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On July 18, 2007, The National Petroleum Council (NPC) in approving its 
report, Facing the Hard Truths about Energy, also approved the making 
available of certain materials used in the study process, including detailed, 
specific subject matter papers prepared or used by the Task Groups and 
their Subgroups.  These Topic Papers were working documents that were 
part of the analyses that led to development of the summary results 
presented in the report’s Executive Summary and Chapters.  
 
These Topic Papers represent the views and conclusions of the 
authors.  The National Petroleum Council has not endorsed or 
approved the statements and conclusions contained in these 
documents but approved the publication of these materials as part of 
the study process. 
 
The NPC believes that these papers will be of interest to the readers of the 
report and will help them better understand the results.  These materials 
are being made available in the interest of transparency. 
 
The attached Topic Paper is one of 38 such working document used in the 
study analyses.  Also included is a roster of the Subgroup that developed 
or submitted this paper.  Appendix E of the final NPC report provides a 
complete list of the 38 Topic Papers and an abstract for each.  The printed 
final report volume contains a CD that includes pdf files of all papers.  
These papers also can be viewed and downloaded from the report section 
of the NPC website (www.npc.org).   
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I. Executive Summary 
  

Given current trends world energy demand is expected to increase by 50 percent 

by 2030.1 There are expectations that renewable resources will be able to play a 

significant role satisfying this future energy demand. Others have a more pessimistic 

view and forecast that it will not make up even 2% of the total energy mix by 2030.1 

In 2001 global primary-energy consumption was 418 EJ (an exajoule (EJ) is 1018 

joules; for comparison, 1.055 EJ is roughly equivalent to one quadrillion BTU or 172 

million barrels of oil equivalent.). Of this, biomass supplied 45 EJ. This is 

significantly more than the 2% predicted to be used by 2030,1 but is probably 

overlooked because about 39 EJ of this was in the form of traditional uses for heating 

and cooking, which do not enter world trade and are mostly beyond governmental 

control and taxation. Global biomass production on the earth’s land surface is equal to 

4,560 EJ (the gross primary production) of which half is lost by autotrophic 

respiration and decomposition, leaving 2,280 EJ (net primary production or NPP).2 

The availability of the NPP for use in food and energy production is restricted by 

many factors, such as logistics, economics, or legal restraints. Without intervention 

this NPP is in balance with natural decomposition. Because of its large value, usage 

of even a portion of the NPP would indicate that there is considerable potential for 

biomass to play a role of some type in global energy production beyond heating a 

cookstove. 
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Numerous studies have been carried out to determine the percentage of the global 

biomass production that could be used to supply some of the world’s energy needs.2-15 

All of these studies have had to deal with the variety of paths that biomass takes in 

the modern world and have had to deal with estimates of global population, changing 

diets, and changes in crop yields. A recent report by FAO has estimated population, 

food needs and agricultural development for the time frame of 2015 to 2030.16 This 

report covers many of the pertinent factors that will determine if there will be 

sufficient agricultural output available for providing food, fiber, and fuel in the future. 

According to the FAO, agricultural production of food and feed will continue to 

grow at a pace to meet the needs of the world population thru 2030. Population 

growth will continue to decrease during this time period and on into the next century. 

Over the last 40 years, food production has been controlled by demand rather than 

supply. This has led to a decline of almost 50% in the value of commodity crops in 

constant dollars over this time period. This decline has led to the fact that only in 

countries with farm support programs in place have crop yields and production 

reached the highest levels, while third world production has lagged.  

Over the last 20 years, a variety of studies have been carried out looking at what 

the potential of agriculture could be to produce both energy and food for the world if 

such production was optimized. While these have had varying final conclusions, most 

have estimated between 250 and 500 EJ of biomass energy could be produced while 

still feeding a growing population in the world. These studies have in general not 

looked at expanding current agricultural acreage significantly. The most optimistic 

studies require that global agricultural food production per hectare, under equivalent 

environmental conditions, reach optimal levels. This would allow large areas of land 

to become available for energy crop production. If only waste biomass and dung were 

used from our current agricultural production, an energy supply of ~100 EJ could be 

expected.  

Biotechnology is expected to increase crop production in the next few decades at 

a higher than historic rate. This increase is being brought about by marker-assisted 

breeding that can increase trait development by a tenfold rate over conventional 



Working Document of the NPC Global Oil and Gas Study Made Available July 18,2007 

 

3 

breeding. Along with this increased rate, the ability to engineer specific new traits 

into crops will bring about remarkable changes in crop production. This increase 

could be expected to double the average yield of crops such as corn by 2030.20 Such 

an increase in the U.S. corn crop would allow the corn production in the USA to 

reach 25 billion bushels. A corn crop of this size would make it possible to produce 

54 billion gallons of ethanol by conventional means, 6 billion gallons of biodiesel 

from the corn oil, and 18 billion gallons of ethanol from the excess stover (e.g. 

stalks). On top of this, 154 million metric tons of distillers’ dried grain would more 

than fill the demand for animal feed that is currently met by corn and soybean 

production. 

Many of these predictions require that some pressure be brought upon agriculture 

to spur production globally. The energy market could provide this new opportunity 

for agriculture by speeding investment in production. The development of new energy 

crops has the potential to produce even more bioenergy per hectare with less inputs 

and more environmentally friendly production means. This will not happen without 

the development of local conversion methods and logistics for efficiently handling the 

low energy-density of most biomass feedstocks.  
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II. Potential Biomass Energy Supply in 2030 
  

A. Framing Questions 

• Biofuel key drivers  

• Critical land and resource issues for large-scale production 

• Biofuels pathways from multiple feedstocks 

• Constraints to first generation biofuels 

• Next-generation biofuels 

• Quantification of largest CO2 impact from biofuels—biomass to electricity, 

cellulose to liquids, conventional to biodiesel or ethanol 

• Scale, cost, and technological issues associated with cellulosic ethanol. 

  

III. Overview of Methodology 
  

This study is a review of the published literature on the topic of bioenergy and 

food production. While not a comprehensive review we have tried to cover the most 

current and applicable published art. 

A. References in Executive Summary and Full Report 

1. S. McNulty. “An Unsustainable Outlook.” Financial Times, Oct 20, 2006:1. 
2. Smeets EMW, Faaij APC, Lewandowski IM, and Turkenburg WC: A quickscan of 
global bio-energy potentials to 2050. (In Press: Progress in Energy and Combustion 
Science, 2006). 
3. “Biofuels for Transportation, Global Potential and Implications for Sustainable 
Agriculture and Energy in the 21st Century.” Extended Summary. Prepared by the 
Worldwatch Institute for the German Federal Ministry of Food, Agriculture and 
Consumer Protection (BMELV), in cooperation with the Agency for Technical 
Cooperation (GTZ) and the Agency of Renewable Resourcs (FNR), Washington, 
D.C. June 7, 2006. 
4. A. Faaij, et al. /Energy for Sustainable Development 10:1 (2006). 
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5. J. Wolf, et al. / Agricultural Systems 76(2003) 841–861. 
6. H. Yamamoto, et al. / Applied Energy 63 (1999) 101±113. 
7. G. Fischer, L. Schrattenholzer / Biomass and Bioenergy 20 (2001) 151–159. 
8. H. Yamamoto, et al. / Biomass and Bioenergy 21 (2001) 185–203. 
9. Berndes, et al. / Biomass and Bioenergy 25 (2003) 1 – 28. 
10. M. Hoogwijk, et al. / Biomass and Bioenergy 25 (2003) 119 – 133. 
11. M. Parikka / Biomass and Bioenergy 27 (2004) 613–620. 
12. M. Hoogwijk, et al. / Biomass and Bioenergy 29 (2005) 225–257. 
13. R. Lal / Environment International 31 (2005) 575–584. 
14. D.O. Hall / Forest Ecology and Management 91 (1997) 17-45. 
15. J. R. Moreira, CENBIO. Brazilian Reference Center on Biomass. Paper Draft. 
Oct. 2006. <http://www.accstrategy.org/draftpapers/Moreira.doc>. 
16. J. Bruinsma, ed. World Agriculture: Towards 2015/2030, An FAO Perspecitive. 
Earthscan Publications Ltd., London, 2003. 
17. L. Mastny, ed. Biofuels for Transportation, Worldwatch Institute, June 2006. 
18. S. B. McLaughlin, et al. / Advances in Agronomy 90 (2006) 267-297. 
19. J. A. DeCesaro, et al. “Bioenergy, Power, Fuels and Products.” National 
Conference of State Legislatures: July 2006. <www.ncsl.org>.  
20. Fraley, Robert T., “Can Corn Yields Fuel Ethanol Expansion?”,  United States 
Department of Agriculture 2007 Agricultural Outlook Forum, Arlington, 
Virginia, March 2, 2007. 
<www.usda.gov/oce/forum/2007%20Speeches/PDF%20PPT/RFraley.pdf> 
21. Amani Elobeid, Simla Tokgoz, Dermot J. Hayes, Bruce A. Babcock, and Chad E. 
Hart: The Long-Run Impact of Corn-Based Ethanol on the Grain, Oilseed, and 
Livestock Sectors: A Preliminary Assessment CARD Briefing Paper 06-BP 49 
November 2006 
22. Perlack, Robert D., et al. Biomass as Feedstock for a Bioenergy and Bioproducts 
Industry: The Technical Feasibility of a Billion-Ton Annual Supply. Oak Ridge, 
Tenn.: Oak Ridge National Laboratory, April 2005. 
23. J. A. DeCesaro, et al. “Bioenergy, Power, Fuels and Products.” National 
Conference of State Legislatures: July 2006. <www.ncsl.org>. 
24. N. Greene, et al.  “How Biofuels Can Help End America’s Oil Dependence.”  
National Resources Defense Council: Dec. 2004. 
25. J. Hettenhaus. “Achieving Sustainable Production of Agricultural Biomass for 
Biorefinery Feedstock.”. For the Biotechnology Industry Organization Industrial and 
Environmental Section. CEA Inc. November, 2006. 
26. D. R. Petrolia. “The Economics of Harvesting and Transporting Corn Stover for 
Conversion to Fuel Ethanol: A Case Study for Minnesota.” Staff paper P06-12, 
Department of Applied Economics, University of Minnesota. August, 2006. 
27. W. R. Morrow, et al. / Environmental Science & Technology 40 (2006). 
28. R. E. H. Sims, et. al. / Global Change Biology 12 (2006) 1–23. 
29. M. yon Sivers, G. Zacchi / Bioresource Technology 56 (1996) 131-140. 
30. Technical Report: “GREET 1.5 -- Transportation Fuel-Cycle Model.” Argonne 
National Labs. August 1999. 
<(http://www.transportation.anl.gov/software/GREET/publications.html)> 
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31. N. Hamelinck, A. P. C. Faaij / International Sugar Journal 108: 1287 (2006). 
32.  P. W. Gallagher/ CHOICES 1st Quarter 2006 • 21(1)  
pp. 21-25 
33. P. Girard, et al. / Review of existing and emerging technologies for the large scale 
production of biofuels and identification of promising innovations for developing 
countries. Forest Department of CIRAD. http://stapgef.unep.org/docs/folder.2005-12-
07.8158774253/folder.2005-12-08.9446059805/folder.2005-12-
08.0238464777/BackGroundPaper2.pdf.> 
34. Q. Zhang, et al. / Energy Conversion and Management 48 (2007) 87–92. 
35. C. Zhong, et al. / Fluid Phase Equilibria 194–197 (2002) 805–815. 
36. J. E. Goudriaan, et. , al. / NPT Procestechnologie 11/1 (2004) 31-33. 
37. M. Balat, / Energy Sources Part A (2006) 517-25. 
38. M. Wang, An Update of Energy and Greenhouse Emmission Impacts of Fuel 
Ethanol, DOE/EU Biorefinery Workshop, Washington, DC, July 21, 2005. 
39. J. Hill, et. al. / PNAS _ July 25, 2006 _ vol. 103 no. 30, pp. 11206–11210 
40 . Technical Report-Greet Model, Section 4 Parametric Assumptions and Their 
Data Sources. See www.transportation.anl.gov/software/GREET/pdfs/esd_4v1.pdf 
41. P. Girard, et. al./ Technology state-of-the-art: Review of existing and emerging 
technologies for the large scale production of biofuels and identification of promising 
innovations for developing countries, Forest Department of CIRAD; STAP and GEF 
Biofuels Workshop 
42. A.P.C. Faaij / Energy Policy 34 (2006) 322–342 
43. C. Hamelinck/ Dissertation, Outlook for Advanced Biofuels/Utrecht: Universiteit 
Utrecht, Faculteit Scheikunde, Proefschrift Universiteit Utrecht. Met literatuuropgave 
en samenvatting in het Nederlands. ISBN: 90-393-3691-1 
44. F. Goudriaan, et. al. / Thermal efficiency of the HTU® Process for Biomass 
Liquefaction/ Paper presented at conference “Progress in Thermochemical Biomass 
Conversion”, Tyrol, Austria, 18-21 September 2000 See proceedings, ed. A.V. 
Bridgwater, pages 1312-1325 (ISBN 0-632-05533-2) 
45. T. Bridgwater J Sci Food Agric 86:1755–1768 (2006) 
46. bioenergy.ornl.gov/papers/misc/energy_conv.html 
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IV. Bioenergy Roadmap 
  

A. Background  

Given current trends, world energy demand is expected to increase by 50 percent 

by 2030.1 There are expectations that renewable resources will be able to play a 

significant role in satisfying this future energy demand. Others have a more 

pessimistic view and forecast that it will not make up even 2% of the total energy mix 

by 2030.1 The issue is whether agriculture and forestry can supply food, fiber and 

significant energy needs for a growing population.  

