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• Carbon-neutral/negative energy sources
are needed.

• Livestock-free global grasslands could
be valuable biomass energy source.

• Biofuel production is estimated via cel-
lulosic ethanol and IGCC-FT processing.

• Biofuel capacity from livestock crop-
lands are estimated for the USA and
Brazil.

• Over 40 nations could meet ≥100% of
their domestic electric and fuel
demands.
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Reducingmeat consumption byhumans and shifting tomore efficient plant and animal protein sources could po-
tentially free up large areas of pasture and feedcrop agricultural land for restoration or conversion to low-input
high-diversity (LIHD) grasslands. LIHD grasslands improve biodiversity, carbon sequestration, erosion control,
water storage, while also providing opportunities to produce biofuels. We examined the potential of converting
pastures globally, and animal feedstock agricultural lands in the USA and Brazil, to LIHD biomass sources and the
capacity of these systems tomeet national energy demands via (1) cellulosic ethanol and (2) integrated gasifica-
tion and combined cycle technology with Fischer-Tropsch hydrocarbon synthesis (IGCC-FT) processing. Our
analyses, whichwe argue are conservative, indicate that large amounts of energy, far in excess of many country's
current demands, can potentially be produced from IGCC-FT processing of grassland biomass grown on convert-
ed pastures, especially in tropical developing countries. Over 40 countries could meet ≥100% of their domestic
demands for electricity, gasoline, and diesel. If energy products were shared between countries, the 95 countries
with positive energy production yields could meet 46%, 28%, and 39% of their combined electricity, gasoline, and
diesel demands, respectively. While it is clearly unrealistic to propose a 100% conversion of pasture lands to bio-
fuel production, these analyses highlight the potential gains in ecosystem services and energy production that
could theoretically be achieved on already-managed lands.
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1. Introduction

Fossil fuels supply approximately 80% of the primary energy con-
sumed in the world (Nigam and Singh, 2011), and the projected rise
of global atmospheric CO2 concentrations (IPCC, 2007; Lawler et al.,
2009) driven primarily by the use of these fossil fuels could causewide-
spread climate-related stresses on natural and human systems
(Rosenzweig and Parry, 1994; Machovina and Feeley, 2013;
Rosenzweig et al., 2014; Bakun et al., 2015) that far exceed recent doc-
umented effects (McCarty, 2001; Walther et al., 2002; Anthony et al.,
2008; Feeley et al., 2011). Biomass-derived fuels, (Charles et al., 2007;
Escobar et al., 2009), including carbon negative sources (Tilman et al.,
2006; Mathews, 2008), can replace fossil fuels for many uses. Further
examination and development of economical, high-efficiency and
high-capacity biofuel systems is vital for efforts to help reduce net
greenhouse gas emissions and consequent changes to climate.

Ethanol, derived primarily from the fermentation by yeast of sugars
in sugarcane and corn following hydrolysis of starch in the grain, is the
leading biomass-based fuel in the world (Pimentel and Patzek, 2008).
Biodiesel can also be produced directly from vegetable oils of oleaginous
plants such as soybean oil, rapeseed oil, and palm oil. However, these
sources include problems such as limited life-cycle energy efficiencies
(resulting in part from utilization of only a small fraction of total plant
biomass), extensive use of chemical fertilizers and biocides, high levels
of soil degradation and loss, limited to no soil carbon sequestration,
low-biodiversity of monoculture production areas, and potential com-
petition with food production (Demirbas, 2008; Havlík et al., 2011).

Potential alternative strategies include processing complex cellulos-
ic components of biomass into simpler sugars prior to ethanol fermen-
tation or the conversion of biomass into electricity, gasoline, and
diesel synfuels via integrated gasification and combined cycle technolo-
gy with Fischer-Tropsch hydrocarbon synthesis (IGCC-FT). Fischer-
Tropsch liquids (FTLs) are produced by first gasifying carbon-basedma-
terials under high temperature and pressure to produce CO and H2,
which are then catalytically combined to produce straight-chained hy-
drocarbons that resemble semi-refined crude oil. FTLs can be shipped
to conventional petroleum refineries for processing or refined on-site
into diesel, gasoline, or jet fuel (Nigam and Singh, 2011). FTLs can be
handled by existing transportation, storage, and refueling infrastructure
for petroleumproducts, are largely compatiblewith current combustion
engine technology, and can be blendedwith petroleum fuels (Takeshita
and Yamaji, 2008). FTLs can also be further distilled, hydro-cracked,
cleaned and refined into a variety of raw materials for chemical
industries.

