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INTRODUCTION 
 
It is the intent of this report is to highlight the opportunities and challenges of stimulating pro-
poor bioenergy developments in Africa and Southeast Asia.  This report provides a 
comprehensive high level view of the most important biomass feedstocks and bioenergy 
conversion technologies that would enable the Developing World’s poor farmers to significantly 
improve their livelihoods and the wellbeing of their communities.  It also addresses critical 
social, economic and environmental issues that must be resolved if these potential benefits are to 
be sustainably and equitably enjoyed by future generations.    
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EXECUTIVE SUMMARY 
 

The challenges facing the Developing World’s rural poor are formidable.   Not only must these 
agricultural societies become more productive in supplying food, they must also find a way to 
produce the jobs and incomes needed to stem the increasing migration of the rural work force to 
urban and peri-urban regions in search of better income opportunities.  The lack of access to 
modern energy fuels and electric power services is one of the most critical factors that constrain 
economic development for the Developing World’s nearly one billion rural poor.   
 
This report provides an overview of the opportunity to harness new biofuel technologies to create 
economically sustainable sources of local energy that can be used to provide family’s needs for 
lighting and cooking and to power village businesses.  Unlike kerosene which is used for lighting 
and power generation, biofuel feedstocks can be grown and purchased locally.  Despite the many 
advances being made in the field of bioenergy development and the growing evidence that these 
technologies are viable for many productive rural applications, most villagers do not have access 
to these transformative technologies.   
  
The affluent Developed World is very focused on the opportunity to develop large scale biofuel 
refineries that could help replace their over-dependence on insecure and increasingly expensive 
petroleum.  However, very little attention is being paid to either the potential impact of these 
plantations on the rural poor or on applying these promising technologies in a manner that would 
meet their needs for modern energy resources.  
 
Consequently, the vast majority of research and development resources are being directed to 
solve industrial scale biofuel challenges.  This skewing of technical innovation towards one 
outcome has hindered the development of scaled down biofuel systems whose production 
capacities could effectively drive economic development in rural communities.    
 
Numerous bioenergy technologies have performed well in remote locations and stimulated the 
formation and expansion of local businesses and improved agricultural outputs.  These 
successful installations are dispersed across Asia and to a lesser extent Africa, but the relative 
obscurity of these small scale bioenergy systems has limited the public’s awareness of the 
opportunity to repeat their success in many other villages and towns.  
 
This report describes the most promising crops and plants that can be cultivated and harvested to 
provide the feedstocks needed to produce biofuels.  While there are many plant species that 
could serve as feedstocks, this report places a particular focus on crops that are best suited to the 
land, water and climatic conditions of Sub-Saharan Africa and Southeast Asia. In these regions 
the constraints of poor soil fertility and limited water availability require crops that have the 
capability to deliver productive harvests under these conditions of duress. 
 
With this perspective, the most significant feedstocks that could benefit poor farmers are not 
those that currently predominate in the today’s biofuel markets (e.g. corn, sugarcane, rapeseed, 
soy and palm oil).   The rain fed, high quality soil conditions required by these crops and the 
ecological impacts of their extensive cultivation do not make them well suited for poor farmers.  
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However, there may be conditions under which small scale cultivation of palm oil could be 
beneficial for smallholders.  
 
For those farmers with access to lower quality soil, the most promising biofuel crops are 
generally those that are not primarily grown for food.  In part this is due to concerns that 
competing food and fuel demands for cereals and edible oils would increase food prices.  While 
this may temporarily be a welcome change for many farmers, the overall impact of tightening 
food supplies may not be a desired outcome of strategies that primarily promote food crops as 
fuel feedstocks. 
 
There are many promising oil seed crops and trees that can grow on marginal land unsuitable for 
the cultivation of most food crops.    Foremost of these oil seed plants is jatropha, a relatively 
undomesticated and inedible shrub or tree that has widely adapted to most regions throughout 
Africa and Asia.  Many Developing World nations are placing great expectations on the viability 
of jatropha and similar oil seed plants to support the production of significant quantities of 
biodiesel.  This report notes the valuable properties and the public enthusiasm for these 
feedstocks; but it also recommends that more research in breeding improved varieties and field 
trials are still needed before countries make a significant commitment of their limited resources. 
 
Another feedstock crop of interest is sweet sorghum.  This plant has traditionally been grown for 
its grains and its sugary juice.  It requires only one-quarter the water that is needed by sugarcane 
and will grow in lower quality soil.  Recent breeding advances are yielding sugar content 
comparable to that of sugarcane; yet sweet sorghum has a greater ability to survive droughts.  
These attributes make this crop a highly recommended feedstock for rural ethanol production.  
 
This report also assesses the best biofuel conversion technologies for smallholder farmers.The 
most suitable biofuel systems are those most amenable to small scale production and that can be 
used to supply heat and mechanical and electrical power generation for stationary applications.  
Rural villages are in need of new income generating productive enterprises.  Creating affordable 
process heat and relatively small amounts of mechanical shaft and electric power would have a 
significant impact on rural prosperity.  These systems can also power agricultural irrigation and 
value-added food processing.  Similarly, civil services such as schools, health clinics, water 
supply utilities, street lighting, etc. would also benefit from reliable stationary power supplies. 
 
There are several promising technologies for improving the economic conditions of rural farm 
communities.   Both biodiesel and pure plant oil can be produced in small scale systems using a 
variety of feedstocks that can be grown on marginal lands.  There are many varieties of oil seed 
presses and expellers that with proper filtering will produce refined vegetable oils that could be 
used directly in many existing or slightly modified diesel engines and generators.  Production of 
biodiesel also has the additional value of being a highly marketable transportation fuel for the 
diesel trucks, buses and farm equipment that support rural economies.  Biodiesel is also suitable 
to run larger power generators that would be best suited for supporting the load demands of 
towns and mini-grid utilities. 
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The other attractive biofuel technology is small scale biogasification systems that use cellulosic 
crop wastes, wood chips, local grasses, and other non-food organic resources to fuel combined 
process heat and electric power generation systems.  The most favorable sites for biogasifier 
installations would have low or no cost feedstocks such as are found at agricultural and forestry 
processing locations that produce large quantities of waste.  There is already substantial field 
experience with biogasifiers and there are a growing number of equipment suppliers, particularly 
in India, that are eager to supply these technologies to African and Asian markets.  
 
Small and intermediate scale anerobic digesters are widely used throughout the Developing 
World to convert livestock manure and human wastes into biogas methane.  Many poor farming 
families that own a few head of cattle or swine are benefiting from household and village scale 
digesters that convert manure into enough biogas to support the family’s cooking, lighting and 
heating needs.  These systems provide an economical fuel that reduces deforestation, indoor 
smoke health problems and contributes to cleaner water supplies.  Furthermore, the economic 
payback of investments in low tech, locally built digester systems is achieved in only a few 
years.  In instances where there are larger livestock or dairy operations, it is feasible that the 
collected manure would be sufficient to produce enough biogas to provide power and heat 
requirements for on-farm operations. 
 
All of the above bioenergy technologies can help stimulate economic growth in farming 
communities. Each also produces valuable organic soil nutrients and fertilizers that can be 
returned to the fields in which the original feedstocks were grown or can be sold for additional 
income.  The limited availability and high cost of manufactured fertilizers makes this byproduct 
particularly valuable in supporting sustainable cultivation of biofuel crops and in recovering 
depleted land for future food and fuel cultivation.  
 
The economics of local biofuel production technologies are fast approaching competitiveness 
with conventional petroleum fuels.  There are many factors that influence the final delivered cost 
of energy.  Foremost is the cost of the biomass feedstock, which represent between 60% and 
80% of the total production costs per unit of fuel.  Improving the yields and cultivation processes 
of feedstock will contribute significantly to lowering these costs.    
 
Most bioenergy systems are relatively capital intensive when compared to inexpensive machines 
that run on expensive imported oil.  Consequently, the availability and cost of capital will impact 
the construction of biofuel systems and the cost of biofuel production.  If there are financial 
programs that provide below market rates of interest or reduce lenders’ risk premiums built into 
loans for rural bioenergy investments, biofuel costs will continue to be reduced. 
 