In 2001 global primary energy consumption was 418 EJ. Of this biomass 

supplied 45 EJ. This is significantly more than the 2% predicted to be used by 2030 

but is probably overlooked because about 39 EJ of this was in the form of traditional 

uses for heating and cooking, which do not enter world trade and are mostly beyond 

governmental control and taxation. Global biomass production on the earth’s land 

surface is equal to 4,560 EJ (the gross primary production) of which half is lost by 

autotrophic respiration and decomposition, leaving 2,280 EJ(net primary production 

or NPP).2 The availability of the NPP for use in food and energy production is 

restricted by many factors, such as logistics, economics, or legal restraints. Without 

intervention, this NPP is in balance with natural decomposition. Because of its large 

value, usage of even a portion of the NPP would indicate that there is considerable 

potential for biomass to play a role of some type in global energy production beyond 

heating a cookstove. 
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V. Overview 
  

Use of renewable energy from biomass will affect a variety of flows in the biosphere, 

as shown in Figure V.1.  

Figure V.1. Overview of various types of biomass flows and the global land surface. 3 

Providing both food and fuel is a global issue rather than one that just can be 

addressed in North America. It will require the development of better food crops for 

all the arable land in current use, fostering best agricultural practices, development of 

bioenergy crops (preferably perennial) for excess agricultural land and marginally 
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arable land, development of suitable harvesting and storage of energy crops, and the 

development of an efficient conversion system. 

In order to assure a food supply for the global population, the world needs to 

produce an excess amount of food each year in to make up for potential shortfalls in 

any one year. This has been standard practice for the last several decades. While this 

is a very necessary insurance system, it has led to large reserves of crops that have 

decreased the value of agricultural production and stagnated production in areas of 

the world without price support systems. See Figures V.2, V.3 and V.4 and Table 

V.1. 

 

Figure V.2 Cost of selected crops over time. 4 
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Figure V.3. Output of wheat in selected countries.4  

 

 

Figure V.4. Output of maize in selected countries.4  
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Table V.1.  Yield of predominantly rainfed wheat in selected countries.4  
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Table V.2. Biomass categories. 5  

As can be seen by the above figures and tables, considerable improvement in 

yields per hectare could be achieved globally for food production, but with decreasing 

real value for agricultural products there is no reason for such investments. 

If production could be improved globally for food crops, large areas of land 

currently used for food production could be utilized for bioenergy production, and 

some marginal land that is currently used for crop production could be converted to 

more suitable bioenergy crop production.  

One scenario for achieving this while feeding a growing population is described 

in the following. In 1999, the total consumption of crops was 666.5 kg/person/yr, 
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while meat and dairy consumption was 114 kg (36 kg meat and 78 kg dairy) annually 

per person. Of the meat consumed, 27% was bovine, 40% pork, 28% poultry, and 5% 

from goats and sheep. By 2030, meat and dairy consumption is expected to increase 

to 135 kg/person/yr (45 kg meat and 90 kg dairy) with non-meat consumption rising 

to 709.5 kg. The ratios will change considerably with rapid growth in poultry relative 

to the other meats. The percentages will be 23% bovine, 33% pork, 38% poultry and 

5.3% goats and sheep.4 

The increase in meat consumption and the ratios will have significant effects on 

the needs for total crop production. In the world, it currently requires on average 45 

kg of grain equivalents to make one kg of bovine meat, 1.6 kg grain/kg milk, 79 kg 

grain/kg mutton, 6.7 kg grain/kg pork and 3.6 kg grain/kg poultry.2 This means that at 

the current ratios in the diet, meat production requires on average 28 kg of grain 

equivalents per kg of meat produced. If no changes occur in meat product by 2030, 

the ratios of meat in the diet will mean that for every kg of meat produced it will 

require 18.2 kg of grain equivalents. 

There are more optimal ways of producing meat, and if such methods are 

adopted globally, then this would significantly reduce the amount of grain equivalents 

required. Optimally, in a landless system of meat production, a kg of bovine meat 

would require 15 grain equivalents, mutton 46 grain equivalents, pork 6.2 and poultry 

3.1 and 1 grain equivalent for dairy.2 If such practices were adopted, because of 

economic factors or policy, the grain equivalents required per kg of meat would 

change to 9.1 kg in 2030.  

The current diet therefore requires a total of 665 kg directly from plants + 36 kg 

meat times 28 kg grain/kg meat + 78 kg dairy times 1.6 kg grain/kg milk = 1,798 kg 

of grain equivalents per person. If modern practices are adopted for meat and dairy 

production by 2030 this could change to 709.5 directly from plants + 1 times 90 kg 

dairy + 9.1 times 45 kg meat = 1,209 kg of grain equivalents per person. Such a 

decrease will make it much easier to meet food demand and some of our future 

energy demands.  
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In concert with improving the status of agriculture globally, energy crop and 

energy crop conversion technologies need to be developed to make use of the large 

potential of biomass that could be available in the future. The most likely estimate of 

this potential is 250 to 500 exajoules.5 The world currently uses ~500 exajoules in all 

energy forms. For comparison, 1.055 exajoules is roughly equivalent to one 

quadrillion BTU or 172 million barrels of oil equivalent. 

A. U.S. Production Potential 

Several different options have been looked at for the production of biofuels in the 

USA. The DOE funded a study on the potential for energy crop and residue 

collection. This study found that there is the potential to produce 1.3 billion dry tons 

of biomass in the first half of this century annually from forestry and crop 

production.7 The table below summarizes the ethanol production potential.8 

 

 

Table VA.1. Potential ethanol production from various biomass sources.8 

Another possibility discussed is the potential of biotechnology to radically speed 

the development of the current corn crops. Monsanto has indicated that based on 

current trends the average yield of corn in the USA will reach 300 bushels per acre by 

2030, up from the current 150 bushels. This increase would provide up to 20 billion 



Working Document of the NPC Global Oil and Gas Study Made Available July 18,2007 

 

16 

bushels of corn for ethanol production. Production of ethanol from the available 

starch could potentially reach 54 billion gallons. Beyond this, 6 billion gallons of 

biodiesel could be made from the recoverable corn oil, with enough corn stover 

production to either supply energy for the ethanol plants or produce another 21 billion 

gallons of ethanol.9 

Another study based on the current economics of ethanol production estimated its 

effect on the U.S. corn crop and global corn production. The study estimates that at 

$4.05/bushel of corn and $60/bbl of crude oil, corn-based ethanol production would 

reach 31.5 billion gallons per year in 2015. Supporting this level of production would 

require 95.6 million acres of corn to be planted. This increase in acreage would occur 

because of economic drivers preferring corn over other crops. Also the corn export 

market would be lost because non-domestic corn production would also increase to 

fill those markets. Total corn production in the USA would be approximately 15.6 

billion bushels, compared to 11.0 billion bushels today.10 

B. Logistics of Production 

 Biomass is produced in a much more distributed manner than oil and gas, which 

makes its collection and conversion problematic. This will have ramifications on the 

types of technology deployed to convert it into a usable fuel and also getting it to 

urban markets. Table VB.1 below shows the size of plants and the needed acreage to 

supply that plant with feedstock.  
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 Land required within a given 
radius to feed plant of given size,a 
% 

Feedstock 
collection 
radius, 
miles 

Plant size at 90% capacity,  
tons/day 

 500 1000 5000 10000 20000 
10 6.5 13.1 65.5 - - 
20 1.6 3.3 16.4 32.7 65 
30 0.7 1.5 7.3 14.6 29 
40 0.4 0.8 4.1 8.2 16.4 
50 0.3 0.5 2.6 5.2 10.5 
60 0.2 0.4 1.8 3.6 7.3 
70 0.1 0.3 1.3 2.7 5.3 

Ethanol 
production,b 
million 
gal/yr 

12 24 122 244 488 

a 12.5 tons/acre of switchgrass 
b 70 gallons of ethanol/ton 

Table VB.1. Percent of land required within a given radius to feed several plant sizes.11  

The most likely first plants deployed will use crop residues for feedstock. Since 

this will only allow a sustainable harvest of 1 to 3 ton/acre, the size of plants will 

need to be much smaller to take in to consideration the cost of transportation of the 

feedstock. 
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Table VB.2. Feedstock production and availability in a 50 mile radius (million dry tons).12 

C. Conversion Technologies 

Table VC.1 outlines a variety of technologies that are proposed for converting 

biomass to modern bioenergy production. The currently deployed technologies are 

starch- and sugar-to-ethanol, biodiesel production, and direct co-firing. There are 

currently a variety of technologies that are at the pilot plant or demonstrations stage. 

These will be deployed as they find applications with different feedstocks and 

logistics.13 
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Figure VC.1. Technologies to convert biomass to products.13 

  

VI. Proposed Recommendations 
  

The primary driver, to ensure that both food and fuel production needs are met, is 

to develop a robust food and energy market based on current food crops that are 

suitable for such production. This will bring the value of these crops up to a point 

where there is incentive to use best practices in crop production, storage, and 

transportation of these products. This should make more land and crop volumes 
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available for energy production. This will not happen overnight but definitely could 

be developed over the next 10 years.  

The second step is to continue to develop high-yielding crops, both for food and 

energy. The non-food energy crops should be perennial crops developed for either 

very high oil yield or lignocellulose yield with minimal protein components. Such 

crops would require less fertilizer and be suitable for more marginal arable lands. 

The third need is to develop efficient use of agricultural production waste, such 

as straw, stover, dung, municipal solid waste, and woody residues from forestry. 

While these sources are not as large as the potential for bioenergy crops, they still 

globally account for over 100 EJ of energy, more than the current use of 

transportation fuel. These must be gathered in a sustainable fashion and agricultural 

practices may have to be developed in order to do this. 

The fourth step is to develop suitable harvesting, storage, and transportation 

systems for energy crops to conversion sites. Since most crops are of low density and 

are produced over large areas, efficient transportation systems are a requirement. This 

would indicate that there should be some focus on rail and water transportation 

systems. 

A fifth need is to develop suitable high-yielding conversion systems for turning 

the primary energy of the crops into suitable secondary-energy fuel sources. Several 

technologies can be developed: fermentation, gasification, and pyrolysis. All three 

have positive characteristics and may be suitable with the different crops and the 

logistics required.  

A final step would be to develop technologies to efficiently use biomass fuels in 

various systems including co-firing and internal combustion systems. 

  

VII. Issues Overview 
  

While agriculture and forestry look like environmentally sound future energy 

sources, this will only be true if done sustainably. This will require a systems 
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approach that will ensure that the natural resources at our disposal are not depleted. 

Closed-loop systems with energy production linked to meat production from the 

process wastes and methane production from the animal wastes generated are 

attempts at such systems. Much must be done to truly understand what the 

consequences will be of these different options.  

Policies should be put into place that will encourage sustainable agricultural 

production globally. Food production should be encouraged locally to ensure that 

food is available where needed, and excess arable land can be used either for export 

food or fuel production. This will ensure the most energy-efficient use of agriculture. 

Education and demonstration projects for sustainable high-yielding crop production 

should be developed around the world and crop development for these varying 

environments should be carried out.  

Good economic modeling should be done on the effect of bioenergy production. 

This would establish what the price for commodity crops will need to be to drive 

investment in modern agricultural production practices globally. It would also give a 

good assessment of the logistical issues around various crop production and 

conversion technologies as well as those involved in getting the final fuel to the 

consumer. This would narrow the research priorities and ensure that there are no 

major surprises in following a bioenergy policy. 

Energy crop development for production on marginal and surplus agricultural 

land should be carried out. Most current crops were developed for food and feed use 

or for fiber production. Crops specifically for energy production will have different 

characteristics and will need to be developed for a wide variety of environments. 

Preferably they would have low water and external-nutrient requirements. For both 

food and fuel, developing higher photosynthetic efficiencies will have major benefits. 

Local conversion technologies need to be developed to manage the low density 

of biomass and its disperse nature of production. Compaction, torrefaction (a mild 

pyrolysis process), or conversion to a bio-oil are all technologies to be explored. 
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Logistics of biofuel transportation is a key hurdle. Investment in rail, waterway, 

and pipeline transportation will be needed to get the fuel from the producing regions 

to the consuming regions. 

Most biomass conversion technologies also have the potential to produce 

electricity. Developing technologies and means to capture this potential will be 

important. 

Many current bioenergy feedstocks have just as much or more potential in 

consumer products displacing non-renewable feedstocks. Developing these markets 

where they have positive energy balances should be supported. 

If there is to be a policy on carbon dioxide emissions, doing this sooner rather 

than later will have positive impacts on deployment of technologies, whether they be 

coal-based or biofuel-based. 