Several FTL plants operate today utilizing natural gas or coal as feed-
stocks. The use of biomass feedstocks is currently limited to several
small-scale experimental plants and commercialization is limited by
technological challenges and especially competition with cheaper fossil
fuels. Most oil companies have initiatives to further explore FT technol-
ogy (IEA/AMF, 2007). In addition, small scale biomass gasification ener-
gy platforms are being developed (e.g., All Power Labs; Berkeley,
California; allpowerlabs.com) which could supply small communities
in underdeveloped areas of the world with local biomass-based energy
sources (Nagaraja et al., 2015).

FTLs from biomass are “high quality” in that they are free of sulfur,
nitrogen, aromatics, and other contaminants typically found in petro-
leum products (Takeshita and Yamaji, 2008), greatly reducing emis-
sions causing smog and acidification and eutrophication of
ecosystems. In addition, biomass FTLs are estimated to reduce the emis-
sions of greenhouse gases by 60–90% vs. fossil fuels (IEA/AMF, 2007). In-
deed with some feedstock production systems with high levels of soil
carbon sequestration, such as low-input high-diversity (LIHD)mixtures
of native grassland perennials, FTLs can be carbon negative (Tilman
et al., 2006). LIHD biomass converted via IGCC-FT can yield 51% more
usable energy per hectare of degraded infertile lands than corn-
derived ethanol from fertile soils (Tilman et al., 2006). LIHD feedstocks
also have low nutrient requirements due to increased soil nitrogen
levels from the presence of legumes, require little or no pesticides or
herbicides, and can provide valuable plant and wildlife habitat
(Tilman et al., 2006). Diversity of the plant species in a grassland is pos-
itively correlated with diversity of insects (Murdoch et al., 1972), birds
(Vickery et al., 2001), NPP, and biofuel production (Tilman et al., 2006).

Harvesting biomass can be done annually after senescence (and allo-
cation of nutrients into below-ground biomass) without decreasing
quantity or quality. However long-term harvesting could require some
reintroduction of exported nutrients, especially if harvesting in loca-
tions where plant growth is year-round or not performed post-
senescence (Jungers et al., 2013). Annual production-scale biomass har-
vesting from LIHD grasslands has been shown not to affect plant taxo-
nomic or functional diversity (Jungers et al., 2015). In addition,
agricultural fields that were previously utilized for crop production
can be restored to functioning grasslands by sowing seeds of a few com-
petitive grass species. This, combined with facilitation of the immigra-
tion of grassland specialist species by further management, can
potentially lead to the restoration of LIHD grasslands suitable for bio-
mass harvesting from converted agricultural fields and species-poor
grasslands (Török et al., 2010).

A leading concern with increasing the production of biofuels is the
effects on food supplies and prices (Baka and Roland-Holst, 2009;
Escobar et al., 2009; Rathmann et al., 2010; Tirado et al., 2010; Ajanovic,
2011; Harvey and Pilgrim, 2011; Taheripour et al., 2011; Duke et al.,
2013). An important factor when examining the land requirements for
biofuel vs. food production is the type of food being produced. Today,
livestock production is the single largest anthropogenic land use - ac-
counting for up to 75% of all agricultural land and 30% of the Earth's
ice-free land surface (Steinfeld et al., 2006). Livestock consume 58% of
human-appropriated biomass (Krausmann et al., 2008) and one-third
of global cereal production (Foley et al., 2011; Alexandratos and
Bruinsma, 2012). However, substituting meat with soy protein in the
human diet would reduce biomass appropriation in 2050 to a level
94% below 2000 baseline levels (Pelletier and Tyedmers, 2010) and
greatly reduce other environmental impacts related to the use of
water, fertilizer, fossil fuel, and biocides (Reijnders and Soret, 2003;
Machovina et al., 2015). This highlights the potential to greatly reduce
the area required to produce food for humans by increasing proportion-
al plant-based protein on a global scale.

