Tg C or C equivalent

Carbon sequestration due to biofuel crops



		0		0		0

		0		0		0

		0		0		0



C savings**

N2O

C seq.*

Tg C or C equivalent