Development of clean biomass conversion and energy utilization is necessary for 

co-firing and transportation fuels. Table VII.1 shows energy balance for various 

current biofuels.6 
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Table VII.1. Fossil energy balance of current biofuels 6 
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Table VII.2. Energy conversion factors.14 

This is a quick-reference list of conversion factors used by the Bioenergy Feedstock 

Development Programs at ORNL.13 It was compiled from a wide range of sources, and is 

designed to be concise and convenient rather than all-inclusive. Most conversion factors and 

data are given to only 3 significant figures. Users are encouraged to consult other original 

sources for independent verification of these numbers. The following are links to Web sites we 

have found useful (many universities worldwide maintain good guides and conversion calculator 

pages): 

• U.S. National Institute of Standards and Technology (NIST)  

• Centre for Innovation in Mathematics Teaching, University of Exeter, U.K.  

• Department of Geological Sciences, University of Michigan  

• Convertit.com Measurement Converter  

Energy contents are expressed here as lower heating value (LHV) unless otherwise stated 

(this is closest to the actual energy yield in most cases). Higher heating value (HHV, 

including condensation of combustion products) is greater by between 5% (in the case of 

coal) and 10% (for natural gas), depending mainly on the hydrogen content of the fuel. For 

most biomass feedstocks this difference appears to be 6–7%. The appropriateness of using 

LHV or HHV when comparing fuels, calculating thermal efficiencies, etc. really depends 

upon the application. For stationary combustion where exhaust gases are cooled before 

discharging (e.g. power stations), HHV is more appropriate. Where no attempt is made to 

extract useful work from hot exhaust gases (e.g. motor vehicles), the LHV is more suitable. 

In practice, many European publications report LHV, whereas North American 

publications use HHV.  

 

Energy units 

Quantities  
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• 1.0 joule (J) = one Newton applied over a distance of one meter (= 1 kg m2/s2).  

• 1.0 joule = 0.239 calories (cal)  

• 1.0 calorie = 4.187 J  

• 1.0 gigajoule (GJ) = 109 joules = 0.948 million Btu = 239 million calories = 278 kWh  

• 1.0 British thermal unit (Btu) = 1,055 joules (1.055 kJ)  

• 1.0 Quad = One quadrillion Btu (1015 Btu) = 1.055 exajoules (EJ), or approximately 

172 million barrels of oil equivalent (BOE)  

• 1,000 Btu/lb = 2.33 gigajoules per tonne (GJ/t)  

• 1,000 Btu/U.S. gallon = 0.279 megajoules per liter (MJ/l)  

Power  

• 1.0 watt = 1.0 joule/second = 3.413 Btu/hr  

• 1.0 kilowatt (kW) = 3,413 Btu/hr = 1.341 horsepower  

• 1.0 kilowatt-hour (kWh) = 3.6 MJ = 3,413 Btu  

• 1.0 horsepower (hp) = 550 foot-pounds per second = 2,545 Btu per hour = 745.7 watts 

= 0.746 kW  

Energy Costs  

• $1.00 per million Btu = $0.948/GJ  

• $1.00/GJ = $1.055 per million Btu  
 

Some common units of measure 

• 1.0 U.S. ton (short ton) = 2,000 pounds  

• 1.0 imperial ton (long ton or shipping ton) = 2,240 pounds  

• 1.0 metric tonne (tonne) = 1,000 kilograms = 2,205 pounds  

• 1.0 U.S. gallon = 3.79 liter = 0.833 Imperial gallon  

• 1.0 imperial gallon = 4.55 liter = 1.20 U.S. gallon  

• 1.0 liter = 0.264 U.S. gallon = 0.220 imperial gallon  

• 1.0 U.S. bushel = 0.0352 m3 = 0.97 UK bushel = 56 lb, 25 kg (corn or sorghum) = 60 

lb, 27 kg (wheat or soybeans) = 40 lb, 18 kg (barley)  
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Areas and crop yields  

• 1.0 hectare = 10,000 m2 (an area 100 m x 100 m, or 328 x 328 ft) = 2.47 acres  

• 1.0 km2 = 100 hectares = 247 acres  

• 1.0 acre = 0.405 hectares  

• 1.0 U.S. ton/acre = 2.24 t/ha  

• 1 metric tonne/hectare = 0.446 ton/acre  

• 100 g/m2 = 1.0 tonne/hectare = 892 lb/acre  

o for example, a “target” bioenergy crop yield might be: 5.0 U.S. tons/acre (10,000 

lb/acre) = 11.2 tonnes/hectare (1120 g/m2)  
 

Biomass energy  

• Cord: a stack of wood comprising 128 cubic feet (3.62 m3); standard dimensions are 4 

x 4 x 8 feet, including air space and bark. One cord contains approx. 1.2 U.S. tons 

(oven-dry) = 2,400 pounds = 1,089 kg  

o 1.0 metric tonne wood = 1.4 cubic meters (solid wood, not stacked)  

o Energy content of wood fuel (HHV, bone dry) = 18–22 GJ/t (7,600–9,600 Btu/lb)  

o Energy content of wood fuel (air dry, 20% moisture) = about 15 GJ/t (6,400 Btu/lb)  

• Energy content of agricultural residues (range due to moisture content) = 10–17 GJ/t 

(4,300–7,300 Btu/lb)  

• Metric tonne charcoal = 30 GJ (= 12,800 Btu/lb) (but usually derived from 6–12 t air-

dry wood, i.e. 90–180 GJ original energy content)  

• Metric tonne ethanol = 7.94 petroleum barrels = 1,262 liters  

o ethanol energy content (LHV) = 11,500 Btu/lb = 75,700 Btu/gallon = 26.7 GJ/t = 

21.1 MJ/liter. HHV for ethanol = 84,000 Btu/gallon = 89 MJ/gallon = 23.4 MJ/liter  

o ethanol density (average) = 0.79 g/ml ( = metric tonnes/m3)  

• Metric tonne biodiesel = 37.8 GJ (33.3 - 35.7 MJ/liter)  
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o biodiesel density (average) = 0.88 g/ml ( = metric tonnes/m3)  
 

Fossil fuels  

• Barrel of oil equivalent (BOE) = approx. 6.1 GJ (5.8 million Btu), equivalent to 1,700 

kWh. “Petroleum barrel” is a liquid measure equal to 42 U.S. gallons (35 Imperial 

gallons or 159 liters); about 7.2 barrels oil are equivalent to one tonne of oil (metric) = 

42–45 GJ.  

• Gasoline: U.S. gallon = 115,000 Btu = 121 MJ = 32 MJ/liter (LHV). HHV = 125,000 

Btu/gallon = 132 MJ/gallon = 35 MJ/liter  

o Metric tonne gasoline = 8.53 barrels = 1356 liter = 43.5 GJ/t (LHV); 47.3 GJ/t 

(HHV)  

o gasoline density (average) = 0.73 g/ml ( = metric tonnes/m3)  

• Petro-diesel = 130,500 Btu/gallon (36.4 MJ/liter or 42.8 GJ/t)  

o petro-diesel density (average) = 0.84 g/ml ( = metric tonnes/m3)  

• Note that the energy content (heating value) of petroleum products per unit mass is 

fairly constant, but their density differs significantly—hence the energy content of a 

liter, gallon, etc. varies between gasoline, diesel, kerosene.  

• Metric tonne coal = 27–30 GJ (bituminous/anthracite); 15–19 GJ (lignite/sub-

bituminous) (the above ranges are equivalent to 11,500–13,000 Btu/lb and 6,500–8,200 

Btu/lb).  

o Note that the energy content (heating value) per unit mass varies greatly between 

different “ranks” of coal. “Typical” coal (rank not specified) usually means 

bituminous coal, the most common fuel for power plants (27 GJ/t).  

• Natural gas: HHV = 1,027 Btu/ft3 = 38.3 MJ/m3; LHV = 930 Btu/ft3 = 34.6 MJ/m3  

o Therm (used for natural gas, methane) = 100,000 Btu (= 105.5 MJ)  
 

Carbon content of fossil fuels and bioenergy feedstocks  
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• coal (average) = 25.4 metric tonnes carbon per terajoule (TJ)  

o 1.0 metric tonne coal = 746 kg carbon  

• oil (average) = 19.9 metric tonnes carbon/TJ  

• 1.0 U.S. gallon gasoline (0.833 Imperial gallon, 3.79 liter) = 2.42 kg carbon  

• 1.0 U.S. gallon diesel/fuel oil (0.833 Imperial gallon, 3.79 liter) = 2.77 kg carbon  

• natural gas (methane) = 14.4 metric tonnes carbon / TJ  

• 1.0 cubic meter natural gas (methane) = 0.49 kg carbon  

• carbon content of bioenergy feedstocks: approx. 50% for woody crops or wood waste; 

approx. 45% for graminaceous (grass) crops or agricultural residues  
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The Potential of Biomass Supply in the 2030 to 2050 
Time Frame 

Full Report 

  

IX. Global agricultural production 
  

Given current trends world energy demand is expected to increase by 50 percent 

by 2030.1 There are expectations that renewable resources will be able to play a 

significant role satisfying this future energy demand. Others have a more pessimistic 

view and forecast that it will not make up even 2% of the total energy mix by 2030.1  

In 2001 global primary energy consumption was 418 EJ. Of this biomass 

supplied 45 EJ. This is significantly more than the 2% predicted to be used by 2030 

but is probably overlooked because about 39 EJ of this was in the form of traditional 

uses for heating and cooking, which do not enter world trade and are mostly beyond 

governmental control and taxation. Global biomass production on the earth’s land 

surface is equal to 4,560 EJ (the gross primary production) of which half is lost by 

autotrophic respiration and decomposition, leaving 2,280 EJ(net primary production 

or NPP).2 The availability of the NPP for use in food and energy production is 

restricted by many factors such as logistics, economics or legal restraints. Without 

intervention this NPP is in balance with natural decomposition. Because of its large 

value, usage of even a portion of the NPP would indicate that there is considerable 

potential for biomass to play a role of some type in global energy production beyond 

heating a cookstove. 

Numerous studies have been carried out to determine the percentage of the global 

biomass production that could be used to supply some of the world’s energy needs.2-15 

All of these studies have taken into consideration the variety of paths that biomass 

takes in the modern world (Figure I.1) as well as estimates of changing global 
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population, diets, and crop yields.10 A recent report by FAO has estimated population, 

food needs and agricultural development for the period of 2015 to 2030.16 This report 

covers many of the pertinent factors that will determine whether there will be 

sufficient agricultural output available for providing food, fiber and fuel in the future. 

 

Figure I.1. Overview of various types of biomass flows and the global land surface. 10 

Food consumption in Kcal/d per person has been rising globally. It has increased 

from 2,360 Kcal/d in the mid 1960s to 2800 Kcal/d in 2000. Table I.1 summarizes 

these data. 
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Table I.1. Per capita food consumption (Kcal/person/day).16 

This gradual rise in food consumption is expected to continue while the world’s 

population increases as well. The world population was 5.9 billion in the period of 

1997–1999, will grow to 7.2 billion by 2015, 8.3 billion in 2030, and 9.3 billion by 

2050. Population growth peaked in the 1960s at 2.04% and is expected to drop to 

1.1% in the next decade and continue to decline to 0.5% by 2045–2050.16 Practically 

all of these increases will be in developing countries, with sub-Saharan Africa 

experiencing the highest growth rate. Compounded by the growth rate in sub-Saharan 

Africa, the absolute numbers of people in poverty are also predicted to increase there 

until 2015, although the poverty percentage will decline globally.  

While the total calories consumed are expected to increase, the consumption of 

meat is also expected to change. In 1999 the total consumption   of crops consumed 

was 666.5 kg/person/yr, while meat and dairy consumption was 114 kg (36 kg meat 

and 78 kg dairy) annually per person. Of the meat consumed, 27% was bovine, 40% 

pork, 28% poultry and 5% from goats and sheep. By 2030, meat and dairy 

consumption is expected to increase to 135 kg/person/yr (45 kg meat and 90 kg dairy) 

with non-meat rising to 709.5 kg. The ratios will change considerably with rapid 

growth in poultry relative to the other meats. The percentages will be 23% bovine, 

33% pork, 38% poultry and 5.3% goats and sheep.16  

The increase in meat consumption and the ratios will have significant effects on 

the needs for total crop production. Worldwide, it currently requires on average 45 kg 

of grain equivalents to make one kg of bovine meat, 1.6 kg grain/kg milk, 79 kg 
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grain/kg mutton, 6.7 kg grain/kg pork and 3.6 kg grain/kg poultry.2 This means that at 

the current ratios in the diet, meat production requires on average 28 kg of grain 

equivalents per kg of meat produced. If no changes occur in meat product by 2030, 

the ratios of meat in the diet will mean that for every kg of meat produced it will 

require 18.2 kg of grain equivalents. 

There are more optimal ways of producing meat, and if such methods are 

adopted globally, then this would significantly reduce the amount of grain equivalents 

required. Optimally in a landless system of meat production a kg of bovine meat 

would require 15 grain equivalents, mutton 46 grain equivalents, pork 6.2 and poultry 

3.1 and 1 grain equivalent for dairy.2 If such practices were adopted, because of 

economic factors or policy, the grain equivalents required per kg of meat would 

change to 9.1 kg in 2030.  

The current diet therefore requires a total of 665 kg directly from plants + 36 kg 

meat times 28 kg grain/kg meat + 78 kg dairy times 1.6 kg grain/kg milk = 1,798 kg 

of grain equivalents per person. If modern practices are adopted for meat and dairy 

production by 2030 this could change to 709.5 directly from plants + 1 times 90 kg 

dairy + 9.1 times 45 kg meat = 1,209 kg of grain equivalents per person. Such a 

decrease will make it much easier to meet food demand and some of our future 

energy demands.  