Shifting away from ruminantmeat sources tomore plant-based pro-
tein sources and metabolically efficient animal protein sources (i.e.
chicken) could potentially free up large areas of current agricultural
lands (Machovina et al., 2015) to be restored or converted to LIHD
grasslands to produce biofuels. Here we investigate the potential of
converting existing pastures and animal feedstock agricultural lands to
LIHD biomass sources and the capacity of these systems to meet global
energy demands via cellulosic ethanol and IGCC-FT processing. We ex-
amine the theoretical capacity of pastures to produce energy via cellu-
losic ethanol and IGCC-FT processing for all countries worldwide. We
also assess the potential conversion of feedstock agricultural lands to
IGCC-FT biomass sources in the USA and Brazil. The USA and Brazil are
the two leading producers of biofuel and feedcrops, have extensive
transportation demands, and contrasting temperate and tropical feed-
stock production systems.

2. Methods

In order to estimate biomass production potential of land used to
support grazing animals, we downloaded the global Pastures, v1
(2000)Mapdataset (PastureMap; Fig. 1) andGlobal Patterns inNet Pri-
mary Productivity, v1 (1995)Map dataset (NPPMap; Fig. 2) fromNASA
Socioeconomic Data and Applications Center (SEDAC) (Ramankutty
et al., 2000; Imhoff et al., 2004) for analysis in ArcGIS 10 (ESRI, 2011).
The Pasture Map was created by combining agricultural inventory
data with satellite data from Moderate Resolution Imaging
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Spectroradiometer (MODIS) and Satellite Pour l'Observation de la Terre
(SPOT) Image Vegetation sensor. The PastureMapprovides estimates of
the percent pasture cover per 0.08333 decimal degree cell (approxi-
mately 100 km2 at the equator) (Ramankutty et al., 2000). The NPP
Map was created by applying the Carnegie-Ames-Stanford Approach
(CASA) terrestrial carbon model (Potter et al., 1993) to global fields of
normalized difference vegetation index (NDVI) from the Advanced
Very High Resolution Radiometer (AVHRR) and surface climatology
data from ISLSCP II (International Satellite Land Surface Climatology
Project initiative II). TheNPPMap provides estimates of units of elemen-
tal carbon fixed annually. It has a resolution of 0.25000 decimal degrees
(approximately 784 km2 at the equator).We resampled the NPPmap to
0.08333 decimal degrees (~100 km2) and all analyses were performed
at this spatial resolution.

Above ground net primary productivity (ANPP) of a cell in the NPP
Map was estimated to be 50% of reported total net primary production
(TNPP) based on published ANPP/TNPP ratios of 17 grassland sites
(Scurlock et al., 2002). The mean value of the 17 sites was 42%, but the
dataset was weighted by a much higher number of temperate locations
which typically allocate more NPP to belowground growth (Hui and
Jackson, 2006). Themean value of the 5 tropical siteswas 58%. Therefore
the average of themean temperate andmean tropical values (50%) was
chosen. For the biomass production analysis, the ANPP of pasture was
calculated by multiplying the ANPP value (tons C) of a cell in the NPP
Map by the pasture coverage value (%) for the corresponding cell in
the Pasture Map, producing a map of the global distribution of harvest-
able pasture ANPP (Pasture ANPP Map). As a comparison to the esti-
mates of ANPP calculated in this analysis, we performed a linear
regression of published values of ANPP from grassland study sites
against our estimated ANPP values from the overlapping cells. The har-
vestable portion of production for biofuel use was estimated to be 50%
of ANPP, with the remainder of annual aboveground production left
for natural ecosystemprocesses, soil building, and carbon sequestration.
Total ANPP was summed for each country that contained pastures.

The total areas of production of livestock feedcrop corn, biofuel corn,
feedcrop soy, feedcrop wheat, and biofuel sugarcane were estimated
during 2012 for the USA and Brazil from published literature and data
sources (Birt, 2012; Soybean and Corn Advisor, 2014; The American
SoybeanAssociation, 2014; USDA, 2014). For analyses of dryweight bio-
mass production of LIHD grasslands replacing croplands, a value of
6000 kg ha−1 was used for the USA based on previous estimates for fer-
tile cropland soils (Tilman et al., 2006). For Brazil, a conservative value
of 20,000 kg ha−1 was used based on previous estimates for grazed
Fig. 1.Map of global distribution of pastures. V
unfertilized mixed grass/legume tropical pasture (Ibrahim and 'T
Mannetje, 1998). Harvestable biomass for energy production was esti-
mated as 50% of ANPP.