The secondary market value of fertilizers, animal feed, biodiesel’s glycerin compounds and other 
byproducts will also serve to reduce the net cost of the production process.  Many biofuel 
installations will be part of a ‘closed loop’ production process where waste heat, animal feeds, 
etc. are recycled as inputs to another stage of the value-added operation.  This integral use of the 
entire biomass conversion output will also contribute to revenues.  
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One of the most important factors in the economics of bioenergy power generation systems is 
having a sufficiently large local demand for the fuels or energy services.  Without this the energy 
facility will run far less efficiently because it will be under-utilized.  Consequently this report 
recommends that a viable rural bioenergy strategy requires coordinated efforts with government 
and NGO-sponsored rural development programs to encourage and enable the formation of local 
businesses.  Enabling local economic development while building a local energy production 
system will greatly improve the cost of biofuels.  Locally generated electricity also avoids the 
20-30% transmission and distribution losses common with most rural electrification networks. 
 
In addition, a very significant economic factor is the magnifier effect of retaining a higher 
portion of the money currently spent for energy within the local community or region.  The 
recycling of a villager’s payments for local biofuels or energy services to local farmers who 
provided the initial feedstock, who can then purchase a product or service from a local vendor 
who is in turn a customer of the local power services company, creates an ever improving cycle 
of prosperity within the community.  This economic benefit must be considered when comparing 
the relative value of local bioenergy production versus buying imported oil fuels or national grid 
delivered power. 
 
Finally, there is also an urgent need to help smallholder farmers proactively participate in 
establishing equitable supplier/customer partnerships with large biofuel production businesses.  
There is little doubt that the tropical regions of the Developing World will experience an influx 
of foreign investment to build large biofuel refineries.  The scale and pace of such developments 
could easily marginalize many farmers’ livelihoods.  Smallholder farmers and their associations 
will need capacity building support in order for their interests to be heard and incorporated into 
more mutually beneficial commercial relationships with big businesses.  Support is also needed 
for their participation in efforts to develop environmental sustainability standards. 
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A CONTEXT FOR CONSIDERING BIOENERGY FOR POOR FARMERS 
 
The Developing World’s rural poor face many formidable challenges in the coming decades.  
Not only must these agricultural societies become more productive in supplying food for current 
and future generations, they must also find a way to produce jobs and incomes needed for 
establishing stable and prosperous rural communities. 
 
Stimulating economic growth in rural regions of Africa and Asia is particularly challenging 
given the increasing migration of the rural work force to urban and peri-urban regions in search 
of better income opportunities.  Despite the economic development gains achieved by the 
Developed World and urban sectors of the Developing World, the agricultural sectors of these 
two regions have not been able to generate sufficient jobs, incomes and improved quality of life 
needed to offer a promising future for their citizens. 
 
Limited Rural Access to Modern Energy Services 
There are many factors that constrain economic growth in rural areas.  One of the most important 
factors is access to affordable modern energy resources and services.  In the context of this 
report, modern energy resources and services are liquid and gaseous fuels and electricity that 
power contemporary technologies and productive activities.  The correlation between increasing 
levels of per capita consumption of modern energy services and improving productivity and 
human welfare is a widely recognized barometer of prosperity.   
 
UNDP, Human Development Index and Electricity Use 1997  

 
Currently, most rural areas in Africa and Southeast Asia predominantly rely on biomass for their 
fundamental energy requirements.  Poor farmer households’ principal energy demands are for 
cooking and heating which are supplied by the inefficient combustion of wood,  agriculture 



12 

 

residues and animal wastes.  In many regions these practices are accelerating deforestation and 
the depletion of soil fertility; and the indoor burning of these raw biomass fuels are a principal 
cause of respiratory diseases among women and children.   
 
Regional Populations Relying on Biomass for Cooking and Heating  

 
A community’s degree of access to electricity is a useful indicator of their ability to utilize and 
leverage modern technological tools and productive processes.  Currently there are significant 
populations in Sub-Saharan Africa and Southern Asia that remain unconnected to national power 
grids and have limited availability of expensive onsite diesel generators.  These rural areas 
generally have very limited transportation infrastructures that could enable petroleum fuels to be 
shipped to their location and they are unlikely to have national rural electric power grids 
extended to their communities in the foreseeable future.   
 
Regional populations without access to electricity: 

 
In assessing the options for rural farming communities to gain access to modern energy services, 
one of the principal resources generally available to all are the variety of cultivated crops and 
undomesticated plants and forests that are adapted for their particular climates and geographies.  
If given the opportunity to acquire technologies and knowledge for converting these biomass 
resources into more efficient and versatile fuels, rural communities would have the ability to 
achieve a far greater degree of self reliance in energizing their own economic growth. 
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Some of the available bioenergy options are appropriate for individual families to implement.  
Other options will require the organizational scale and capabilities of village associations, farmer 
cooperatives, women’s self-help groups and small to medium businesses in order to afford the 
needed investments and to have the necessary skills to manage more complex biofuel production 
systems.  In either case, the selection of a particular bioenergy development strategy must have 
the active participation of the local community and gain the trust of farming families in making 
the decision to proceed. 
 
Competition between growing food and growing biofuel feedstocks 
There are well-founded concerns regarding the potential competition for arable land, water and 
agricultural inputs between the need to produce more food and the emerging need to produce 
biofuels. Most of the leading biofuel feedstocks are food or feed crops or edible vegetable oils 
and sugars.  It is anticipated that the growth of the biofuels market would help stabilize the often 
volatile price fluctuations of many of these food commodities.  

 
However, the rapid increase of ethanol refineries’ demand for corn is seen as the primary driving 
force for recent increases in the price of corn.  While corn farmers welcome the higher prices for 
their produce, there are widening ripple effects of these price rises on livestock, processed foods 
and other products that require corn as feed or as an input.  There are even increasing concerns 
that further price increases could jeopardize ethanol’s competitiveness with gasoline given that 
the major share of ethanol’s total cost of production is that of the corn feedstock.    
 
It will be critically important to develop bioenergy resources in ways that avoid exacerbating the 
conditions of malnourishment that exist in Africa and Southeast Asia.  A primary strategy is to 
greatly enhance the productivity yields of current staple food crops in these regions in order to 
minimize conflicting demands for the same commodity.  An additional approach is to develop 
non-food biomass resources that would be able to supply large amounts of biofuels while 
avoiding competitive food or fuel price pressures.   
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FAO Corn Export and Futures Prices 2007 

 
 
Challenge of rising energy prices in the Developing World.  
The Developing World’s need for affordable energy is further aggravated by the continuing 
surge in global oil prices due to the depletion of low cost petroleum reservoirs.  The increased 
geo-political instability in countries that control the world’s largest share of known oil reserves; 
and the rapidly growing demand for oil by many emerging industrial nations such as China, 
India, Brazil and Indonesia also accentuates the need for alternatives to oil.   
 
Recent increases in the world price for oil 

 
Source: U.S. Energy Information Agency, 2006 
 
The challenge for the poorest people in the Developing World is how to advance their economic 
well being through increasing their use of modern energy resources.  However, they need to 
support the growth of their energy consumption in ways that will not drain their limited foreign 
exchange resources that are also needed for investments in their people and social and economic 
infrastructures.   
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Role of the Developing World in the Biofuel Export Markets 
In the last ten years the Developed World has begun to invest significant resources in developing 
and deploying biofuel production technologies in their countries.  To date, the production of 
bioenergy resources into modern fuels capable of replacing petroleum-based resources has 
predominantly occurred in the Developed World (e.g. U.S. and Europe) and in a limited number 
of rapidly developing nations (e.g. Brazil, China and India).   
 
The resulting rapid increase in biofuel production has been remarkable and this growth will 
continue to escalate as long as petroleum prices remain high and the availability and cost of 
biomass feedstocks permit reasonably competitive production costs.  In addition to capital 
investments, many national governments have also created subsidies, biofuel blending mandates 
and voluntary targets and other policies to promote biofuel production and to enable domestic 
biofuel market prices to be more competitive with oil as the emerging industry develops.  
 