Globally this means with 5.9 billion people the total crop production in grain 

equivalents needs to be 5.9 billion people times 1,798 kg/capita = 10,608 billion kg 

grain equivalents. By 2030 if meat and dairy production would be optimized it would 

require 8.3 billion people times 1,209 kg grain equivalents per capita = 10,034.7 

billion grain equivalents. This would actually mean that no increased food production 

would be needed and land use patterns could be changed as crop production 

improved. While such dramatic changes are not likely, higher commodity crop prices 

would probably drive food production in this direction. 

Larger population and higher per capita food consumption will put growing 

demands on agriculture. Developing countries will play a major role in the growing 

demand for agricultural production in an attempt to lessen malnutrition. Countries 
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that have been able to raise their daily per capita food consumption all have several 

commonalities. They had a fairly high dependence on agriculture, take advantage of 

rapid growth in food production, and, for the most part, decrease their net imports.16  

An increase in per capita food consumption is also accompanied by a change in 

diet as countries develop. There is usually a rapid rise in vegetable oil, sugar, meat, 

milk, and egg consumption. Cereal crops are by far the most important source of total 

food consumption and their use has been increasing (see Table I.2).16 
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Table I.2. Changes in the commodity composition of food consumption, major country groups.16  



Working Document of the NPC Global Oil and Gas Study Made available July 18,2007 

   

 

In conclusion, there will be a growing population over the next three decades 

with the growth rate declining to 0.8%. The average per capita food consumption will 

rise to 3,050 Kcal/day from a current level of 2,800. These two factors translate to an 

average growth in food demand of 1.8% annually until 2030. 

Will agricultural production be able to keep pace with this growth rate? 

Historical evidence suggests that food production growth has been more than 

sufficient to meet the expected demand (see Figure I.2 and Table I.3).16 

 

Figure I.2. Commodity crop prices in constant  1990 US$/ton.16 

Figure I.2 and Table I.3 show a declining world market price and a production 

rate that has stayed ahead of the demand rate. Food production has been limited by 

effective demand rates rather than any shortage of supply. The past trends of 

decelerating growth of demand will probably continue, since the population growth 

rate continues to decline in spite of continued growth of consumption. However, even 

though agricultural production has been able to keep pace, there is no guarantee that 

this will continue in the future. Much will depend on whether advances in technology, 

education, and improved farm management that underpinned past growth continue.  
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Table I.3. Growth rates of aggregate demand and production (percentage/yr). 16 
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At the world level, production equals consumption since crops cannot be stored 

indefinitely. The downward pressure in world market prices has put pressure on 

production for export in countries without policies supporting production. The drastic 

decline in many developing countries’ traditional net trade surplus in agricultural 

goods has been speeded by domestic support and trade protection in countries that 

previously had been traditional markets. If the demand for agricultural products 

grows and favors policies globally that support agricultural production, there is good 

evidence that the resource potential and productivity gains needed to meet this 

demand are more than available.16 Figures I.4 and I.5 show the per capita 

consumption of cereals for all uses.16 

 

Figure I.4. Per-capita consumption of all cereals.16 
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Figure I.5. Categories of cereal consumption.16 

 

To meet the decelerating demand for grains there will have to be some growth in 

production (about 1% per annum, see Table I.4).16 
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Table I.4.Incremental growth in grain cereal demand.16 

To meet these challenges, traditional exporting countries and developing 

exporting countries will have to increase their production from 629 million tons to 

871 million tons by 2030. This production increase requires an annual growth rate of 

1.1% thru 2015 and 0.9%/yr for the next 15 years. This is lower than the average 

growth rate of 1.6% seen in the past 32 years.16  

What will be the actual growth rates in aggregate crop production? The FAO 

report indicates that this growth rate will be 1.4%, which is down from the 2.1% for 

the previous 30 years. The projected increase in crop production from 1997–2030 is 

55%. The projected faster growth in developing countries will increase their share of 

world production from 67% to 72%.16 

At present, 11% (1.5 billion hectares) of the globe’s land surface is used for crop 

production. This area represents 36% of the land estimated to be suitable for some 

type of agricultural production. About 4.2 billion hectares globally have some 

potential for cultivation. The developing countries have about 2.8 billion hectares and 
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of this, about 960 million are in cultivation. Ninety percent of this unutilized land is 

in Latin America and sub-Saharan Africa. More than half is concentrated in Brazil, 

Democratic Republic of Congo, Sudan, Angola, Argentina, Colombia, and Bolivia. 

There is virtually no land available in South Asia and the Near East or North Africa. 

Most of this land is also constrained by fragility, low fertility, disease or lack of 

infrastructure (see Tables I.5 and I.6).16 

 

Table I.5. Land with rain-fed crop potential.16
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Figure I.6. Total arable land: past and projected.16 

Overall, developing countries’ arable area will increase by 120 million hectares 

by 2030. Developed countries’ land area under production has actually decreased in 

the past, and this trend may continue. It has become increasingly easier over the past 

decades to extract additional units of food from arable land, and this has been 

reflected in the decline in the real price of food. This trend may continue in the future 

unless new demands call for increases in agricultural production. 

 Technology has a major role to play in determining the amount of land needed 

for food production. Are we reaching the ceiling of the green revolution? Will we 

only be seeing incremental increases in the developed world, while areas of the 

developing world where full use of modern agricultural practices have not been 



Working Document of the NPC Global Oil and Gas Study Made available July 18,2007 

   

 

implemented will see somewhat higher growth? Table I.6 estimates global area and 

yields for a variety of crops assuming that there will be a slow down in this growth 

rate to 1% per annum to 2030.16 

 

Table I.6. Area and yields for ten major crops in developing countries.16 

World agricultural production in past 4 decades has grown mostly from increased 

intensive use of land already under cultivation rather than from expansion of acreage, 

and even with some decrease in acreage in developed countries. Can this continue, 

and what is the potential for increased production? Figure I.6 and I.7 indicate the 

wide variance in wheat and corn productivity in different countries.16 
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Figure I.6. Wheat yields (average 1996–2000).16 

 

Figure I.7. Maize yields (average 1996–2000). 16 

Table I.7 shows the yields in various countries for wheat under similar agro-

ecologies.16 
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Table I.7. Agro-ecological similarity for rain-fed wheat production. 16 

These wide variations are a key indication that, depending on the intensity 

applied for crop production, there is considerable potential for yield increases. This 

does not mean that under current policy and price structure there is any incentive to 

change the intensity of production or that such changes are sustainable. The data do 
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indicate that there is considerable production potential that technology may be able to 

bridge in the future. 

Agricultural biotechnology is still in its early stages. Most of the advances seen 

thus far have been in agronomic traits such as herbicide resistance and pest resistance. 

In the future, this technology may make it easier to find traits of interest and follow 

those traits in breeding. Marker-assisted selection helps shorten the cycle of 

traditional breeding by allowing for more rapid selection. These advances may 

maintain or accelerate the productivity of agriculture. Hosts of traits are in the 

pipeline including fungal resistance; tolerance to drought, moisture, soil acidity, 

temperature extremes, and salt; and changes in starch, protein, or oil content.  

The preceding section has been a summary of the key issues surrounding global 

agricultural production for food and feed as seen in a 2003 FAO summary. It assumed 

the only demand for growth in production was coming from population and diet 

changes. The outcome of the report was that global food production would continue 

to provide for the food demands that are called for. A new demand on agriculture has 

come about due to higher crude-oil prices in the past few years, as well as from some 

countries’ needs to meet Kyoto Accord goals. This means that new demands will 

come about for energy crops. These demands will change economic incentives for 

production because of the imbalance of supply to meet both traditional and new 

demands. As stated earlier, a variety of studies have looked at the potential for both 

energy and food production from arable land available globally.2-15 These studies 

have not only had to look at the population growth and food-supply needs, but also at 

the variety of energy outputs that can come from arable land. Table I.8 summarizes 

the potential global energy supply for 2050 from these various outputs based on most 

of the published art.4 
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Table I.8. Overview of the global potential bioenergy supply in the long term for a number of 

categories, and the main preconditions and assumptions that determine these potentials.4  

What is the current situation for bioenergy? The Worldwatch institute has 

recently published a summary of their report on the global potential of biofuels in the 

21st century. Currently the two most prevalent biofuels after traditional bioenergy 

uses are ethanol and biodiesel. World production of ethanol has more than doubled 

between 2000 and 2005 while biodiesel has quadrupled (see Figures I.8 and I.9).17 
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Figure I.8. World fuel-ethanol production, 1975–2005.17 

 

 

 

Figure I.9. World fuel-biodiesel production, 1991–2005.17 
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Biofuels investments have risen rapidly with the rise in oil prices and on 

environmental concerns in Brazil, Europe and the USA. Current production is based 

on oilseeds, corn, and sugar cane. Built upon the base of these feedstocks, there is 

expected to be further expansion with energy crops as technology becomes available 

to convert them cost effectively to biofuels. Current energy crops yields are shown in 

Figure I.10.17 

 

Figure I.10. Biofuel yields of selected crops.17 

In order to produce many of the current biofuels, energy is used to produce, 

harvest, transport, and convert the crop to the final fuel. The amount of energy used 

varies depending on the type of crop, fertilizer needs, whether the co-products of the 

crop can be used as an energy source, and the type of conversion. The actual cost of 

production of the fuel will also vary depending on the cost of the feedstock and the 

value of the co-products of the conversion. Table I.9 is a summary of some fossil-

energy usages in current production.17 One notable comparison is between ethanol 

produced from corn and sugar cane. Sugarcane production produces a waste co-

product, which can be burned to provide energy for the processing plant. This gives 

its production a high-energy value versus its fossil fuel input of 8:1. Ethanol from 

corn has a much lower value of 1.5:1. This is mainly because corn production uses 
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more nitrogen fertilizer in its production and the co-product in its processing is a 

high-value animal feed product: distiller’s dried grain. This co-product could be 

burned to provide energy for the process but has higher value as a high-protein animal 

feed. Trade-offs of this nature will probably play a role in choices of whether to use a 

given feedstock for food or fuel in the future of bioenergy production. 
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Table I.9. Fossil-energy balances of selected fuel types.17 



Working Document of the NPC Global Oil and Gas Study Made available July 18,2007 

   

 

 

 

The other major consideration currently driving biofuels growth is the benefit on 

greenhouse gas emissions. Figures I.11 and I.12 cover some of these considerations.17 

 

Figure I.11. Potential reductions in greenhouse gas emissions by feedstock type.17 
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Figure I.12. Biofuel cost per tonne of greenhouse gas (GHG) reduction. 17 

(Note: Low (green) and high (purple) ranges were developed using highest cost–lowest GHG 

reduction estimate, and lowest cost–highest GHG reduction estimate for each option, then taking 

the 25% and 75% percentile of this range to represent the low and high estimates in this figure.) 

Future growth in production will be driven by increased demand for renewable 

fuels fed both by the higher cost of conventional fossil fuels and by environmental 

policy. While this will likely increase the price of agricultural commodities, it has the 

potential to benefit subsistence agricultural production globally because of the higher 

value that can be obtained from the products they produce. 

As stated earlier, there have been numerous studies on the potential of bioenergy 

over the past two decades. These have been driven by both environmental concerns 

and concern that fossil fuels will not last forever. In 2003, a summary of 17 such 

publications was done.9 The review divided most of the prior studies into two types. 

The first were demand driven. These looked at the potential for bioenergy to meet 

certain targets or demands. The second types were resource-based and determined 

how those resources could be used to meet the various markets that needed to be 

supplied (see Table I.10).9 
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Table I.10. Approaches, time frame, and geographic aggregation used in the reviewed studies.9 

Figure I.13 graphically displays the results of the various studies.9 While there is 

considerable variation in the projections, most indicate that a bioenergy supply of 200 

to 400 EJ could be achieved by 2050. This energy is expected to come from a variety 

of sources including crop residues and bioenergy crops (see Figure I.14). Figure I.14 

provides more information about the studies than is shown in Figure I.13. Several of 

the studies only looked at specific categories of bioenergy supply. Those that looked 

at the broad spectrum of potential supplies have much larger values for the potential 
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of biomass in the future. Most studies separate food production from bioenergy 

production so that the food supply is not affected, although these agricultural 

industries are likely to be highly connected. More plausibly, the economics of 

producing food and fuel will become more positive as the demand for products 

increases. These developments will drive increased production of agricultural crops to 

meet demand.  

 

Figure I.13. Potential biomass supply for energy over time. 9 
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Figure I.14. The contribution of specific sources to the total bioenergy supply. 9 
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Several studies since the review of Berndes et al. in 2003 have further refined the 

possibilities for biomass production. In 2004, a paper by Parikka considered woody 

biomass and other residues as potential sources of bioenergy.11 Table I.11 

summarizes their results gathered from the FAO database.11 

 

Table I.11. Biomass energy potentials and current use in different regions.11 

These data indicate that the total sustainable energy potential worldwide is about 

100 EJ per annum, with 41% from woody biomass. Additionally, Parrikka concluded 

that the greatest potential for expanded biomass production exists in North America, 

Latin America, Europe and the former USSR. 