Ethanol production via cellulosic methods was estimated at a rate of
0.255 L/kg dryweight of biomass, with an additional 9.2% of ethanol en-
ergy yield also produced via simultaneous electrical production. Dry
weight biomass of production from the ANPP PastureMapwas estimat-
ed to be 2× the amount of carbon. IGCC-FT processing energy yields are
estimated as 48.75% higher than cellulosic ethanol, and products are di-
vided into electricity (47%) and liquid fuels (53%), the latter further di-
vided into diesel (62%) and gasoline (38%) similar to the protocol of
Tilman et al. (2006). Energy required for biomass production, harvest-
ing, and transport was estimated on a per area basis (4 GJ/ha) and
deducted to estimate net energy produced by both cellulosic ethanol
and IGCC-FTmethods (Tilman et al., 2006). Total IGCC-FT electrical, die-
sel, and gasoline production potential for countries with pasture were
compared to within-country demand for the same conventionally pro-
duced products in 2012 (USEIA, 2012) and a net energy balance for
each country was calculated for electricity, diesel, and gasoline. For all
analyses only cells containing ≥25% coverage by pasture in the Pasture
Map were included. In addition, we excluded all protected areas from
analyses (protected areas were identified and mapped using data
downloaded from the World Database on Protected Areas; www.
wdpa.org).

3. Results

3.1. Global pastures

Harvestable pastures are found in 104 countries. ANPP of pastures
ranges from 37.6 to 118,455.7 tons C/100 km2 with a mean ANPP of
165.3 tons C/100 km2. Previously published ANPP valueswere compiled
from the literature for 146 geographic locations (Fig. 3). The ANPP
values from literature are significantly higher than the ANPP estimates
from the Pasture Map at the same locations (t-test p = 4.9 × 10−7).
Across all 146 sample locations, the mean ANPP from the Pasture Map
was 6477 tons C/100 km2, 42% less than the mean value of ANPP values
reported from the literature (11,125 tons C/100 km2). ANPP estimates
from the literature are higher than estimates from the pasture map in
104 of the 146 sample locations (71% of the sites).

The ANPP Pasture Map (Fig. 3) indicates higher productivity rates in
tropical areas, although temperate zones contain large extents of pasture.
Uruguay had the greatest biomass yields with a mean yield of
alues are percent cover of ~100 km2 cells.

http://www.wdpa.org
http://www.wdpa.org


Fig. 2.Map of global NPP. Values are tons 0C/100 km2. Maximum value is 128,549.8 tons C/100 km2. Mean value is 25,849.3 tons C/100 km2.
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573 tons/km2 and Saudi Arabia has the lowest yield at 13 tons/km2. The
mean yield across all countries is 196 tons/km2 (Tables S1&1). If adjusted
to correct for themean42% lowerANPPvalues as calculated in the Pasture
Map vs. reported values, the highest yields would be 986 tons/km2 and
the mean yield of the 104 countries would be 337 tons/km2 (Fig. 4).

Total estimated harvestable biomass from pastures (50% of
ANPP) varies widely by country from a low of ~36,000 dry tons of bio-
mass in Saudi Arabia to a high of ~1.35 billion tons in Brazil (Table 1).
The total harvestable biomass worldwide is ~7.7 billion tons. The lead-
ing 25 countries contain ~85% (~6.5 billion tons) of this production
(Table 1), and the leading 5 countries contain ~43% (~3.3 billion tons).
The amount of harvestable biomass is not a simple function of area since
there are large expanses of pasture in temperate zones that have lower
harvestable biomass than smaller tropical areas. For example,
Kazakhstan, which is ranked 3rd in harvestable area is ranked 13th in
harvestable biomass, and Angola, which is ranked 13th in harvestable
area is ranked 5th in harvestable biomass.

The conversion of biomass to cellulosic ethanol (accounting
for energy required to harvest, transport and process biomass)
can potentially yield high amounts of ethanol in many countries
Fig. 3.Map of global distribution of NPP of harvestable pastures. Values are tons C/100 km2.Max
locations of sample sites for comparison of Pasture Map NPP values to literature values.
(Table S1), with Brazil having the potential to produce the largest
amount at ~315 billion liters per year. Fifteen countries, all in temperate
and desert climates, are estimated to produce net negative amounts
of ethanol energy (i.e., requiring more energy to harvest, transport
and process than is produced). The total amount of ethanol that
can potentially be produced from the 89 positive yielding countries
is ~1.3 trillion liters per year.