World production of ethanol and biodiesel 

 
Source: Thomas Brewer, Georgetown University from data in Gonsalves et al (2006) 
 
However, even with the accelerating growth of biofuel production, the current volume of annual 
production of both ethanol and biodiesel fuels represent only a little more than 1.0 % of the 
world’s total annual consumption of transportation fuels.  The modest contribution that biofuels 
make to today’s transportation fuel supply is primarily supplied by corn and sugar cane for 
ethanol.  The predominant producers of these biofuel feedstocks are the U.S. and Brazil 
respectively.  Europe is the predominant producer of the world’s biodiesel and most of their 
production is based on rapeseed feedstocks.  In the case of corn-based ethanol, approximately 
17% of the annual U.S. corn harvest is now consumed in the production of some 4.85 billion 
gallons of ethanol that supplies less than 4% of the yearly total U.S. gasoline demand. 
 
It is becoming evident that the Developed World nations will be hard pressed to meet their needs 
through their own domestic agriculture sector.  With current land use and feedstock yields, it is 
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projected that substantial portions of arable land would need to be used for the production of 
biofuel feedstocks that would only be able to support modest levels of their total fuel demands. 
The pressures are mounting for increasing international trade of biofuels that would be produced 
in tropical regions with large land areas and low labor costs. 
 
Percentage of Agricultural Land Required for 10% Biofuel Share of Transport Fuel Demands:  

 
Source: Biofuels For Transportation, Worldwatch Institute, 2006  
 
Given the prospects of large scale biofuel plantations and refineries being built in selected 
regions of Africa and Southeast Asia, poor farmers are vulnerable to exploitation by powerful 
businesses.   This is a particularly urgent issue for farmers in tropical coastal zones with access to 
shipping ports.  The rural poor will need support in strengthening their capabilities to negotiate 
with these industrial development firms and with the governmental agencies that oversee their 
commercial operations. 
 
Assuring Environmental Sustainability for Growing Biofuel Crops 
Poor farmers’ interests are also threatened by the potential of aggressive cultivation of biofuel 
crops that could be detrimental to the health and sustained carrying capacity of local ecosystems.  
Great care must be given to determine how to grow and harvest biofuel crops in ways that are 
environmentally sound.  Operational practices that regenerate soil nutrients; protect water 
resources; maintain bio-diversity; and comply with other ecological standards must be widely 
adopted by the biofuel industry.  All of these challenges and opportunities as well as the choices 
of feedstocks and conversion technologies must be factored into formulating a strategy that 
would leverage biomass resources for rural economic growth.   
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BIOMASS FEEDSTOCKS 
 
The range of plant species that could be exploited as biomass feedstocks for producing biofuels 
is extensive.  All plants use solar energy to produce carbohydrates that can later be converted to 
fuel.  However, only a limited set of feedstocks warrant attention as promising crops for 
producing biofuels in both the industrialized nations and the Developing World.  Choosing the 
feedstocks that are most appropriate for either the industrialized or the Developing World depend 
on a number of factors such as energy yield, scale of operation and productivity of the land under 
cultivation.  In the Developed World, crops that are easily transported are optimal for the large 
scale industrial production facilities needed for economic competitiveness.   Crops that can be 
grown on marginal lands, are not used as food, or can be easily transported to decentralized 
small-scale biofuel production plants are better suited in the Developing World.  Biomass 
feedstocks for biofuels can be broken down into five categories.  Through various conversion 
processes, these feedstocks can be used to create liquid, gaseous or solid fuels. 
 
  Examples of Biofuel Feedstock currently used in the Developed and Developing World 

Biofuel Feedstock  Type Developed 
World 

Developing World 

    

Starches Corn & Wheat Cassava  
Ethanol Sugars Sugarcane Sweet Sorghum 
Biodiesel &  
Pure Plant Oil 

Plant oils Soy & 
Rapeseed 

Jatropha, Neem, Palm 
Oil, Pongamia 

Syngas & 2nd 
Generation Ethanol 

Cellulose Wastes from 
wood, paper, etc.  

Wood, Crop residues,  

 
Biogas 

Plant & animal 
waste products 

Dairy and feedlot 
manure 

Smallholder’s animal 
manure  

 
The world’s production of biofuels, primarily ethanol and biodiesel, has been increasing 
dramatically since the beginning of the 21st century. As the table below indicates, only two crops, 
corn and sugar cane, are the predominant feedstocks for current global biofuel ethanol 
production.  Similarly, the predominant oil seed feedstocks for global biodiesel production are 
rapeseed (the major crop for Europe’s production) and soy bean (that dominates U.S production).  
Beyond these four plant species there is a significant lack of detailed technical and empirical 
information about the performance and capability of other feedstocks that could contribute to 
increasing the renewable and sustainable production of biofuels.   
 

World ethanol production in 2004 and major feedstocks  
        Country       Feedstock Million Liters 
           Brazil        Sugarcane 15,099 
           United States        Corn 13,381 
           China        Corn, wheat   3,649 
           India        Sugarcane   1,749 
           France        Sugarbeet, wheat, corn      829 
F.O. Licht, cited in Renewable Fuels Association, Homegrown for the Homeland : Industry Outlook 2005 p. 14. 
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STARCH FEEDSTOCKS FOR ETHANOL 
 
Corn 
Corn is the dominant feedstock for ethanol production in the U.S.   It was the source for 98% of 
all ethanol produced in the U.S.  in 2006.  Of the more than 200 ethanol biorefineries now 
operating or under construction in the U.S., the vast majority are located in the upper Mid-West 
region (e.g. the “Corn Belt”).   Although dried corn grain is easily transported over long 
distances, the cost and logistics of bulk transport via railroads, barges or trucks have compelled 
most ethanol refineries to be sited with immediate geographic access to those areas that produce 
the most corn.   
 
The corn productivity yields per acre have historically increased at a rate of a little less than 2% 
per year for the last several decades.  Currently, the average yield in the U.S. is approximately 
140 bushels/acre.  This output is achieved through the relatively high application of genetically 
enhanced germ plasm: more than 40% of U.S. corn is based on genetically modified seed.  These 
improved varieties of corn have been bred to require high inputs of fertilizer and pesticides as 
compared to the level of inputs applied in most regions in the Developing World.  
 
The U.S. produces roughly 40% of the world’s supply of corn and has historically supplied 70% 
of the corn supplies traded in the international market.    The U.S. exported 55 million tons of 
corn in 2005 which represented nearly 25% of the world’s total grain exports that year.  Clearly, 
the production levels and price of corn in the U.S. have a direct influence on the price and 
availability of cereal grains throughout the world. 
 
The availability of corn for food and feed markets is being materially impacted by the rapid 
growth in the demand for corn feedstocks by the U.S. ethanol production industry.   In 2006, the 
U.S. produced 4.8 billion gallons of ethanol, an increase of 24% over the previous year’s level.  
Roughly 1.867 billion bushels of corn, about 53 million tons, were consumed to produce this 
ethanol at an average conversion rate of 2.6 gals/bushel.  This level was 17% of the total U.S. 
corn harvest.  Despite this large amount of corn consumption,  the ethanol produced was less 
than 4% of total annual gasoline consumption in the U.S. (i.e. the 3.6% figure is in terms of 
volume or gallons; it is only 2.4% on an energy basis due to ethanol having only 66% of the 
energy value of gasoline). 
 
While it is possible to substantially improve the average corn yields1 through the widespread 
application of best practices there is little prospect that such best case improvements would 
sufficiently increase production levels needed to supply the burgeoning ethanol demand and 
maintain adequate supplies for food and feed corn markets.  If oil prices continue to rise, there 
will be further upward pressure on ethanol prices as this alternative fuel competes with oil.  As 
ethanol’s value increases, it will drive up the commodity price for corn because corn feedstock 
costs are between 60-80% of ethanol production costs.  The liquid fuel energy markets will 
significantly impact the future price of corn in combination with the historic market forces of 
food and feed demands.  