 Hoogwijk, et al. carried out another refinement of the IMAGE model in 2005.12 

Their study compared four different scenarios and their effects on the potential of 

bioenergy production. Because of the large potential that energy crops might have in 

the future, this study emphasized bioenergy crops. Energy-crop production was 

examined on abandoned agricultural land, low productivity land, and at-rest land. To 

simplify the study, only woody bioenergy crops were studied, although a wider 

variety will most likely be utilized in the future. Figure I.15 summarizes the 

parameters placed on the future world. 
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Figure I.15. Assumptions related to food demand and supply for four scenarios.12 

Different factors are applied to population growth and the level of management 

of agricultural production. The management factor affects the predicted annual 

increases in food production. The global average annual increase from 1961 to 2002 

for sugar cane, wheat, rice, and coffee are 0.66%, 2.26%, 1.82%, and 0.94%, 

respectively. For use in the Hoogwijk study, future increases are estimated at 1.1% to 

2.6% up to 2020, and 1.2% to 1.6% up to 2050.12 For reference, the management 

factor assigned for today’s sugarcane production is 0.7 in this study with a future 

upper limit of 1.5. 

Land use patterns are shown in Figure I.16 for the various scenarios. As can be 

seen, the amount of crop land needed for food production varies widely based on the 

productivity and population projected in the different future scenarios. 
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Figure I.16. Simulated distribution of land-use pattern.12  

Table I.12 outlines the projected bioenergy crop production for each scenario, 

with estimates for 2050 ranging from 300 to 650 EJ per year. Low productivity land 

was not a production prime factor in this future. For reference, total primary energy 

consumption for the world in 2000 was 400-450 EJ/y. 
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Table I.12. Regional energy-crop production projections for Hoogwijk scenarios. 12 

 Tables I.13, I.14 and I.15 show ratios of bioenergy production to energy usage, 

energy conversion factors, and the technical energy production estimated in this 

study. Table I.13 shows the projected ratio of bioenergy production to total energy 

consumption for various regions, while Table I.15 displays projected global 

bioenergy production, as well as the electricity and fuel that could be obtained from it 

based on the conversion factors shown in Table I.14. 
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Table I.13. Ratio of the regional geographical potential of growing biomass in 2050 compared to 

the projected primary energy consumption in the year 2050.12  

 

 

Table I.14. Summary of the parameters required for two conversion technologies.12 
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Table I.15. Technical potential of biomass energy for the year 2050 for four SRES scenarios, 

compared to present consumption.12 

Commenting on their results, Hoogwijk et al. give the following caveat: “Finally, 

it should be noted that using the total of the potential covering three types of land-use 

categories is extreme and theoretical, as it would imply an area of almost 30–40% of 

the total land area. These values are in the same order of magnitude up to 200% of the 

current agricultural land area.”12 

Smeets et al. comprehensively reviewed bioenergy production potential using a 

Quickscan model.2 This model is based on evaluation of data and studies on relevant 

factors such as population growth, per capita food consumption and the efficiency of 

food production.  

 “Three types of biomass energy sources are included: dedicated bioenergy crops, 

agricultural and forestry residues and waste, and forest growth. The bioenergy 

production potential in a region is limited by various factors, such as the demand for 

food, industrial roundwood, traditional woodfuel, and the need to maintain existing 

forests for the protection of biodiversity, because competition between bioenergy 

production and these ecosystem functions is considered unsustainable. Special 

attention is given to the technical potential to reduce the area of agricultural land 

needed for food production by increasing the efficiency of food production. The area 

of surplus agricultural land that is no longer required for food production is available 

for energy crop production. A reference scenario has been composed to analyze the 

demand for food. Four levels of advancement of agricultural technology in the year 

2050 are assumed that vary with respect to the efficiency of food production. Results 

indicate that the application of very efficient agricultural systems combined with the 
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geographic optimization of land use patterns could reduce the area of agricultural land 

needed to cover the global food demand in 2050 by as much as 72% of the present 

agricultural land.”2 

In 1998, the use of biomass for food production, materials, and bioenergy is 

estimated at 273 EJ/yr. Roughly 75% of this is lost during processing, harvesting, and 

transport. 

“In terms of energy, the use of biomass for the production of food, materials and 

traditional bioenergy is estimated at 273 EJy-1 in 1998, equal to 12% of the total NPP 

[…]. The production of food involved an annual turnover of biomass equivalent to 

213 EJy-1 in 1998; the use of industrial roundwood and traditional woodfuel in 1998 

involved a turnover of biomass equivalent to 28 EJy-1 and 32 EJy-1, respectively. 

However, roughly ¾ of the biomass turnover used for the production of food, 

industrial roundwood and traditional woodfuel is lost during processing, harvesting 

and transport. Current estimates indicate that by 2050 the largest potential bioenergy 

sources are from energy crops grown on degraded and surplus agricultural land (0-

1100 EJ/y) agricultural residues 10-32EJ/y and forest growth at 42-58 EJ/y.”2 

The Quickscan study includes sugar cane, wheat, maize, eucalyptus, willow, 

poplar, and grasses as energy crops. It also seeks to maximize production and food-

crop efficiency so that surplus agricultural land can be used for energy-crop 

production. It also considers increasing the intensity of meat production using more 

industrialized systems.  

Tables I.16 to I.19 show the key variables, the estimated production of systems 

1–4, and the production systems descriptions. 
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Table I.16. Quickscan model key parameters.2 

 

Table I.17. Overview of the four systems studied.2 

 

 

Table I.18. Level of advancement of animal production systems.2 
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Table I.19. Level of advancement of agricultural technology.2 

 

Today, 70% of global agricultural land use is devoted to the production of animal 

products. As a result, the efficiency of meat production significantly affects the 

amount of land needed to feed the global population. Meat production efficiency 

ranges from 3 kg of biomass/kg of poultry meat in an efficient production system to 

over 100 kg of biomass/kg of bovine meat in a pastoral system with low levels of 

technology. By converting production to more efficient systems globally, this study is 

able to dedicate considerable land for bioenergy crop production while still feeding 

the growing populations. 

Table I.20 “shows that in 2050, compared to 1998, the area of land required for 

food production could be decreased by 14%, 22%, 64% and 70% in system 1 to 4, 

respectively. The total area of surplus agricultural land ranges between 0.7 Gha in 

system 1 to 3.6 Gha in system 4. These results are broadly in line with data found in 

other studies. E.g. Wolf et al. … calculated the area of land available for bioenergy 

production in 2050 as a function of the demand for food and the level of external 

inputs in agriculture, such as mechanized operations and the use of fertilizers and 

agricultural chemicals.”2 
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Table I.20. Total agricultural land in 1998 and the potential surplus by 2050 under various 

systems, as well as the self-sufficiency ratio in percent.2 

As seen in table I.20, the Quickscan model indicates surplus agricultural land of 

0.7, 1.2, 3.3, and 3.6 Gha for systems 1–4. Figure I.17 indicates the bulk of this 

surplus land is not suitable for conventional crop production, but this does not 

preclude it from bioenergy crop production. 

 

Figure I.17. Suitability of the global surplus agricultural land in 2050.2  
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Table I.21 indicates the yield level projected on this land in the various 

agricultural systems by 2050 using an IMAGE modeled yield of 12 oven-dry-ton/ha 

(odt/ha) annually. 

 

 

Table I.21. Woody bioenergy crop yields in various regions by 2050 on surplus agricultural 

land.18 

Table I.22 summarizes the total estimated energy from energy corps grown on 

the surplus agricultural land under the four systems. 

 

Table I.22. Bioenergy crop-production potential in 2050 based on woody crops on surplus 

agricultural land. 2 
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Table I.23 displays the energy available from crop residues by 2050. 

 

 

Table I.23. Potential supply of agricultural residues and waste in 2050 (units of EJ/yr).2 

 

“The results clearly show that in 2050 the technical potential to increase the 

efficiency of food production is sufficiently large to compensate for the increasing 

food consumption in principle. The total global bioenergy production potential in 

2050 is 364 EJy-1, 607 EJy-1, 1270 EJy-1 and 1545 EJy-1 for system 1, 2, 3 and 4, 

respectively. The bulk of this potential comes from specialized bioenergy crops 

grown on surplus agricultural land not required for food production. The variation 

between the various systems is mainly dependent on the efficiency with which animal 

products are produced. Residues and wastes account for 76 EJy-1 to 96 EJy-1 of the 

technical potentials, although the use of residues and wastes as traditional fuel, animal 

bedding, for soil improvement or as a source of fibre for the paper industry will 

reduce these figures. The difference in the potential of residues and wastes between 

various production systems is the result of differences in the demand for feed crops. 

The surplus (technical) bioenergy production potential from wood obtained from 

natural forests is estimated at 82 EJy-1, based on a medium demand for wood 
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scenario and high plantation establishment scenario. The potential of surplus forest 

growth and woody residues and wastes is further analysed in a separate article.”2 

Although, the Quickscan study arrived at a similar land surplus for energy crop 

production as several prior studies (Wolf and Hoogwijk),5,10 it calculated bioenergy 

potentials 60 to 40% higher, mainly by projecting a much higher 2050 yield per acre. 

This higher yield is justified by future yield improvements and more advanced 

management practices. 

There is considerable room to achieve these higher yields for both energy and 

conventional crops. The current average photosynthetic efficiency for the global 

production of biomass is 0.3%. Maximum efficiency for C-3 plants is 3.3% and for 

C-4 plants is 6.7%. (C-3 and C-4 plants use different metabolic pathways for fixing 

carbon dioxide: C-4 plants can achieve higher efficiencies.) While achieving maximal 

levels is unlikely, yields of 2% may be attainable. 

These studies have shown considerable theoretical potential bioenergy if the 

world develops a strategic plan to embrace renewable energy that would drive 

investment in agricultural production of both food and fuel. Table I.8 probably best 

summarizes the global potential for bioenergy, with mid-range projections of 250–

500 EJ/yr most likely. The higher projections would require a transformation in 

agricultural production around the world. In contrast, 150 EJ/yr could probably be 

extracted from crop residues, forest residues, and dung without new agricultural 

practices but would require infrastructure to collect, transport and convert these 

commodities. 
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X. Selected Energy Crop Possibilities 
  

Several studies have investigated the promise of individual crops for bioenergy in 

the future. Their results help determine the potential for energy crops to make 

significant contributions with the appropriate drivers in place. Table X.1 details the 

estimated available land for expanding energy crop production in various regions.15 

 

Table X.1. Comparison of actual and potential available land for rain-fed agriculture.15 

 As a perennial and highly productive source of easily fermentable sugars, sugar 

cane is often promoted as a potential energy crop. For example, just 21 Mha of sugar 

cane worldwide produce 1,750 Mt/yr of biomass, compared to 2,400 Mt/yr produced 
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by all cereal crops covering more than 700 Mha. In addition, sugarcane bagasse 

(pulp) is readily available to run ethanol plants or produce electricity. 

 

“Sugarcane can yield in the near term 260 GJ/ha·yr, while the most efficient 

tropical forests may yield around 135 GJ/ha·yr, when starting from 450 GJ/ha·yr of 

primary energy. In the long term sugarcane can provide up to 400 GJ/ha·yr, while 

tropical forests may reach 300 GJ/ha·yr. The major drivers for long-term yields from 

sugarcane are the use of all above ground biomass (bagasse, juice and barbojo) that 

can be sustainably harvested, as well as species improvement and dissemination of 

the best varieties and practices to all plantation sites. For forests (including tropical) 

genetic improvement, better fertilization and even irrigation (which may not be 

sustainable due to global water limitations) are considered. In order to obtain 390 

GJ/ha·yr of final energy from 860 GJ/ha·yr of primary energy (all above ground 

biomass average yield by 2020–30) the following assumptions are made: 

1) 40% of the barbojo is left on the ground to protect the soil 

2) all remaining solid biomass primary energy will be converted to final 

energy through cogeneration plants.  