The conversion of biomass to the three simultaneously FT-derived
energy products - electricity, gasoline, and diesel (accounting for energy
required to harvest, transport and process biomass) – can potentially
yield high levels of output in many countries (Table S1; Fig. 5).
Brazil is the largest potential producer with an estimated potential out-
put of ~1.4 billion MwH of electricity, ~61 billion liters of gasoline, and
~89 billion liters of diesel annually. Nine temperate and desert climate
countries will be unable to produce net positive amounts of electricity,
gasoline, and diesel (i.e., requiring more energy to harvest, transport
and process than is produced). The total electricity, gasoline, and diesel
that can be produced from the 95 positive yielding countries is estimat-
ed as ~6.5 billion MwH, 289 billion liters, and 424 billion liters,
respectively.
imumvalue is 118,455.7 tons C/100 km2.Mean value is 165.3 tons C/100 km2. Red dots are



Table 1
The top 25 countries for harvestable area, harvestable biomass, andmean yield of biomass. Harvestable biomass is 50% of total ANPP, leaving 50% of production for habitat, soil building and
carbon sequestration.

Country Harvestable area (km2) Country Harvestable biomass (tons) Country Yield (tons/km2)

1 China 4,871,500 Brazil 1,349,475,136 Uruguay 573
2 Australia 4,349,500 China 588,140,848 Paraguay 530
3 Kazakhstan 3,821,000 Australia 545,861,542 Mozambique 454
4 Brazil 3,239,700 United States 477,688,372 Bolivia 421
5 United States 2,498,600 Angola 326,627,356 Tanzania 418
6 Russia 2,000,600 Sudan 290,168,789 Colombia 417
7 Argentina 1,875,400 Argentina 279,285,660 Brazil 417
8 Mongolia 1,592,100 Mozambique 251,199,400 Dominican Republic 415
9 Sudan 1,575,300 Colombia 237,642,698 Equatorial Guinea 412
10 South Africa 1,242,500 Bolivia 218,791,220 Nicaragua 412
11 Iran 1,090,100 Tanzania 204,689,280 Angola 400
12 Mexico 1,084,500 South Africa 201,976,786 Swaziland 390
13 Angola 816,000 Kazakhstan 190,266,770 Zambia 381
14 Colombia 570,200 Paraguay 182,971,927 Venezuela 357
15 Chad 570,000 Mexico 151,265,707 Rwanda 357
16 Mozambique 552,800 Zambia 135,744,672 Uganda 353
17 Namibia 544,500 Uruguay 133,758,904 Côte d'Ivoire 348
18 Mali 539,600 Russia 128,581,175 Costa Rica 345
19 Somalia 526,800 Madagascar 122,966,751 El Salvador 339
20 Bolivia 520,000 Mongolia 120,203,007 Madagascar 333
21 Tanzania 489,400 Venezuela 97,902,316 Congo 321
22 Canada 484,100 Chad 94,600,683 Cuba 320
23 Algeria 472,500 Congo 72,163,749 Guatemala 318
24 Turkmenistan 448,700 Zimbabwe 60,396,014 Guinea 315
25 Uzbekistan 395,100 New Zealand 55,638,155 Malawi 307
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Using the biomass produced on pastures, fifty-five countries could
potentially produce enough electricity tomeet at least 100% of their cur-
rent internal demand, while 43 countries could produce more than
twice their demand, and 22 countries could produce N10 times their de-
mand (Fig. 6A). Brazil, the largest biomass producer, could produce 3
times its current internal electricity demands. However, the USA,
Fig. 4. Relationship between ANPP estimated from the map analysis and published ANPP value
literature values than map analysis at 104 locations (71% of the sites).
ranked 4th in amount of harvestable biomass, could meet only 10% of
its current internal electricity demand. In terms of gasoline, forty-one
countries could produce enough gasoline through biomass conversion
to meet at least 100% of their current internal demand, while 31 coun-
tries could produce more than twice their demand, and 15 countries
could produce N10 times their demand (Fig. 6B). Brazil could meet 2.7
s at 146 sample locations of pastures. The dotted line is the 1:1 ratio. ANPP is higher from



Fig. 5. Potential energy output from pastures via IGCC-FT processing minus energy required to harvest, transport and process biomass. (A) Total potential energy. Values are in billion
megajoules. (B) Average yield. Values are in gigajoules/ha.
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times it internal gasoline demand, but the USA could supply b4% of its
internal demand. In terms of diesel, forty-three countries could produce
enough diesel to meet at least 100% of their current internal demand,
while 28 countries could produce more than twice their demand, and
13 countries could produce N10 times their demand (Fig. 6C). Brazil
could meet 1.8 times its internal diesel demand, but the USA could sup-
ply only 12% of its internal demand. If energy products were shared be-
tween the 95 countries with positive energy production yields, 46%,
28%, and 39%of the 95 countries' combined electricity, gasoline, and die-
sel demands could be met, respectively. If the FT energy available from
these 95 countries was used to address total global demand, 35%, 23%,
and 29% of electricity, gasoline, and diesel demands could be met.