                                                             
1 Personal communication with. Prof. Ken Cassman, University of Nebraska 
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In addition to corn ethanol’s impact of rising grain prices, there is significant concern over the 
amount of energy inputs involved in the cultivation, harvesting and processing of corn-based 
ethanol.  These concerns are expressed through “net energy balance” analyses that calculate the 
fossil fuels consumed in the annual seed planting and field tilling; the manufacturing and 
application of fertilizers and pesticides; powering irrigation pumping (if needed); mechanized 
harvesting; feedstock processing and ethanol biorefinery operations needed to produce a gallon 
of ethanol.  This issue is highly controversial, as different experts disagree on the relative net 
energy gains from corn ethanol.  Currently the USDA and DOE report that corn ethanol has a net 
energy balance of approximately 1.3; this means that the energy content in corn based ethanol is 
almost one-third greater than the fossil fuel energy that was consumed from the ‘field to the tank’ 
production process.   
 
Wheat 
There has been very limited use of wheat for the production of ethanol.  France has been the 
primary producer of wheat-based ethanol, but to date the production levels are extremely low.  In 
recent years China produced ethanol from aging surplus wheat that was losing its value as a food 
crop.   However, these wheat surpluses are no longer available and China is seeking new 
feedstock alternatives.   As the Table below indicates, the costs for wheat-ethanol production in 
the EU is 50% higher than U.S. corn-ethanol and  more than double the costs for Brazilian sugar 
cane ethanol.  To date there has not been much interest by the private sector in investing in 
ethanol refineries that would use wheat as its feedstock. 
 
Production Costs of Ethanol 
Feedstock used Cost in Euro cents/litre 
Sugar cane, Brazil 20 
Sugar beet, EU 50 
Wheat, EU 45 
Maize United States 30 
Source: Biofuels for transport, an international perspective, IEA, 2004 and São Paulo Sugarcane Agroindustry 
Union, 2005. 

 
Cassava  
Cassava is a very promising crop for ethanol production.   Commercial scale cassava ethanol 
plants in Thailand currently produce more than 87 million gallons of ethanol per year2.  The Thai 
government recently announced a major development program that should bring an additional 
twelve cassava ethanol refineries into production by 2008 that would add a total output of 327 
million gallons per year to current levels.  This level of production is estimated to require nearly 
35% of the national cassava harvest projected for 2008. 3.  The Thai government expects that 
smallholder farmers would provide a major portion of the needed cassava, with productivity 
yields of an average of 22 metric tons of cassava per hectare per year.  
 

                                                             
2 Biopact news release 4/18/07   http://biopact.com/2007/04/first-full-energy-balance-study-reveals.html 
3 Full Chain Energy Analysis of Fuel Ethanol from Cassava in Thailand, Thu Lan Thi Nguyen, et al, Environment 
Science Technology, Am. Chemical Society 4/11/07 
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There are additional private industry efforts underway in China, Nigeria, Philippines, Indonesia, 
etc. to encourage the cultivation of improved higher starch varieties and build cassava-based 
ethanol refineries.  Given the hardiness and widespread use of cassava, there are also several 
genomic research programs currently underway that focus on enhancing the biofuel potentials of 
this crop.  The U.S. DOE funded Joint Genome Institute’s biomass research program has 
selected cassava as one of the subjects of its complete genome sequencing R&D efforts4.  There 
are indications that significant yield improvements are beginning to be achieved.  Ohio State 
University and BASF Research Center announced that it has produced genetically modified 
plants that have 2.6 times the total tuberous root biomass as conventional varieties.5 Cassava 
breeding research is also being conducted by the International Institute of Tropical Agriculture in 
Nigeria6. 
 
Cassava is a leading food staple in sub-Saharan Africa.   As a tuber, its roots are 20-40% starch 
and it also produces substantial above ground ligno-cellulosic biomass.   It grows in semi-arid 
locations and does not require nutrient-rich soil.  As the map below indicates, it can be cultivated 
throughout Africa, southern Asia and South America. 
 

 

 
A potential benefit of using a root tuber such as cassava is that it can continue to grow without 
having a pre-determined harvest period.  This gives farmers some flexibility in choosing when 
they would harvest cassava to supply market demand for the crop when prices are most 
beneficial to the farmer.   Once cassava has been harvested, the perishibility of this tuber requires 
fairly immediate processing in the ethanol biorefinery.  However, recently Nigeria’s National 
Root Crop Research Institute (NRCRI) announced that they have developed a storage technology 
for “gari” (the rudimentary starch from cassava) that would extend the shelf life of the starch for 
up to twelve months7.  This advance indicates that it could provide important logistical flexibility 
for cassava becoming a significant feedstock for ethanol production. 

                                                             
4 DOE Joint Genome Institute, Press Release, July 11, 2006  http://www.jgi.doe.gov/News/news_7_11_06.html 
5 Plant Biotechnology Journal,  July 2006 
6 International Center for Tropical Agriculture website http://www.ciat.cgiar.org/africa/cassava.htm 
7 National Root Crop Research Institute website: http://www.nrcri.org/pages/cassava.htm 
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SUGAR FEEDSTOCKS FOR ETHANOL 
 
Sugar Cane 
Sugar cane is the leading feedstock for ethanol production in tropical regions.  Brazil is the 
most significant producer of sugar cane ethanol, producing nearly 5 billion gallons per year in 
2006 which is comparable to the current levels produced in the U.S. with corn.  The typical 
ethanol yield from Brazilian sugar cane is 6000 litres per hectare.  This compares to typical 
yields of 3000 litres/ha for U.S. corn-based ethanol8. The second leading sugar cane based 
ethanol producer is India, with 462 million gallons produced in 2004 from molasses 
byproducts derived from sugar refining.    
 
Rain fed tropical regions with nutrient rich soils are highly suitable for sugar cane cultivation.  
The availability of water is critically important: growing one crop of sugar cane consumes 
four times as much water as that required by sweet sorghum even though sorghum supports 
two crop harvests over the same time period.    
 
Sugar cane has a growing cycle of 12 to 18 months between harvests.  However, once planted 
sugar cane cuttings will support five or more years of cane harvests before replanting is 
needed.  This multi-year cultivation cycle contributes to Brazilian sugar cane having the 
lowest costs of ethanol production in the world.  In Brazil 5.5 million ha’s were under cane 
cultivation in 2005 at a production average of 75 tons per hectare 9.    Brazil produced 4,227 
million gallons of ethanol from this harvest in 2005 and production increased by 6% to 4,491 
million gals. in 200610.  
 
Increasing sugar cane productivity has been the focus of much attention and investment by the 
Brazilian government and private industry over the past thirty years.  Between 1975 and 2000, 
the state of Sao Paulo, where more than 60% of all Brazilian cane is produced, reported that 
sugar cane yields per hectare increased by 33%; sugar content by 6%; sugar conversion to 
ethanol by 14%; and fermentation productivity (m³ ethanol/m ³ of reactor days) by 130%11.   
 
These gains were achieved with genetics research and development to enhance sugar cane 
varieties adapted for Brazilian conditions combined with innovations in agronomic practices 
and ethanol fermentation refining processes.  Brazil has clearly demonstrated that a focused, 
consistent and long term development program can significantly improve the economics and 
scale of production of biofuels.   The Brazilian ethanol industry is now working with other 
nations to help them apply Brazilian sugar cane germ plasm and technical knowledge to 
expand cane-based ethanol production in other tropical regions. 
 
There are many factors that contribute to the high efficiency of Brazilian sugar cane as a 
feedstock for ethanol.  Foremost is their reliance on natural rainfall conditions to supply the 
                                                             
8 IEA, P. Cazzola presentation 10-2006 
9 Liquid Biofuels from Transportation in Brazil, GTZ report 2005 
10 Renewable Fuels Assn. http://www.ethanolrfa.org/industry/statistics/#E 
11 Sustainability of Brazilian Bio-ethanol, Univ. of Utrecht, August 2006 
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substantial quantities of water required for sugar cane cultivation.  Nearly all of Brazilian cane 
is grown without irrigation.  Also, nearly 80% of Brazilian cane is manually harvested using 
low cost labor and does not require the energy consumption and capital equipment involved in 
mechanized harvesting.  However the rate of mechanization has been increasing over the past 
few years.   
 