This last assumption is quite feasible since today most sugar mills produce their 

entire steam requirement, as well as their electricity needs through the use of 

cogeneration facilities. It is quite important to observe that the overall conversion 

efficiency for ethanol and electricity production may approach 55%, which is a high 

value.”15 

Based on this yield of sugar cane, if a regional program went into effect to 

further develop sugarcane plantations for energy production in appropriate areas so 

that a total area of 143 Mha was in production by 2030 yielding 140 tons/ha/yr (wet), 

the total energy production was calculated. This calculation was also based on 

assuming that breeding would allow an increase of the sugar content of the cane 

harvested by 26%. With this in place, the plantations would produce 163.9 EJ/yr of 

primary energy. This would be done on 4,000 plantations each able to process 25,000 

t/day. Table X.2 summarizes these figures.15 
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Table X.2. Energy produced from sugar-alcohol mills distributed over world agricultural land 

area at a density of 1 per 6,200 km2.15  

A second energy crop often discussed is switchgrass. This temperate crop is also 

a perennial and has potential for growth on more sensitive arable land. It has not 

undergone a long history of breeding and as such may permit significant increases in 

productivity. Table X.3 shows projections for switchgrass improvement over the next 

20 years, with maximal yields in the range of 20–25 Mg/Ha/yr in selected regions.18 

Because switchgrass has an energy content of 17.4 million BTU/Mg (Table X.4), this 

equates to ~400 GJ/ha. While this projected yield approaches that of sugar cane, as 

cellulosic biomass, switchgrass would be more difficult to convert to ethanol.  
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Table X.3. Estimates of annual dry-matter switchgrass yield potential for each of seven U.S. 

production regions.18 

 

 

 

Table X.4. Average heat content of selected biofuels (English units).19  
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Corn is also an energy crop, albeit an annual that also produces a high-protein 

component. If both the stover and the grain were harvested, its potential yield of 

biomass would be similar to that of switchgrass or sugar cane. Because corn is an 

annual crop, some of the stover must be retained to maintain productivity, and, unlike 

switchgrass, corn cannot be grown on a sensitive landscape. From a pure energy 

perspective, corn also suffers from the fact that it produces high-protein grain which 

requires nitrogen fertilizers to maintain productivity. As long as meat production 

requires the high-protein component, this allows the economical use of the corn 

carbohydrate fractions for energy production. Recent Monsanto projections for the 

potential corn improvements via biotechnology indicate the corn yields in the United 

States could increase from 153 bu/acre today to an average of 300 bu/acre in <what 

year?>.20 With moderate acreage increases through drought tolerance traits, this could 

lead to a national production level of 25 billion bushels, with 20 billion bushels 

available for ethanol production. Using existing dry-mill technology, this crop would 

produce about 54 billion gallons of ethanol, 154 million metric tons of distillers dried 

grain (DDG) and, if the oil were extracted and converted to biodiesel, 6 billion 

gallons of B100 (100% biodiesel). Because corn-stover yields have historically 

remained constant at a 1:1 stover:grain mass ratio, 509 million metric tons of stover 

would also be available at a 15% moisture basis. If 60% were collected and converted 

to ethanol at a rate of 70 gallons per MT of stover, an extra 18 billion gallons of 

ethanol would be available from stover for at total biofuel production of 72 billion 

gallons of ethanol and 6 billion gallons of biodiesel for a total of 6.6 EJ. 

A second study on corn production in the United States estimated the effect 

$60/bbl oil and $4/bu corn prices will have on corn production both in the USA and 

globally. The study predicted that at $4.05/bu corn and $60/bbl crude oil, corn-based 

ethanol production would reach 31.5 billion gallons per year in 2015.  

Supporting this level of production would require 95.6 million acres of corn to be 

planted. This increase in acreage would occur because of economic drivers over other 

crops. Also the corn export market would be lost because non-domestic corn 

production would also increase to fill those markets. 
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Total corn production in the USA would be approximately 15.6 billion bushels, 

compared to 11.0 billion bushels today.21 

Thus far, the potential of agriculture to produce biomass for energy production 

has been reviewed. The track record of agricultural improvements, combined with 

projected declining population growth, indicates that food needs will not limit 

biomass production. As detailed above, food production has increased since the 1960s 

even with a decline in real value for commodity crops. This decline has been caused 

by demand growth, which has not grown at the rate that the supply could have 

grown.16 In addition, per acre yields of a variety of commodity crops vary widely, 

globally depending on not only environmental conditions but also government 

policies encouraging production. In areas of the world that lack farm support, there 

has been no impetus to breed better-yielding varieties or to use more-productive 

farming practices. As suggested by studies projecting biomass production on surplus 

land, the new demands of bioenergy may shift agricultural economics so that demand 

actually outstrips supply. This should drive investment in more-efficient farming 

practices and improved crops for growing regions around the world. As a result, 

under the correct policies, agriculture in the bioenergy era may potentially provide 

not only food and fuel but also livelihood for portions of the world now in abject 

poverty. 

A wide variety of studies has projected bioenergy production levels under 

optimal policies with wide variations in results. Based on a survey of the results, the 

mid-range of 300–400 EJ from biomass seems feasible by 2050, if not sooner. Most 

of these studies have avoided examining the competition between food and fuel 

production, but it seems likely that there would need to be competing demands to 

drive agricultural investment and therefore production. 

Several specific crops have been investigated for bioenergy potential. Increasing 

sugarcane cultivation from 21 Mha today to 143 Mha, along with projected yield 

improvements, would produce total primary energy of 169 EJ, which could be 

converted to 37.9 EJ of electricity and 51.5 EJ of ethanol fuel.15 Because palm-oil 
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yields per hectare are also relatively high,17 it is equally promising as a tropical 

energy crop, if similar acreage growth could occur. 

Switchgrass dry-basis yields were estimated to approach 20 to 25 Mg/ha in 

selected areas of the USA by 2025.18 This level of production would give energy 

yields per hectare similar to sugar cane, but as a cellulosic source it would require 

different technology for conversion to transportation fuel. 

Corn is also expected to increase in yield over the coming decades. Future yield 

gains appear to be increasing rapidly, and a 25 billion bushel U.S. corn crop through 

moderate expansion in acreage is proposed in 2030, up from approximately 11 billion 

bushels today.20 This scale of production could potentially supply 54 billion gallons 

of ethanol and 6 billion gallons of biodiesel, with enough corn stover to either supply 

energy for the ethanol plants or produce another 21 billion gallons of ethanol. 

The corn, palm, and sugarcane scenarios require crop enhancements and 

moderate-to-large increases in cultivated acreage. While switchgrass has tremendous 

potential for bioenergy production in temperate climates on marginal land, it also 

requires technology to convert biomass to fuel on smaller scale with more distributed 

production systems. 

  

XI. United States Production Potential 
  

 As one of the largest users of energy, the United States is in a position of 

needing to diversify its sources of energy for economic and strategic reasons. The 

USA is endowed with large oil, coal, and biomass production potential. This study is 

focused on the bioenergy potential by 2025. What could the USA produce in the form 

of bioenergy? In one scenario described above, corn potentially could be producing 6 

EJ of ethanol. This is about the equivalent of 33% of our current gasoline usage. Is 

the potential larger? In 2005, Oak Ridge National Laboratory published “the Billion 

Ton Study,”22 that explores the potential supply of biomass for energy production 

within the USA. Several key assumptions underlie the report’s conclusions. For 
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agricultural production, yields of grain were projected to increase by 50% by 2030. 

Soybeans were assumed to be selected for varieties that increase the residue-to-

oilseed ratio to 2:1. Future harvest equipment was envisioned to recover 75% of the 

residue, with all cropland converted to no-till methods to allow this recovery level 

without topsoil destruction. In addition, all manure and other residues in excess of 

that applied to land was assumed to be converted to biofuels. Through the increased 

crop yields per acre, 55 million acres could be converted to energy crop production 

from food production. 

For forestry production only forest lands with current road accessibility were 

included, environmentally sensitive areas were omitted, equipment recovery 

limitations were considered, and production was split into usage categories of 

conventional forest products, energy and biomaterials. Results are shown in the 

following tables and figures. 

 

Table XI.1. Annual U.S. biomass potential.22 
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Table XI.2. Ethanol potential from cellulosic feedstock assuming a 70 gallon/ton yield.19 

 

 

Table XI.3. Projection of biomass from U.S. agricultural lands for bioenergy production.23 
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Table XI.4. Projection of biomass from U.S. forest lands for bioenergy production.23 

The billion-ton study indicates that with changes in agricultural and forestry 

practices to maximize biofuel production, the USA could produce up to 1.3 billion 

tons of biomass for energy production. Assuming a yield of 70 gallons of ethanol per 

dry ton, this crop could produce 91 billion gallons of ethanol.  

 Land required within a given 
radius to feed plant of given size,1 
% 

Feedstock 
collection 
radius, 
miles 

Plant size at 90% capacity,  
tons/day 

 500 1000 5000 10000 20000 
10 6.5 13.1 65.5 - - 
20 1.6 3.3 16.4 32.7 65 
30 0.7 1.5 7.3 14.6 29 
40 0.4 0.8 4.1 8.2 16.4 
50 0.3 0.5 2.6 5.2 10.5 
60 0.2 0.4 1.8 3.6 7.3 
70 0.1 0.3 1.3 2.7 5.3 

Ethanol 
production,2 
million 
gal/yr 

12 24 122 244 488 
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1 12.5 tons/acre of switchgrass 
2 70 gallons of ethanol/ton 

Table XI.5. Percent of land required within a given radius to feed several plant sizes.24 

As the preceding studies suggest, the development of significant supplies of 

biomass for energy in the near future is feasible. Actual conversion of this source into 

usable fuels will depend on the technical competence to convert it into useful, 

transportable fuels. Biomass is, in general, broadly distributed, whether from forestry 

wastes, agricultural wastes, or dedicated energy crops. Table XI.5 indicates the 

availability of feedstock under current tillage practices and the potential if no-till is 

developed fully within a 50-mile radius in the agricultural producing region of the 

USA. Large plants processing 1000 bone dry ton (bdt)/day are possible in areas with 

highly concentrated biomass sources such as sugarcane plantations, but in order to 

fully utilize biomass potential efficient plants that utilize on the order of 500 bdt/day 

will be needed. The table below indicates the collection area requirements for plants 

of various scales using a dedicated energy crop that produces on average 12.5 tons 

per acre of dry biomass, such as switch grass. Highly promising crop residues sources 

such as corn stover yield only approximately 3 tons per acre of harvestable biomass, 

placing a further limitation on plant size. Smaller plants capable of using multiple 

feedstocks would be less vulnerable to changes in local production than large ones 

dedicated to single crops. Developing technologies, which can efficiently operate at 

small scales, will be crucial to bioenergy success. 

Because biomass in general has a low density and comes from disperse sources, 

bioenergy faces unique logistical challenges. The energy and economic expense of 

biomass transportation and storage necessitate local conversion technologies. 

Successful biorefineries will require large, reliable feedstock sources. Using current 

ethanol technologies, the yield of ethanol per dry ton of feedstock is about 65 gallons 

per ton, while future technologies may afford up to 100 gallons per ton. At 65 gallons 

per ton, a mid-size ethanol plant (65 million gallon per year) would require 1 million 

dry tons or about 3,000 tons per day. Using crop residues, such a plant would require 

500,000 acres or more of land or most of the residue from land within a 15-mile 
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supply radius (see Figure XI.6). Therefore, small biorefineries based on crop residues 

would require the following practices to be developed:25 

1) Large Area: Minimum of 500,000 acres of available cropland 

2) Sustainable: Cropping practice to maintain or enhance long-term health of 

the soil 

3) Reliable: Consistent crop supply history with dry harvest weather 

4) Economic: High-yielding cropland. 

Larger facilities could be developed if rail transportation would be available, 

although the logistics of integrating truck and rail transport would add extra costs. 

The cost of biomass at the refinery is one of the key variables discussed in many 

articles. Often, $25/ton at the refinery gate is cited as a potential price. While this may 

be the current case at selected locations, if a true market develops for bioenergy crops 

and crop residues, then new economics will probably come into play. A more likely 

estimate is $50 per dry ton, including the cost of collecting crop residues and a $20 

margin for the farmers supplying the residue.25 

Table XI.7 shows the economics of crop residue collection of baling versus one-

pass harvesting, bulk storage, and rail transport to a processing plant with $50 

delivered cost. 

 

Table XI.6. Feedstock production and availability in a 50-mile radius (million dry tons).25 
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Table XI.7. Excess stover or straw sales.25 

In a study of the economics of corn stover harvest and transport in Minnesota for 

a 50 million gallon per year ethanol plant, the marginal stover cost was estimated to 

be between $54 and $65 a dry ton, depending on the harvesting method.26  

Even with a mature bioenergy crop production scenario, the acreage planted will 

depend heavily on the price offered for the crop. Figure III.7 shows the effect of price 

offered for switchgrass and the acreage planted.27 
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Figure III.7. Effect of farm-gate price on acreage planted.27  

Transportation costs are a key factor in determining the size of a mature 

bioenergy industry, which can maximize the acreage planted in energy crops. Truck 

costs are estimated at $0.22 per ton-mile and rail costs at $0.07 per ton-mile. 

Conversion processes that can be scaled to local production and transportation 

systems will be needed.27 

  

XII. Biomass Conversion Technologies 
  

The definition of energy crops will change as technologies develop to convert the 

various types of biomass into more useful fuels in the future. Current technologies 

such as direct combustion and the production of ethanol or biodiesel have made 

wood, dung, cereals, sugar crops, and oilseeds the current leaders in bioenergy crops. 

The development of technologies to convert lignin and cellulose more efficiently into 
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useful fuel may change the direction of energy crop development. Figure XII.1 

diagrams some of the flow patterns of commonly used biomass fuel.28 

The development of new bioenergy crops based on lignocellulose face several 

hurdles. The first issue of logistics has already been discussed. At 20 cents per mile 

per ton transportation cost this equates to about a $4 charge per ton for a plant 

drawing on biomass within a 30 mile radius. Providing a $25/ton margin for the 

farmer as well as paying for collection, fertilizer needs, and handling will rapidly 

bring the cost at the plant gate to over $50 dollars a dry ton. Using current technology 

with yields in the range of 70 gallons of ethanol per ton, the minimum feedstock 

contribution to the ethanol cost will be 70 cents per gallon. Processing costs will have 

to be minimized and economies of scale that fit the distributed nature of biomass 

feedstocks will need to be developed to make this a profitable venture. 