3.2. USA & Brasil comparison

The total amount of FT electricity, gasoline and diesel that could be
produced on current feedcrop and biofuel croplands of the USA and
Brazil indicate that Brazil has a much greater potential for producing
fuels, meeting national energy demands, and even exporting energy
from these lands (Table 2). The USA used approximately
3.9 billion MwH of electricity, 521.8 billion liters of gasoline, and
220.5 billion liters of diesel in 2012, whereas Brazil's demand was only
0.5 billion MwH, 22.8 billion liters, and 38.2 billion liters of electricity,
gasoline, and diesel, respectively. The USA could supply 5%, 2%, and 6%
of its internal demand for electricity, gasoline, and diesel, respectively
from lands currently used for feedcrop production (corn, soy, and
wheat); Brazil couldmeet 97%, 86%, 58% of its internal demand for elec-
tricity, gasoline, and diesel, respectively from lands currently used for
feedcrop production (corn and soy). When current areas used for etha-
nol production and pasture areas are added to the feedcrop land pro-
duction potential, the USA could supply 18%, 7%, and 21% of its
internal demand for electricity, gasoline, and diesel, respectively, and
Brazil could supply 421%, 373%, and 252% of its internal demand for
electricity, gasoline, and diesel, respectively.

4. Discussion

Based on ANPP estimates from the map analyses, large amounts of
energy, far in excess of many countries current internal demands, can
potentially be produced if current pasture lands were converted to bio-
fuel production. Many countries have large areas of pasture and/or high
enough productivity levels that pasture biomass could be a potentially
useful and viable energy source. The 25 countries with the largest
areas of pasture contain a combined ~36 million km2 of pasture, an
area ~3.7 times the size of the USA, producing ~6.5 billion tons of bio-
mass. Tropical countries with large areas of pasture are especially suit-
able for energy production as biomass yields are much higher (i.e.
~315 tons/km2 in Brazil vs. ~86 tons/km2 in the USA). The 25 countries



Fig. 6. Ratios of potential energy production of pastures from IGCC-FT processing vs. internal demand for (A) electricity, (B) gasoline, and (C) diesel.
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with the highest mean harvestable biomass yields (combined account-
ing for a 50% of total ANPP) are all located in the tropics.

Estimates of ANPP via themap analysis in this studymay significant-
ly underestimate true ANPP. Literature-reported valueswere an average
of 72% higher than the mean value of the same locations calculated via
the map analysis. As another comparison, published ANPP values from
24 locations of pasture across climate gradients in Argentina (Irisarri
et al., 2014) ranged from 6888 to 52,011 tons C/100 km2 (mean =
26,908 tons C/100 km2), which was 81% higher the mean ANPP value
from the map analysis for Argentina (14,892 tons C/100 km2). The
lower estimates in the map analysis may be due to estimates of NPP at
a coarse resolution (~784 km2 at the equator) and the inclusion of
non-pasture areas in grid cells. Since our analyses used the map-
derived estimates of yield, our estimates of biomass productivity levels
and the estimates of potential energy product yields are highly conser-
vative. Making our estimates evenmore conservative is the fact that we



Table 2
Potential energy production via IGCC-FT from cropland and pasture area (2012) in theU.S. and Brazil. Electricity, gasoline, and diesel are amounts co-produced via IGCC-FT processing less
energy required to harvest, transport and process biomass. Products are divided into electricity (47%) and liquid fuels (53%), the latter further divided into diesel (53%) and gasoline (47%).
The ratios are of potential electricity, gasoline, and diesel produced via IGCC-FT processing to their respective in-country demands.