Once the cane has been harvested, the sugar juice must be extracted from the stalks within 48 
hours before the sugar begins to oxidize and lose its value as a feedstock.  The limited ‘shelf 
life’ of harvested sugarcane imposes the need for sugar/ethanol refineries to be sited relatively 
close to the cultivated areas of cane.  However, the biomass density of sugarcane is relatively 
high; 27 tons of cane can be transported in one truck load to the refinery as compared to only 
about 8 tons per truck load for higher bulk sweet sorghum stalks. 
 
Many Brazilian sugarcane based ethanol refineries supply all of their required process heat, 
electrical and mechanical energy by burning the waste cane stalks (i.e. bagasse).  As a result,  
Brazilian ethanol has lower costs and much a higher net energy balance than other biofuel 
alternatives. 
 
Most Brazilian ethanol refineries are capable of dual production of either sugar or ethanol.  
This flexibility enables the producer to supply whichever food or fuel market offers the higher 
price.  However there have been cases where the wide fluctuations in market prices for sugar 
have resulted in the reduction of ethanol output in favor of more valuable sugar returns.  
These variations in supply can have adverse effects on the transportation sector as ethanol 
becomes a major component of fuel supplies.   
 
In the case of India, up to now all ethanol has been produced from molasses, which is a 
byproduct of making raw and refined sugar.  Molasses is approximately 17% of the sugar 
extracted from cane.  Due to the importance of supplying the domestic market for edible 
sugar, the government has required that only molasses can be used for ethanol production.   
Although molasses usually has a lower market value than crystallized sugar, the refiners have 
been able to gain an economic return from molasses that approaches parity with the higher 
food prices for sugar when they use it to produce ethanol. 
 
Sugar Beet 
Sugar beets have greater sugar content relative to sugar cane; FAO data indicate that sugar 
beets have 17-18% sugar content versus 10-15% for sugarcane.  However, their use as a 
feedstock for ethanol has been primarily limited to Europe.  In 2004 the EU used 1 million 
tonnes of sugar beets and 1.2 million tonnes of cereals to produce 0.5 million tonnes of 
ethanol.   The primary reason for this is that sugar beets are best grown in temperate climates 
above the 35° North latitude.  This constraint on cultivation in temperate climate zones 
generally precludes sugar beets from serious consideration as a feedstock for biofuels in 
Africa or Southeast Asia12.      
 
                                                             
12http://europa.eu/rapid/pressReleasesAction.do?reference=MEMO/06/65&format=HTML&aged=0&language=EN
&guiLanguage=en    



23 

 

Sweet Sorghum 
Of the alternative plants that directly produce sugars, sweet sorghum is the most attractive as 
a primary feedstock for ethanol production in Africa and Southern Asia.  It is a crop that 
produces both sugars and cereal grains and is acclimated to grow in semi-arid regions.   One 
of the advantages of sweet sorghum is that it requires only 4.5 months from planting to 
harvesting; and a second re-growth of sweet sorghum from the same stalk follows the first 
harvest without the need for replanting with new seed.  This doubling of the crop within less 
than one year enables sweet sorghum’s productivity per hectare to be comparable to that of a 
single harvest of sugarcane. 
 
Over the past few years, the International Crops Research Institute for the Semi-Arid Tropics 
(ICRISAT) has been breeding sweet sorghum to enhance its yields of sugar for use as an 
ethanol feedstock.    Currently, ICRISAT reports that their hybrid varieties of sweet sorghum 
produce juice with a sugar content of 16-23% comparable to that of sugarcane13.   This is a 
substantial improvement over standard sweet sorghum varieties currently under commercial 
cultivation.  These advances are particularly promising given that they are the result of only a 
few years of research and development in contrast to the thirty years of Brazilian R&D 
devoted to improving sugarcane productivity. 
 
The short growing period for sweet sorghum also permits cultivating multiple crops 
throughout the year in order to take maximum advantage of varying yields possible by mixed 
rotation cropping with other food or fuel crops.  The Nimbkar Agricultural Research Institute 
(NARI) in India has been analyzing various biofuel crop rotation alternatives with relation to 
their monsoon and dry seasons and rain fed versus irrigated conditions.  They have found that 
sweet sorghum could be combined with a wide range of oil bearing seed crops to provide 
substantial biofuel energy yields per hectare over an annual growing season.14 
 
In addition to the ethanol potential of the sugar juice produced by sweet sorghum, the grain 
production can be used to supply food or animal feed markets; or can be processed as a 
supplementary ethanol feedstock.  When the combined productivity yields of both its sugars 
and cereal grains are considered, sweet sorghum represents a significant biofuel crop that 
could be cultivated in many regions where water is in limited supply.   
 

                                                             
13 Belum V S Reddy et al, Sweet Sorghum: a Water Saving Bioenergy Crop, ICRISAT January 29, 2007 
14 Sweet Sorghum R&D at the Nimbkar Agricultural Research Institute, A.K Rajvanshi and N. Nimbkar 
http://nariphaltan.virtualave.net/sorghum.htm 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VEGETABLE OIL FEEDSTOCKS FOR BIODIESEL AND PURE PLANT OIL 
 
There are a wide variety of oil bearing seed row crops, shrubs and trees that produce 
triglyceride carbohydrates.   These organic lipids have chemical properties that permit them to 
be easily converted into biodiesel.  A unique attribute of vegetable oils is that under certain 
conditions the pure plant oil (PPO) extracted from the seeds can be used as a fuel without the 
need for chemical conversion into biodiesel.  
 
The transesterification process for converting vegetable oils to biodiesel is relatively simple in 
comparison to the process for making ethanol. However, biodiesel fuels currently represent 
less than 12% of global production of biofuel. Bio-ethanol production in 2006 was 13,489 
million gallons versus 1,561 million gallons of biodiesel.  Europe produced 73% of this global 
biodiesel total.  Europe primarily uses rapeseed (canola) and to a much lesser extent 
sunflower seeds as the feedstocks for their biodiesel production15. 
 
The U.S. production of biodiesel was only about 7.5% of the world total in 2005.  Soybeans 
are more than 90% of the feedstock used to produce biodiesel in the U.S.   Although soybeans 
have relatively low yields compared to many other plants, the significant scale of soybean 
cultivation for animal feed and edible oil markets has provided large quantities of seed that 
are readily available for supplying U.S. domestic production of biodiesel. 
 
Palm oil has become one of the most attractive feedstocks for biodiesel production in tropical 
regions due to its extremely high oil content relative to alternative plants.  This tree takes 5 years 
to grow to maturity and it then produces palm oil annually for 25 years or more.  There are some 
attempts to cultivate palm oil on smallholder farms.  Due to its higher oil yield a farmer could 
produce much more oil growing palm oil than would be possible with lower yielding crops on 
the same amount of land.  However it will be challenging to pursue small scale cultivation while 
avoiding deforestation.  
 
There is increasing concern that the growing demand for biodiesel in Europe and the US is 
fueling the rapid expansion of oil palm planting into environmentally sensitive areas.  This is 
already happening in Borneo and Sumatra. 16  According to a 2005 report by the Center for 
Science in the Public Interest, “oil palm has been a major factor in the dramatic loss of forest 
over the past 30 years”.17  The problem is especially acute in Indonesia and Malaysia where the 
areas planted in oil palm have expanded rapidly since 1970.  The growing demand for biodiesel 
is certain to increase land areas converted to plantations in order to supply low cost feedstocks.   
 
The following table indicates the relative oil yields of many vegetable oil crops that could be 
exploited for producing biodiesel.   