There are a variety of technologies being looked at for biomass conversion. The 

first and most efficient is direct combustion for electricity and heat generation. This is 

a relatively mature technology and the major limitation for its growth is the economy 

of scale. Biomass can only play a role as a co-firing feed unless a more distributed 

power generation technology is developed. If so, some of the energy loss in 

distributing electricity would be minimized. See Table XII.2 for some current 

technology efficiencies. 
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Figure XII.1. Flow patterns of commonly used biomass fuel.28 
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Table XII.1. Comparison of commonly used fuel properties.28 
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Table XII.2. Comparative efficiencies of a range of methods and fuels for electricity generation.28 

A second technology for the conversion of biomass that is being looked at 

seriously is the production of ethanol by fermentation. This technology has several 

deficiencies in its current state. Lignocellulose is not of a set composition so that the 

technology for converting wheat straw may not be the same as that needed for corn 

stover or woody biomass. This severely limits a production plant often to a single 

feedstock, which could have serious consequences if local conditions for that 

feedstock’s production changes.  

A second issue with biomass is its recalcitrance to conversion to free sugars for 

fermentation. Lignocellulose was developed by nature to be a structural material. As 

such it is not readily digested or hydrated. It has a relatively crystalline nature. 

Pretreatment technologies are being developed to overcome these limitations. They 

are strong acid, weak acid, enzymatic treatments, mixtures of these methods, steam 

explosion with and without acid, and alkaline treatment such as ammonia. Strong acid 



Working Document of the NPC Global Oil and Gas Study Made available July 18,2007 

   

 

technology is relatively straightforward and is run at low temperatures. Its major 

limitation is that it requires efficient recovery of the acid. Weak acid recovers both 

pentose and glucose streams, requires two steps, one for the recovery of the pentose 

and one for the glucose. While this produces less inhibitors, it may still require 

cleanup prior to fermentation. Steam explosion and alkaline treatment open up the 

cellulose to provide more surface area for enzymatic attack. The final process is 

enzymatic. This has lately seen the most research. In this process, some pretreatment 

is carried out to break up the lignin-cellulose interactions and open up the 

hemicellulose and cellulose to enzymatic attack. This technology has issues with 

enzyme costs, length of time needed for depolymerization of the cellulose, dilute 

nature of the process because of the water-holding capacity of the cellulose, the 

specificity of the enzymes for individual feedstocks, and feedback inhibition of the 

enzymes by glucose. With the other processes it also has issues with the development 

of fermentation inhibitors in the pretreatment stage. 

The development of fermentation technology to deal with the products from 

biomass conversion is also problematic. The dilute-acid and enzymatic processes 

produce dilute sugar streams. Because both the pentoses and hexoses are available for 

fermentation, the development of micro-organisms to ferment both sugars 

simultaneously is a goal of fermentation-culture development. With the enzymatic 

processes, simultaneous saccharification and fermentation processes are being 

developed to overcome the glucose inhibition of the enzymes. While overcoming the 

inhibition, the enzymatic process must be run at the temperature optimum of the 

fermentation culture rather than the enzyme system. Long fermentation times 

required to match the enzyme activity for the fermentation can lead to sluggish 

microbial systems and open the process up to contamination from other micro-

organisms, lowering the yield of ethanol. With all of these processes, unlike cereal 

crops or sugar cane, there are no other nutrients for culture growth in the hydrolysates 

that necessitate the addition of nutrients to the media for successful fermentations. 
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Figure XII.2 Proposed configurations for the use of waste products from the lignocellulosic 

conversion process to be used as energy source for running the production of ethanol.29 
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Energy requirements for cellulosic fermentations are somewhat higher than for 

conventional ethanol fermentation because of the more dilute nature of the processes. 

The waste products of the lignocellulosic conversion process are proposed to be used 

as energy source for running the production of ethanol, which leads to the higher 

fossil energy efficiencies proposed for these processes. Figure XII.2 diagrams 

proposed configurations for these processes.29 

Table XII.3 shows some of the economics assumed in a variety of studies in the 

literature.29 Ethanol yield is only calculated on the actual yield over the theoretical 

yield from the hexoses present in the feedstock, not the pentoses. 

In the GREET model developed at ORNL, the future energy efficiency of 

cellulosic ethanol production by fermentation was projected.30 At cellulosic ethanol 

plants, the unfermentable biomass components, primarily lignin, can be used to 

generate steam (needed in ethanol plants) and electricity in cogeneration systems. 

Recent simulations of cellulosic ethanol production by NREL indicated an ethanol 

yield of 76 gal per dry ton of hardwood biomass for ethanol plants that will be in 

operation around the year 2005. Such ethanol plants consume 2,719 Btu of diesel fuel 

and generate 1.73 kWh of electricity per gallon of ethanol produced. 
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Table XII.3. Economics of ethanol yield.29 

For cellulosic ethanol plants operating in 2010, the simulations indicated an 

ethanol yield of 98 gal per dry ton of hardwood biomass. The plants will consume 
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2,719 Btu of diesel fuel and generate 0.56 kWh of electricity per gallon of ethanol 

produced. Table XII.4 presents the assumptions used in our analysis.”30  

 

Table XII.4. Assumption in the GREET analysis.30  

Other technologies for converting biomass to fuels are gasification, pyrolysis, 

and anaerobic digestion. These are shown along with current technologies in Figure 

XII.3.31 

Gasification is a proven technology practiced on coal and biomass to produce 

syngas that can be utilized for a variety of applications. Key technological barriers for 

the production of synthetic fuels from biomass are gas cleanup and the economies of 

scale for such operations. Production of a syngas suitable for upgrading to biofuels by 

alcohol synthesis or Fischer-Topsch (F-T) diesel production requires either direct 

gasification with oxygen or indirect steam gasification. While biomass gasification 

can be run at a lower temperatures than coal, putting a complete process together with 

enough biomass feedstock to justify building an oxygen plant, or a catalytic 

upgrading plant to make alcohol or F-T diesel is problematic. Either building a plant 

that uses both coal and biomass or a change in the economy of scale needs to occur. 

Fermentations of syngas to fuels are also in development.32 

Pyrolysis and hydrothermal liquefaction have some potential to be practiced 

locally to produce a liquid fuel that could be used as fuel oil and upgraded at 

centralized sites into motor fuels. There are several different types of pyrolysis 

reactions that can be carried out yielding different products. Slow pyrolysis at a 
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temperature of 220°C to 280°C is called torrefaction. Under these conditions the 

hemicellulose and lignin fractions are modified, conferring hydrophobic properties on 

the biomass and making it more friable. Treatment at higher temperatures, 500°C 

leads to the production of charcoal. Traditional methods only retain 55% to 65% of 

the energy in the feedstock. New technology has yields over 70%. This might be an 

option for generation of an easily transported intermediate for further conversion.33 

 

Figure XII.3. Technologies for converting biomass to fuels.31 

Flash pyrolysis results in a liquid stream that has an elemental composition 

similar to the feedstock but generates a bio-oil that is easily transported for other 

processing. This process also generates a gaseous and char stream that are burned to 
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provide the energy for the pyrolysis process. In this process, low-moisture biomass 

particles are rapidly heated to 450°C to 500°C, volatilizing the biomass to produce 

the bio-oil. Residence time is under one second and can yield up to 70% of the 

original feedstock in the bio-oil. The following tables show some typical properties of 

bio-oil produced by flash pyrolysis.34 

 

 

Table XII.5. Typical properties of bio-oil produced by flash pyrolysis. 34 

This bio-oil can be used as heating oil and in industrial applications. Upgrading 

through catalytic processes may yield suitable transportation fuels. Because it is a 

liquid product with a reasonable energy density, transportation to a large processing 

facility is also possible. Utilizing all the energy stored in the bio-oil will be a key 

factor in the economics of a centralized conversion facility. 

A final thermal-conversion process that has been worked on is hydrothermal 

treatment (HTU). This process involves heating wet biomass at approximately 30% 

solids to 300°C at over 100 bars pressure. The biomass is converted to an oil, tar, and 

gas phase. A simplified process diagram and typical process yields are shown below 

(see Figure XII.4 and Table XII.7).35  
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Table XII.6. Typical properties of bio-oil produced by flash pyrolysis.34 

 

 

Figure XII.4. Simplified HTU process for converting biomass to an oil, tar, and gas.35 
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Table XII.7. Typical yields from HTU biomass conversion.35 

The boiling range of the oil product is: naphta 10%, kerosene 20%, gas oil 25%, 

and 370°C+ fraction 35%. The product also is deoxygenated to about 10% oxygen 

content.36 

A final technology is anaerobic digestion. Anaerobic digestion occurs in the 

absence of oxygen with wet biomass. A mixture of organisms digests the biomass to 

produce carbon dioxide and methane. This process has been used for waste-water, 

sewage, and animal waste treatment, and in landfills. New applications are being 

developed as incentives make the process profitable. It is a slow process, depending 

on the recalcitrance of the feedstock, but uses simple technology. Anaerobic 

processes can occur naturally or in very controlled systems. Depending on the 

feedstock and the process, the biogas can be between 55% and 75% methane. State-

of-the-art systems report producing more than 95% methane (note this probably 

requires gas cleanup to achieve this purity).37 Digesters around the world range from 

1 cubic meter to units as large as 2,000 cubic meters. As natural gas prices rise, more 

industrial systems are being put in place. Figure XII.5 below show deployment rate of 

digesters.37 
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Figure XII.5. Deployment of anaerobic digesters globally and in Europe.37 

A. Energy Yields 

Various processes are being used or have been proposed for converting biomass 

to useful fuels. These processes include fermentation, gasification, pyrolysis, and 

anaerobic digestion. All begin with biomass streams. Current technology in the 

United States for liquid-fuel production utilizes corn to a large extent. Future 

technologies are looking at utilizing lignocellulosic feedstreams such as energy crops. 

There has been considerable debate over the energy balance of current ethanol-

production processes. Most recent studies show a positive energy balance. Figure 

XIIA.1 below summarizes the net Btu per gallon of corn ethanol above the energy 

inputs.38 
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Figure XIIA.1 Btu per gallon of corn ethanol above the energy inputs.38 

 

A detailed diagram of these inputs and outputs is in Figure XIIA.2 for both 

biodiesel production and ethanol.39 
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Figure XIIA.2. Biodiesel and ethanol production.39 

Tables XIIA.1 and XIIA.2 summarize the energy inputs for corn production and 

for bioenergy crops.40 Note that one bushel of corn represents ~390,000 Btu and 

switchgrass has about 17 million Btu/ton.19 Woody biomass would be in the same 

range as switchgrass, depending on the lignin content. Also note the natural gas usage 

as well as the nitrogen usage for producing a bushel of corn. The need for increased 

usage of natural gas and nitrogen as corn acreage expands should be considered 

(2,866 Btu/ bushel). 
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Table XIIA.1. Energy inputs for corn production40 
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Table XIIA.2. Energy inputs for bioenergy crops.40 

Corn production has also become more energy efficient over the past three 

decades due to several factors. Ammonia production is more energy efficient, no-till 

and minimum tillage practices have minimized energy use for cultivation, and 

biotechnology has increased yield over inputs. Figure XIIA.3 shows the effects on 

ammonia usage as an example.38  
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Figure XIIA.3. Effects on ammonia usage.38 

 

Table XIIA.3 compares several other crops and woody biomass fermentation 

energy in to energy out.41A description also follows of the information provided in 

the table. Note that sugar cane has a very high efficiency due to the fact that energy 

inputs for growing cane is closer to that in the tables above for energy crops and the 

bagasse residue is burned to provide energy for the fermentation process. Further 

details follow.  
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Table XIIA.3. Comparison of woody-biomass fermentation energy to other crops.41 

“To limit distortions of the various origins listed above, information provided on 

table 6 [NPC table XIIA.3] comes from most recent studies. It shows that one energy 

unit of ethanol respectively requires between 0.6 to 0.8 and 0.9 to 1.0 units of fossil 

energy to produce it from maize and wheat. The production efficiency varies between 

346 and 398 l ethanol/t feedstock. It represents for maize, a productivity between 

2,570 and 3,113 l/ha with crop yields considered between 5.65 and 7.97 t/ha. 

For the production of 1 ton of FT diesel about 8.5 tons of wood are necessary, 

representing a yield of about 150 litres of FT diesel by ton of wood. Increasing 

efficiency is expected and 200 l/t should be reached through advanced gasification 

technology presenting a more appropriate H2/CO ratio. With such performance, fast 

growing plantation under the tropical climate conditions of various developing 

countries would considerably reduce FT diesel production cost.”41 

The next five tables (XIIA.4, XIIA.5, XIIA.6, XIIA.7, XIIA.8) provide 

information on yields and costs of various technologies for fuel production from 

biomass.42, 32, 43 
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Table XIIA.4.  Biomass conversion routes.42 
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Table XIIA.5. Performance data on conversion routes.42  
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Table XIIA.6. Actual and anticipated bioenergy crop-based processes.32  

 

 

Table XIIA.7. Biomass-fuel processing plants: commercial and quasi-commercial facilities in 

North America.32  
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Table XIIA.8. Projected performance of selected biomass conversion routes.43 

Hydrothermal upgrading also provides a bio-oil that can be upgraded to 

transportation fuel. In one study on upgrading sugar beet pulp, the process had a 

thermal efficiency of 75%. It did require an input of process heat equivalent to 2% of 

the incoming feed, though.44 Figure XIIA.4 shows the energy flow in pyrolysis 

reactions.45 
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Figure XIIA.4 Energy flow in pyrolysis reactions.45 

Anaerobic digestion produces and biogas that has an energy content of about 20–

40% of the lower heating value of the feedstock. It consists mainly of methane and 

carbon dioxide.45 

In summary, there are a wide variety of technologies available for converting 

biomass to energy. They have different requirements for capital, scale, and feedstock. 