Area
(km2)

FT net energy output
(GJ)

FT electrcity (million
MwH)

FT gasoline
(billion L)

FT diesel
(billion L)

FT electricity
prod/Use

FT gasoline
prod/use

FT diesel
prod/use

United States
Corn feedcrop 148,511 0.6 82.60 5.37 3.66 0.02 0.01 0.02
Soy feedcrop 215,590 0.9 119.90 7.80 5.31 0.03 0.01 0.04
Wheat feedcrop 27,757 0.1 15.44 1.00 0.68 0.00 0.00 0.00
Total feedcrop area 391,857 1.6 217.94 14.17 9.66 0.05 0.02 0.06
Corn ethanol 159,119 0.7 88.50 5.75 3.92 0.02 0.01 0.03
Total crop area 550,977 2.3 306.43 19.93 13.58 0.07 0.03 0.09
Pasture 2,498,600 3.2 417.49 27.13 18.49 0.11 0.04 0.12
Total 3,049,577 5.5 723.93 47.05 32.07 0.18 0.07 0.21

Brazil 0.00
Corn feedcrop 64,017 0.3 118.56 7.71 5.25 0.26 0.23 0.16
Soy feedcrop 174,565 1.0 323.30 21.02 14.33 0.71 0.63 0.42
Total feedcrop area 238,582 1.3 441.86 28.73 19.58 0.97 0.86 0.58
Sugarcane ethanol 97,000 0.5 95.82 6.23 4.25 0.21 0.19 0.13
Total crop area 335,582 1.8 537.68 34.96 23.83 1.18 1.05 0.71
Pasture 3,239,700 10.6 1443.39 93.79 63.92 3.03 2.68 1.81
Total 3,575,282 12.4 1981.07 128.75 87.75 4.21 3.73 2.52
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excluded large amounts of pasture by only including cells with N25%
area in pasture and excluded all protected areas (~7% of global pas-
tures). Many types of protected areas are currently utilized for livestock
grazing.

Even using our conservative estimates, 89 countries have potential
net positive energy production via cellulosic ethanol. Brazil, the country
with the greatest potential cellulosic ethanol production, could produce
an estimated ~315 billion L from 3,239,700 km2 of pasture-grown bio-
mass. This is nearly 4 times the production of China which has the
next highest potential (~72 billion L). As discussed above, pasture yields
calculated via map analysis in this studymay be underestimating actual
production potentials. Tropical pasture consisting of mixed grass/le-
gume species have been reported to yield ~2000 tons/km2 dry weight
(Ibrahim and 'T Mannetje, 1998). However, higher plant species rich-
ness in grasslands has not always been correlated with greater produc-
tion of biofuels, as higher proportions of native C4 prairie grasses, which
are highly competitive and efficient users of limited resources, can pro-
duce more biomass than other species (Adler et al., 2009; Dickson and
Gross, 2015).

The potential production levels of electricity, gasoline, and diesel via
IGCC-FT processing from pasture is high for many countries. Over 40
countries could potentially meet their current internal demands for
electricity, gasoline, and diesel using pasture-derived biomass. Produc-
tion potential can exceed internal demands by N10-fold inmany under-
developed African nations, such as Chad, Somalia, Madagascar, Guinea-
Bissau, Angola, Tanzania, Central African Republic, and Mali. Several
countries of South America, such as Bolivia and Paraguay, also have
high production potential to demand ratios. Several developed coun-
tries with large areas of pasture in subtropical or tropical climates, in-
cluding Argentina, Colombia, and Australia, can potentially meet or
exceed current domestic energy demands. However, in most temperate
countries, the lower ANPP combined with higher energy demands cre-
ates a scenario where only small proportions of national electricity
and fuel demands can bemet despite large expanses of harvestable pas-
ture. For example, Russia has the 6th largest area of harvestable pastures
(~2 million km2) but can meet only 5%, 4%, and 8% of its internal de-
mand for electricity, gasoline, and diesel, respectively.