                                                             
15 data from Renewable Fuels Association statistics and Reuters News Service March 29, 2007   
http://www.planetark.org/dailynewsstory.cfm/newsid/41147/story.htm 
16 Helen Buckland, Ed Matthew (ed.) (19 September 2005). "The Oil for Ape Scandal: How palm oil is 
threatening the orangutan" (PDF (458 Kb)). Summary. Friends of the Earth Trust 
17 Brown, Ellie and Jacobson, Michael, 2005 Center for Science in the Public Interest, Crude Oil How 
Palm Oil Harms Health, Rainforest and Wildlife, May 2005 
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Oil from various feedstocks18 in ascending order 

Crop kg oil/ha litres 
oil/ha 

lbs 
oil/acre US gal/acre 

corn (maize) 145 172 129 18 
cashew nut 148 176 132 19 
oats 183 217 163 23 
lupine 195 232 175 25 
kenaf 230 273 205 29 
calendula 256 305 229 33 
cotton 273 325 244 35 
hemp 305 363 272 39 
soybean 375 446 335 48 
coffee 386 459 345 49 
linseed (flax) 402 478 359 51 
hazelnuts 405 482 362 51 
euphorbia 440 524 393 56 
pumpkin seed 449 534 401 57 
coriander 450 536 402 57 
mustard seed 481 572 430 61 
camelina 490 583 438 62 
sesame 585 696 522 74 
safflower 655 779 585 83 
rice 696 828 622 88 
tung oil tree 790 940 705 100 
sunflowers 800 952 714 102 
cocoa (cacao) 863 1026 771 110 
peanuts 890 1059 795 113 
opium poppy 978 1163 873 124 
rapeseed 1000 1190 893 127 
olives 1019 1212 910 129 
castor beans 1188 1413 1061 151 
pecan nuts 1505 1791 1344 191 
jojoba 1528 1818 1365 194 
jatropha 1590 1892 1420 202 
macadamia nuts 1887 2246 1685 240 
brazil nuts 2010 2392 1795 255 
avocado 2217 2638 1980 282 
coconut 2260 2689 2018 287 
oil palm 5000 5950 4465 635 

 
 

                                                             
18 Piedmont Biodiesel website http://www.biofuels.coop/archive/oilcrops.php 
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In addition to the degree of oil yield per land area, the various potential feedstocks differ in other 
important characteristics.   There are critical differences in the various plants’ soil quality and 
water requirements; growth to maturity time frames; nutrient composition properties; etc. that 
must be well understood prior to selecting oil-bearing feedstocks for major cultivation efforts.   
 
Two very promising plants with a high oil content that can be grown on marginal lands are  
jatropha and pongamia.  Jatropha is a shrub that produces an inedible oil-bearing seed. Current 
varieties of jatropha have oil content averaging approximately 30% and a growth to maturation 
period of 3-5 years for producing seeds.  It has an expected economic life of 35-40 years of seed 
production.   
 
Pongamia has a longer gestation period of 7-8 years before its seeds can be effectively harvested.   
However, unlike jatropha, pongamia is a nitrogen-fixing plant species and depending on the need 
to reclaim soil nutrients of depleted land, longer term pongamia planting strategies may be 
justified in certain locations19.   
 
Edible Vegetable Oils 
One of the most critical issues facing the selection of vegetable oils for use as biofuel feedstocks 
is the question of whether to cultivate edible oils versus non-edible oils.  As a practical matter, 
currently most commercial oil seed production focuses on edible oils (e.g. soybeans, rapeseed, 
sunflower, mustard, oil palm, etc.) that are used in food, cooking oils, food additives, animal 
feed, etc.   There are well established commodity markets for edible oils that drive global 
production levels.  The following table shows the leading oil seed crops according to annual 
global output levels.   
 
Total world consumption of major vegetable oils in 2000  

Oil source   
World 

consumption 
(million tons)    

Notes   

Soybeans 26.0 Accounts for about half of worldwide edible oil production. 
Palm 23.3 The most widely produced tropical oil. Also used to make biofuel. 

Rapeseed 13.1 One of the most widely used cooking oils, Canola is a (trademarked) 
variety (cultivar) of rapeseed. 

Sunflowerseed 8.6 A common cooking oil, also used to make biodiesel. 
Peanut 4.2 Mild-flavored cooking oil. 
Cottonseed 3.6 A major food oil, often used in industrial food processing. 
Palm Kernel 2.7 From the seed of the African palm tree 

Olive 2.5 Used in cooking, cosmetics, soaps and as a fuel for traditional oil 
lamps 

Source:  USDA,  http://en.wikipedia.org/wiki/Vegetable_oil 
 
A key attribute of edible oil seeds is that following the extraction of the vegetable oil, the 
remaining seed cake meal has substantial market value as protein and fibrous feed for livestock.  
                                                             
19 Environmental-expert.com: Jatropha as Bio-Diesel   
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This meal represents the greatest portion of the total weight of the harvested seed.  In addition to 
use as animal feed, seedcake meals can also be used as soil amendments and fertilizer for 
regenerating nutrient values of the cultivated land.   The sale of this byproduct for animal feed 
provides significant economic returns to farmers and the oil processing industry and is essential 
for the economic feasibility of most biofuel production investment. 
 
Inedible Vegetable Oils 
The alternative choice of non-edible plant oil crops as a biofuel feedstock is justified primarily 
on the use of “marginal” non-arable land for cultivating these crops.  By planting such crops on 
land that would otherwise not be used for harvesting food, incremental income gains could be 
realized by farmers in these regions.  However, such gains are based upon the presumption that 
the farmer would have minimal or no need to invest in external resource inputs (e.g. irrigation 
water, purchased fertilizers, etc.) to cultivate these non-edible oil crops. 
 
Most non-edible oil seed crops that are considered promising biodiesel feedstocks are 
undomesticated plants and trees that are indigenous to the local region and are capable of 
growing with little or no assistance from farmers.  One exception is castor which is highly toxic 
but used for lubrication, chemical and medicinal applications.  Crops such as jatropha, pongamia 
and neem are currently being studied and initial large acreage plantings are underway in 
anticipation that they would support near term biodiesel production within the next five years.  
However, as these plants have not been historically cultivated, there is inadequate knowledge of 
their ability to be grown in plantation style densities; their susceptibility to pests and disease; and 
the best farming practices needed to maximize yields.     
 
Many developing nations are considering jatropha as a promising candidate for producing 
biodiesel.  India’s national government has already made jatropha the focus of its biodiesel 
development program.  This is primarily due to the opportunity to produce biofuels on marginal 
lands not capable of supporting food production.  India has identified 65 million hectares of 
marginal land, of which perhaps 30 million ha may be able to support jatropha plantations.  This 
choice is also driven by India’s inability to be self-sufficient in supplying domestic demand for 
edible oils.  India currently imports approximately 20% of its total edible-oil consumption. 
 
Water requirements of oil bearing crops will be a critical factor in selecting which varieties 
should be supported for biofuel feedstocks.  There are extensive claims that jatropha has 
significantly less need for water than most other leading oil seed crops.  However, research in 
this issue is underway to provide empirical data to confirm this assumption.  Historical 
observations that jatropha and other indigenous oil-bearing trees survive in arid areas without 
irrigation are the primary basis for expectations of low water use. 
 
There are also expectations that planting jatropha or similar non-edible oil-bearing trees on 
marginal lands will help reduce soil erosion.  Historically, jatropha has been used to create hedge 
rows and natural fences to protect arable fields from grazing animals because the tree’s leaves 
and seeds are inedible.  In addition to reducing wind erosion, their shallow root structure also 
serves to bind soil and to reduce water and soil runoff when there is rainfall. 
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There are opportunities to implement an inter-cropping cultivation strategy on marginal lands 
planted with jatropha or similar trees.  The Indian Society for Rural Initiatives for Promotion of 
Herbals is advocating 2X2 meter spatial separations of jatropha plantings so that shade-
preferring and tree-climbing crops could be interspersed within the rows of jatropha trees.  These 
techniques may further justify the widespread implementation of recovering suitable marginal 
lands with jatropha plantations20. 
 