They also vary in the energy yield in the liquid fuel produced, as well as compatibility 

with our current transportation infrastructure. The continued development of these 

technologies will see there deployment where each fits the local environment best. 

  

XIII. Proposed Recommendations 
  

The primary driver to ensure that both food and fuel production needs are met is 

to develop a robust food and energy market based on current food crops that are 
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suitable for such production. This will bring the value of these crops up to a point 

where there is incentive to use best practices in crop production, storage, and 

transportation of these products. This should make more land and crop volumes 

available for energy production. This will not happen overnight, but definitely could 

be developed over the next 10 years. 

The secomd step is to continue to develop high yielding crops, both for food and 

energy. The non-food energy crops should be perennial crops developed for either 

very high oil yield or lignocellulose yield with minimal protein components. Such 

crops would require lower amounts of fertilizer and be suitable for more marginal 

arable lands. 

The third need is to develop efficient use of agricultural production waste such as 

straw, stover, dung, and woody residues from forestry. While these sources are not as 

large as the potential for bioenergy crops, they still globally account for over 100 EJ 

in energy, more than the current use of transportation fuel. These must be gathered in 

a sustainable fashion, and agricultural practices may have to be developed in order to 

do this. 

The fourth step is to develop suitable harvesting, storage, and transportation 

systems for energy crops to conversion sites. Since most crops are of low density and 

produced over large areas, efficient transportation systems are a requirement. This 

would indicate that there should be some focus on rail and water transportation 

systems. 

A fifth need is to develop suitable high-yielding conversion systems for turning 

the primary energy of the crops into suitable secondary-energy fuel sources. Several 

technologies can be developed; these are fermentation, gasification, and pyrolysis. All 

three have positive characteristics and may be suitable with different crops and the 

logistics required.  

A final step would be to develop technologies to efficiently use biomass fuels in 

various systems including co-firing and internal combustion systems. 
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XIV. Issues Overview 
  

While agricultural and forestry production look like environmentally sound 

future energy sources, this will only be true if done sustainably. This will require a 

systems approach that will ensure that the natural resources at our disposal are not 

depleted. Closed-loop systems with energy production linked to meat production 

from the process wastes and methane production from the animal wastes generated 

are attempts at such systems. Much must be done to truly understand what the 

consequences will be of these different options.  

Policies must be put into place that will encourage sustainable agricultural 

production globally. Food production should be encouraged locally to ensure that 

food is available where needed and excess arable land can be used either for export 

food or fuel production. This will ensure the most energy-efficient use of agriculture. 

Education and demonstration projects for sustainable high-yielding crop production 

must be developed around the world, and crop development for these varying 

environments must be carried out.  

Good economic modeling should be done on the effect of bioenergy production. 

This would establish what the price for commodity crops will need to be to drive 

investment in modern agricultural production practices globally. It would also give a 

good assessment of the logistical issues around various crop production and 

conversion technologies as well as those involved in getting the final fuel to the 

consumer. This would narrow the research priorities and ensure that there are no 

major surprises in following a bioenergy policy. 

Energy crop development for production on marginal and surplus agricultural 

land should be carried out. Most current crops were developed for food and feed use 

or for fiber production. Crops specifically for energy production will have different 

characteristics and will need to be developed for a wide variety of environments. 
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Preferably they would have low water and external nutrient requirements. For both 

food and fuel, developing higher photosynthetic efficiencies will have major benefits. 

Local conversion technologies need to be developed to manage the low density 

of biomass and its disperse nature of production. Compaction, torrefaction, or 

conversion to a bio-oil all are technologies to be explored. 

Logistics of biofuel transportation is a key hurdle. Investment in rail, waterway, 

and pipeline transportation will be needed to get the fuel from the producing regions 

to the consuming regions. 

Most biomass conversion technologies also have the potential to produce 

electricity. Developing technologies and means to capture this potential will be 

important. 

Many current bioenergy feedstocks have just as much or more potential in 

consumer products displacing non-renewable feedstocks. Developing these markets 

where they have positive energy balances should be supported. 

If there is to be a policy on carbon dioxide emissions, doing this sooner rather 

than later will have positive impacts on deployments of technologies, whether they be 

coal based or biobased. 

Development of clean biomass conversion and energy utilization is necessary for 

co-firing and transportation fuels. See Table XIV.1 for energy balance for various 

current biofuels:17 
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Table XIV.1. Fossil Energy Balance of Current BioFuels.17 
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XV. Appendices 
  

Table XV.1. Energy conversion factors.46 

This is a quick-reference list of conversion factors used by the Bioenergy Feedstock 

Development Programs at ORNL. It was compiled from a wide range of sources, and is 

designed to be concise and convenient rather than all-inclusive. Most conversion factors and 

data are given to only 3 significant figures. Users are encouraged to consult other original 

sources for independent verification of these numbers. The following are links to Web sites we 

have found useful (many universities worldwide maintain good guides and conversion calculator 

pages): 

• U.S. National Institute of Standards and Technology (NIST)  

• Centre for Innovation in Mathematics Teaching, University of Exeter, U.K.  

• Department of Geological Sciences, University of Michigan  

• Convertit.com Measurement Converter  

Energy contents are expressed here as lower heating value (LHV) unless otherwise stated 

(this is closest to the actual energy yield in most cases). Higher heating value (HHV, including 

condensation of combustion products) is greater by between 5% (in the case of coal) and 10% 

(for natural gas), depending mainly on the hydrogen content of the fuel. For most biomass 

feedstocks this difference appears to be 6–7%. The appropriateness of using LHV or HHV when 

comparing fuels, calculating thermal efficiencies, etc. really depends upon the application. For 

stationary combustion where exhaust gases are cooled before discharging (e.g. power stations), 

HHV is more appropriate. Where no attempt is made to extract useful work from hot exhaust 

gases (e.g. motor vehicles), the LHV is more suitable. In practice, many European publications 

report LHV, whereas North American publications use HHV.  
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Energy units 

Quantities  

• 1.0 joule (J) = one Newton applied over a distance of one meter (= 1 kg m2/s2).  

• 1.0 joule = 0.239 calories (cal)  

• 1.0 calorie = 4.187 J  

• 1.0 gigajoule (GJ) = 109 joules = 0.948 million Btu = 239 million calories = 278 kWh  

• 1.0 British thermal unit (Btu) = 1,055 joules (1.055 kJ)  

• 1.0 Quad = One quadrillion Btu (1015 Btu) = 1.055 exajoules (EJ), or approximately 

172 million barrels of oil equivalent (BOE)  

• 1,000 Btu/lb = 2.33 gigajoules per tonne (GJ/t)  

• 1,000 Btu/U.S. gallon = 0.279 megajoules per liter (MJ/l)  

Power  

• 1.0 watt = 1.0 joule/second = 3.413 Btu/hr  

• 1.0 kilowatt (kW) = 3,413 Btu/hr = 1.341 horsepower  

• 1.0 kilowatt-hour (kWh) = 3.6 MJ = 3,413 Btu  

• 1.0 horsepower (hp) = 550 foot-pounds per second = 2,545 Btu per hour = 745.7 watts 

= 0.746 kW  

Energy Costs  

• $1.00 per million Btu = $0.948/GJ  

• $1.00/GJ = $1.055 per million Btu  
 

Some common units of measure 

• 1.0 U.S. ton (short ton) = 2,000 pounds  

• 1.0 imperial ton (long ton or shipping ton) = 2,240 pounds  

• 1.0 metric tonne (tonne) = 1,000 kilograms = 2,205 pounds  

• 1.0 U.S. gallon = 3.79 liter = 0.833 Imperial gallon  

• 1.0 imperial gallon = 4.55 liter = 1.20 U.S. gallon  
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• 1.0 liter = 0.264 U.S. gallon = 0.220 imperial gallon  

• 1.0 U.S. bushel = 0.0352 m3 = 0.97 UK bushel = 56 lb, 25 kg (corn or sorghum) = 60 

lb, 27 kg (wheat or soybeans) = 40 lb, 18 kg (barley)  

 

Areas and crop yields  

• 1.0 hectare = 10,000 m2 (an area 100 m x 100 m, or 328 x 328 ft) = 2.47 acres  

• 1.0 km2 = 100 hectares = 247 acres  

• 1.0 acre = 0.405 hectares  

• 1.0 U.S. ton/acre = 2.24 t/ha  

• 1 metric tonne/hectare = 0.446 ton/acre  

• 100 g/m2 = 1.0 tonne/hectare = 892 lb/acre  

o for example, a “target” bioenergy crop yield might be: 5.0 U.S. tons/acre (10,000 

lb/acre) = 11.2 tonnes/hectare (1120 g/m2)  
 

Biomass energy  

• Cord: a stack of wood comprising 128 cubic feet (3.62 m3); standard dimensions are 4 

x 4 x 8 feet, including air space and bark. One cord contains approx. 1.2 U.S. tons 

(oven-dry) = 2,400 pounds = 1,089 kg  

o 1.0 metric tonne wood = 1.4 cubic meters (solid wood, not stacked)  

o Energy content of wood fuel (HHV, bone dry) = 18–22 GJ/t (7,600–9,600 Btu/lb)  

o Energy content of wood fuel (air dry, 20% moisture) = about 15 GJ/t (6,400 Btu/lb)  

• Energy content of agricultural residues (range due to moisture content) = 10–17 GJ/t 

(4,300–7,300 Btu/lb)  

• Metric tonne charcoal = 30 GJ (= 12,800 Btu/lb) (but usually derived from 6–12 t air-

dry wood, i.e. 90–180 GJ original energy content)  

• Metric tonne ethanol = 7.94 petroleum barrels = 1,262 liters  

o ethanol energy content (LHV) = 11,500 Btu/lb = 75,700 Btu/gallon = 26.7 GJ/t = 
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21.1 MJ/liter. HHV for ethanol = 84,000 Btu/gallon = 89 MJ/gallon = 23.4 MJ/liter  

o ethanol density (average) = 0.79 g/ml ( = metric tonnes/m3)  

• Metric tonne biodiesel = 37.8 GJ (33.3 - 35.7 MJ/liter)  

o biodiesel density (average) = 0.88 g/ml ( = metric tonnes/m3)  
 

Fossil fuels  

• Barrel of oil equivalent (BOE) = approx. 6.1 GJ (5.8 million Btu), equivalent to 1,700 

kWh. “Petroleum barrel” is a liquid measure equal to 42 U.S. gallons (35 Imperial 

gallons or 159 liters); about 7.2 barrels oil are equivalent to one tonne of oil (metric) = 

42–45 GJ.  

• Gasoline: U.S. gallon = 115,000 Btu = 121 MJ = 32 MJ/liter (LHV). HHV = 125,000 

Btu/gallon = 132 MJ/gallon = 35 MJ/liter  

o Metric tonne gasoline = 8.53 barrels = 1356 liter = 43.5 GJ/t (LHV); 47.3 GJ/t 

(HHV)  

o gasoline density (average) = 0.73 g/ml ( = metric tonnes/m3)  

• Petro-diesel = 130,500 Btu/gallon (36.4 MJ/liter or 42.8 GJ/t)  

o petro-diesel density (average) = 0.84 g/ml ( = metric tonnes/m3)  

• Note that the energy content (heating value) of petroleum products per unit mass is 

fairly constant, but their density differs significantly—hence the energy content of a 

liter, gallon, etc. varies between gasoline, diesel, kerosene.  

• Metric tonne coal = 27–30 GJ (bituminous/anthracite); 15–19 GJ (lignite/sub-

bituminous) (the above ranges are equivalent to 11,500–13,000 Btu/lb and 6,500–8,200 

Btu/lb).  

o Note that the energy content (heating value) per unit mass varies greatly between 

different “ranks” of coal. “Typical” coal (rank not specified) usually means 

bituminous coal, the most common fuel for power plants (27 GJ/t).  

• Natural gas: HHV = 1,027 Btu/ft3 = 38.3 MJ/m3; LHV = 930 Btu/ft3 = 34.6 MJ/m3  

o Therm (used for natural gas, methane) = 100,000 Btu (= 105.5 MJ)  
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Carbon content of fossil fuels and bioenergy feedstocks  

• coal (average) = 25.4 metric tonnes carbon per terajoule (TJ)  

o 1.0 metric tonne coal = 746 kg carbon  

• oil (average) = 19.9 metric tonnes carbon/TJ  

• 1.0 U.S. gallon gasoline (0.833 Imperial gallon, 3.79 liter) = 2.42 kg carbon  

• 1.0 U.S. gallon diesel/fuel oil (0.833 Imperial gallon, 3.79 liter) = 2.77 kg carbon  

• natural gas (methane) = 14.4 metric tonnes carbon / TJ  

• 1.0 cubic meter natural gas (methane) = 0.49 kg carbon  

• carbon content of bioenergy feedstocks: approx. 50% for woody crops or wood waste; 

approx. 45% for graminaceous (grass) crops or agricultural residues  
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