The difference in the abilities of tropical vs. temperate countries to
produce energy from pasture biomass is clear when examining the dif-
ferences between Brazil and the USA for existing pastures, as well as for
potential pastures gained from converting existing feedcrop agricultural
areas to biomass-producing pastures. The results of this study indicate
that there is great potential to meet energy needs of many countries
from IGCC-FT processing of grassland biomass, especially in the tropics.
The energy returns for IGCC-FT processing of LIHD grassland biomass
are much greater than current ethanol production methods. For exam-
ple, LIHD biomass converted via IGCC-FT in the temperate U.S. has
been estimated by Tilman et al. (2006) to yield 51%more usable energy
per hectare from degraded infertile land than does corn grain ethanol
from fertile soils (28.4 GJ ha−1 vs. 18.8 GJ ha−1), and fertile lands can
yield about 50% more LIHD biomass (and bioenergy) than degraded
lands (Tilman et al., 2006). The same study estimated energy inputs of
4.01 GJ ha−1 yr−1 for a biomass yield of 3682 kg ha−1 yr−1 on degraded
temperate soils, and 4.64 GJ ha−1 yr−1 to produce 6000 kg ha−1 yr−1 of
LIHDbiomass on fertile soils. If we use the latter, higher input energy re-
quirements for tropical grasslands, which can produce
20,000 kg ha−1 yr−1 of biomass, then net energy produced via IGCC-
FT processing of tropical LIHD grasslands could yield net energy of
171 GJ ha−1 yr−1 if 100% of ANPP is harvested. Harvesting only 50% of
ANPPwould still yield 85GJ ha−1 yr−1. By using the energy input values
from temperate estimates, we likely underestimated the amount of en-
ergy inputs required to harvest biomass in the tropics (whichwould de-
crease net tropical energy produced by IGCC-FT processing an estimated
5% per hectare) as more biomass produced per hectare would require
more energy to harvest the same area. While noteworthy, this would
not have a substantial effect on the net energy balances of tropical coun-
tries calculated in this study. Sugarcane ethanol net energy yields are
approximately 113 GJ ha−1 yr−1 (De Oliveira et al., 2005), which is pro-
duced via amonoculture system that burns andharvests nearly all ANPP
and which requires large amounts of nutrient inputs.

In addition to the higher energy yields achievable through IGCC-FT
processing of LIHD grasslands, converting pasture and croplands to
LIHD grasslands that retain 50% of ANPP would protect and build soils,
sequester carbon, and improve biodiversity (Tilman et al., 2006). Grass-
lands and their extensive shoot and fibrous root systems, except when
overgrazed, provide protective cover for soils and prevent wind and
water erosion. Grasslands are also important reservoirs of biodiversity.
A recent studywhich assembled themaximum values recorded for vas-
cular plant species richness for contiguous areas from 1mm2 up to 1 ha
concluded that only two community types contain global plant species
maxima (Wilson et al., 2012). The maxima at large spatial scales were
tropical rain forests, but the maxima at smaller spatial grain were
from oligo- to meso-trophic, managed, semi-natural, temperate grass-
lands (e.g. 89 species/m2).

Actual amounts of cellulosic ethanol and IGCC-FT–derived electrici-
ty, gasoline, and diesel production capacities frompastures could poten-
tially be ~70% higher than estimated in this study via the map analysis.
Therefore, fuel production capacities presented from this research are
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likely very conservative estimates, yet even these amounts could meet
or make significant contributions to internal energy demands for
many countries. However, several technological, economic and cultural
challenges face thedevelopment of this energy source including (1) lim-
ited biomass based IGCC-FT plant development, (2) competition from
less expensive fossil fuels, (3) extensive biomass transportation infra-
structure needs (IEA/AMF, 2007), and (4) competition with livestock
demands.

Currently only about a dozen biomass based IGCC-FT plants exist,
and none are utilizing grassland biomass sources. However, low carbon
fuels from lignocellulosic biomass could be produced on parity with
$110 to $150 per barrel crude oil price (Hannula and Kurkela, 2013).
Small scale plants (Nagaraja et al., 2015) may be a solution to large
scale biomass transportation and plant capital investment challenges.
However, the main limiting factor facing the conversion of pastures to
LIHD grassland biofuel production is the increasing demand for rumi-
nant livestock products. Between 2000 and 2050, the global cattle pop-
ulation may increase from 1.5 billion to 2.6 billion, and the global goat
and sheep population from 1.7 billion to 2.7 billion (Hubert et al., 2010).

Reducingmeat consumption to 10% of global diets, aswell as shifting
to more ecologically efficient permaculture or integrated multi-trophic
aquaculture (IMTA) systems for animal protein production, can also
greatly increase food outputs, diversity, and resiliency (Machovina
et al., 2015). This would reduce greenhouse gas production and free
up large areas of current agricultural lands to produce biofuels that
could potentially achieve 50% of the total biofuel capacity reported in
the current analysis. As it is clearly unrealistic to propose a 100% conver-
sion of pasture lands or feedcrop agricultural lands to biofuel produc-
tion, these analyses highlight the potential gains in energy production
that could theoretically be achieved on already managed lands through
proportional reductions in animal product consumption by humans.
When combined with increased energy-use efficiencies by consumers,
LIHD IGCC-FT biomass could potentially be an important, carbon nega-
tive energy source that helps address global climate change while en-
hancing biodiversity and ecosystem services provided by grasslands.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.07.109.
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