Fertilizer value of seed cake 
The seed cake that remains after the extraction of inedible oils cannot be used for animal feed.  
However, it can be used as an organic soil amendment and fertilizer.  Jatropha seed cake is 
claimed to be a good organic fertilizer with mineral composition comparable to that of chicken 
manure21.   The table below indicates the fertilizer values of leading varieties of inedible oil seed 
cake relative to manufactured fertilizers.  Depending on the conditions of specific marginal land 
areas and the nutrient uptake rates of jatropha or similar crops, there are good prospects for 
applying oil seed cake fertilizers to gradually regenerate the soil nutrients of land used to 
produce such biodiesel feedstocks. 
 
 
Comparison of oil seed filter cake nutrients with DAP and Urea 
Source of fertilizer Percentage 

Nitrogen 
Percentage 

Phosphorous 
Percentage 
Potassium 

Pongamia Pinnata oilseed filter cake 3.95 0.52 0.42 
Jatropha Curcas oilseed filter cake 4.44 2.09 1.68 
Neem oilseed filter cake 5.0 1.0 1.5 
Castor oilseed filter cake 4.37 1.85 1.39 
Di-Ammonium Phosphate 18 20 0 
Urea 46 0 0 
An Assessment of the Biofuels Industry in India, UNCTAD, Joseph Gonsalves, 10/18/2006, page 5 

 
 
 

                                                             
20 http://www.jatrophabiodiesel.org/ 
21 Reinhard Henning, Arid Lands Newsletter, Winter 1996]   
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CELLULOSIC BIOMASS FEEDSTOCKS 
 
The increasing demand for ethanol fuels is expected to exceed the ability of grain and sugar 
crops to sustainably support without creating serious impacts on food availability and prices.  
The success of current research aimed at developing economical cellulosic ethanol conversion 
will drive the expansion of cellulosic feedstock cultivation on a global scale. 
 
Cellulosic biomass feedstocks cover the entire spectrum of crops, grasses and trees.  The leading 
starch and sugar biofuel feedstocks produce enormous quantities of cellulosic crop wastes that 
have significant energy value.   There are currently many instances of on-site combustion of 
bagasse to fire combined heat and power generation for Brazilian ethanol plants. There are also 
growing numbers of medium- and small-scale biogasification systems that use crop wastes such 
as rice husks, saw mill wastes, or collected local grasses as feedstocks to fuel synthetic gas 
power generators.  However, the greatest cellulosic energy potential lies with applying advanced 
thermo-chemical and microbial technologies to convert cellulose to liquid fuels via 2nd 
generation cellulosic ethanol production.   
 
Agricultural Crop Residues 
A primary source of cellulosic biomass is agricultural crop residues that are produced in the 
process of growing grains, sugar cane and other food commodity crops.  In the case of grains, 
much of the residue is left in the field as a soil amendment and to accommodate no-till or strip-
till cultivation practices.  Alternatively, a portion of these residues (e.g. corn stover, wheat straw, 
etc.) are collected for use as livestock fodder.  As these crop residues are already available, the 
field collection of a portion of these wastes would provide a significant amount of cellulose 
feedstocks. 
 
According to a DOE/USDA study in 2005 of U.S. biomass potential, under current agriculture 
production levels approximately 194 million tons of biomass are available for producing 
biofuels.  The following table indicates that 144 million tons of cellulosic residues (e.g. corn 
stover, wheat straw, etc.) could be recovered for production of cellulosic ethanol. 
 
Current Availability of Biomass from U.S. Agricultural Lands 

Biomass Agriculture Crops Million dry tons per year 
Corn stover 75 

Other Residues 31 
Other Crop Residues 21 

Wheat Straw 11 
Small Grain Residues 6 

TOTAL 144 
Source: Biomass as Feedstock for a Bioenergy and Bioproducts Industry: The Technical Feasibility of a Billion-Ton 
Annual Supply, U.S. DOE and USDA, April 2005 
 
This study also forecasts that with additional acreage placed under cultivation; increases in crop 
yield productivity; and higher proportions of residue removal from fields, it was possible that 
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between 423 to 597 million tons of biomass (including between 56 to 97 million tons of grains 
for fuels) could be produced in the U.S. by 201422.    
 
There has been limited analysis of cellulosic biomass resource availability in the Developing 
World.  The following table is from a study by the Nimbkar Agricultural Research Institute 
(NARI) that indicates that in 2001 India produced 442 million metric tonnes of crop residues  
The difference in NARI’s estimates of the U.S. producing 488 million tonnes (536 US tons) of 
crop residues in 2001 versus the DOE estimates for 2005 from the previous table may be a result 
of DOE’s assumption that only 40% of crop residues were considered removable from the fields 
in their calculations.  These discrepancies reveal the significant variation estimates that can result 
from assumptions about what portion of residues should be converted to fuels. 
 
Crop residue production in India, U.S. and the world in 2001 

Crop India U.S. World 
                           ------------------------    106 tonnes      ------------------------- 
           Cereals 396 367 2802 
           Legumes  24   82   305 
           Oil crops  22   20   108 
           Sugar crops -   14   170 
           Tubers -     5 - 
           Total 442 488 3385 
Source : Adapted from Lal, 2004a, b;  2005a, b. Biofuels – Promise/Prospects, Anil Rajvanshi, et al. NARI 
 
The current major use of cellulosic biomass to produce  modern energy services is the 
combustion of sugarcane bagasse (i.e. the cellulosic stalks following crushing for juice 
extraction) in combined heat and electric power generators that fuel sugar/ethanol refineries.  
The cane stalks are generally transported to the refinery.  Because this biomass residue has 
already been delivered to a centralized location, it can be efficiently converted into heat and 
power needed for the ethanol production processes. This onsite combustion of bagasse also 
eliminates a significant biomass waste disposal problem. 
 
Sugarcane bagasse is roughly 27% of the harvested sugarcane weight and contains 7,000 to 
8,000 BTU’s of energy per dry pound.  Currently almost all of Brazilian sugar and ethanol mills 
and distilleries are energy self-sufficient through the use of bagasse and many sell excess power 
back to the grid for additional income23.  
 
Sugarcane or sweet sorghum crop residues that are delivered to biorefineries are economically 
viable cellulosic feedstocks when used for onsite power systems.  However, in the case of crop 
residues from grains or tubers such as corn and cassava, the low energy to weight density makes 
it impractical to collect and transport these wastes to distant cellulosic energy conversion 
facilities.  These constraints are particularly pronounced with the poorly developed transportation 
infrastructures found in most of Africa and Southeast Asia.  If technologies are developed that 
                                                             
22 Biomass as Feedstock for a Bioenergy and Bioproducts Industry: The Technical Feasibility of a Billion-Ton 
Annual Supply, U.S. DOE and USDA, April 2005 
23 USDA Ethanol Feasibility Report 7-2006  http://www.usda.gov/oce/EthanolSugarFeasibilityReport3.pdf   
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could efficiently pre-process and compact these residues for transport, then cellulose feedstocks 
would have better prospects for becoming major biofuel feedstocks for large scale refineries.   
 
Cellulosic energy crops 
The most significant cellulosic feedstock opportunities are the cultivation and harvesting of fast 
growing, high yield perennial crops such as switchgrass, miscanthus, reed canary grass, etc. and 
short rotation woody biomass (e.g. hybrid poplars, willow, etc.) that are high-efficiency 
converters of sunlight into biomass.  These perennials are adapted to savannah climates and rain 
fed growing conditions. The following chart indicates that such grasses have nearly double the 
photosynthesis capability of corn. 
 
Comparing Net Photosynthesis of Corn and Several Perennial Species 

 

Annualized net photosynthesis is proportional to the area under the curve. Thus, if maximal rates 
of photosynthesis are similar, the perennial crops (yellow) have much higher annualized net 
photosynthesis than the annual crop, corn (Zea mays, blue).   
U.S. DOE. 2006. Breaking the Biological Barriers to Cellulosic Ethanol: A Joint Research Agenda, DOE/SC/EE-
0095, U.S. Department of Energy Office of Science and Office of Energy Efficiency and Renewable Energy, 
http://genomicsgtl.energy.gov/biofuels/. S. Long, University of Illinois 
 
Perennial grasses have the advantage of not requiring annual reseeding or planting of rootstock.  
Once planted, these grasses require two to three years to reach maturity.  Once mature, most 
grasses can be harvested annually for multiple years before another planting is necessary.  
Current yields for switchgrass are roughly 5 tons per acre.  The Natural Resources Defense 
Council (NRDC) report, Growing Energy estimates that with reasonable improvements in yields 
such as those historically achieved with other crops, it should be possible to achieve yields of 
more than 12 tons per acre in the near future. 24   
 
Switchgrass and miscanthus are the subject of several genetic enhancement research efforts in 
the U.S.  There are also a wide variety of other indigenous perennials grasses in the Developing 
                                                             
24 Nathanael Green et.al, Growing Energy, Natural Resources Defense Council, December, 2004  
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World such as lantana that are currently being used as cellulosic feedstocks for biogasification 
systems.  However, caution is needed when considering large scale plantings of certain perennial 
grasses, because their hardiness could enable them to proliferate and become invasive with 
adverse impacts on the local environment. 
 
Near-term, the best opportunity to use cellulosic biomass as a biofuel in the Developing World is 
the gasification of crop residues and processing wastes that are already collected as a result of 
other applications.  In the longer term both perennial grasses and short-rotation woody biomass 
could become significant biofuel feedstocks if technical progress is made in reducing the costs 
and improving the yields of cellulosic ethanol production.   Until these technologies have been 
demonstrated on a commercial scale, efforts to produce and collect large quantities of cellulosic 
biomass are likely to remain at pilot level scales in the next few years. 
 
ANIMAL MANURE FOR BIOGAS 
 
Animal manure is rich in organic material that has both energy potential and the ability to enrich 
soil.  However, manure also contains pathogens, has a strong odor and can pollute local water 
supplies.  It some areas manure is spread untreated onto fields.  In other areas it is dried and 
burned as a fuel, which wastes its soil-enriching components.  Manure is increasingly used as a 
feedstock for anaerobic digesters, which produce an energy-rich biogas that has 60% of the 
energy content of natural gas 25as well as a relatively pathogen-free soil amendment. 
 
The following analysis from the National Sustainable Agriculture Information Service (ATTRA) 
demonstrates the gross and net energy (i.e. discounting for the anaerobic digestion process heat 
inputs) biogas production potential from various livestock.  These values can vary according to 
the quality of feed inputs and the specific breed of animal but they are useful as baseline data 
when considering the energy output possible with anaerobic digester systems. 
 

 
1. Source: John Balsam, Anaerobic Digestion of Animal Wastes, ATTRA, 2006. 

                                                             
25 John Balsam, Anaerobic Digestion of Animal Wastes, National Center for Appropriate Technology , 2006 
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BIOENERGY CONVERSION SYSTEM TECHNOLOGIES 
 
FERMENTATION AND DISTILLATION OF ETHANOL 
 
First Generation Ethanol 
Ethanol is an alcohol that is produced by the fermentation of saccharine liquids (i.e. sugars) by 
yeast and that has been distilled to remove most of the water that is present in the fermented 
mash.   Once the ethanol has been distilled to an alcohol content of greater than 96% (i.e. 
anhydrous ethanol) the fuel is capable of being blended with gasoline as a transportation fuel. 
 
Ethanol has an energy content of 84,000 BTU’s/gal. which is approximately 66% of the energy 
content of gasoline i.e. 115,000 BTU’s/gal.).  This reduced energy value of ethanol is an 
important factor when considering the production cost of ethanol relative to gasoline, as the 
miles-per-gallon performance of ethanol/gasoline blends will be less than pure gasoline 
alternatives. 
 
While ethanol has a lower energy content than gasoline, it has a higher octane level that enables 
it to serve as an oxygenate additive to gasoline that improves engine performance (e.g. anti-
knocking properties). Currently, most of the use of ethanol in the U.S. is as a substitute for 
methyl tertiary butyl ether (MBTE) which is an oxygenate that has been blended at a 3% level 
with gasoline.  However, because MBTE has been found to be carcinogenic; its use is prohibited 
in California, and it is rapidly being replaced by ethanol throughout the U.S.  
 
Although ethanol can be blended with gasoline for use in internal combustion engines, it is 
hygroscopic (i.e. it absorbs water).  Ethanol’s solubility in water precludes the use of existing 
gasoline storage and transportation infrastructures (e.g. retail gas station tanks and pipelines) for 
blend levels greater than 10% ethanol (E10).  Separate fuel handling, transport and storage 
systems must be used to sell ethanol blends that exceed the E10 level. 
 
Ethanol also has corrosive properties that can damage fuel handling components (e.g. valves, 
gaskets, hoses, etc.) in engines designed to use gasoline.  At relatively low blend levels (E10) 
these corrosive properties are not that serious and can be used without problems in most vehicles.  
However, conventional internal combustion engines must be configured with special fuel system 
components in order to properly use higher blend levels of ethanol.  Although the ethanol-
capable fuel system components only cost about $100-200 per vehicle, in 2006 less than 2 % of 
vehicles in use in the U.S. are flex-fuel capable (e.g. 4.5 million FF vehicles as of 2006 – DOE 
Alternate Fuels Data Center).  “Flex-fuel” vehicles must be widely deployed before high 
percentage blends of ethanol and gasoline could be successfully marketed. 
 
Despite these differences between ethanol and gasoline, ethanol is currently the predominant 
biofuel alternative to petroleum based transportation fuels.  Ethanol’s leading position is due to 
the substantial development of fermentation technology and the corn and sugarcane feedstock 
cultivation efforts of the U.S and Brazilian ethanol production industries over the past several 
decades.   Of the nearly 13.5 billion gallons of ethanol produced throughout the world in 2006, 
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U.S. corn based ethanol was 36% and Brazilian sugar cane based ethanol was 33% of the total, 
far distancing the next two largest producers, China with 7.5% and India with 3.7%26.    
 
Producing ethanol from corn is a multiple-step process.  First, the corn grain must be milled into 
flour (in the U.S. most ethanol is produced from dried grain).  Then the ground corn is mixed 
with water and subjected to enzymatic conversion of the starches to saccharine liquids.  After the 
starch has been converted to sugars, the slurry mash is fermented by yeast to produce ethanol.  
The ethanol and water within the fermented mash (initially, the ethanol concentration is about 
14-20%) is then subjected to multiple cycles of evaporation and distillation to separate 
anhydrous ethanol from the fermented solution.   In both the starch-to-sugar and the sugar-to-
ethanol processes, attention is given to recovering the expensive enzymes and yeasts 
(respectively) for subsequent reuse as production inputs. 
 
The byproduct mash is a high-protein organic material, Distillers Dried Grains with Solubles 
(DDGS) that has substantial value as an animal feed for livestock.  DDGS is particularly suitable 
as feed for dairy and beef cattle; poultry and pigs can only use about 5% DDGS in their feed.  
DDGS are usually mixed with fodder (e.g. corn stover, etc.) and other organic materials and can 
be used in local feedlots without the need for substantial drying.  Alternatively, they can be 
further dried for use in more distant animal feed markets. 
 
Most U.S. ethanol production plants use natural gas as the primary thermal energy input for their 
processes.  This use of fossil fuel contributes to the higher expense of ethanol from these plants 
relative to the more net energy efficient sugarcane based ethanol plants in Brazil.  Brazilian 
biorefineries use the crushed cane stalks (i.e. bagasse) as a fuel for theirprocess heat and electric 
power requirements.  In some cases the plant sells excess electricity to the local power utility.  
There is also another major difference between ethanol production plants based on corn 
feedstocks versus sugar cane.  Moreover, biorefineries using sugar cane (or other sugar crops), 
do not need to first convert the starches from cereals (or tubers such as cassava) into sugar in 
advance of the fermentation process.   
 
Ethanol production plant capacities have continuously increased over the past few years.  In 
2004 the average U.S. ethanol plant capacity was 43 million gallons per year (43 mgy), while the 
current installed base average is 50 mgy.  What is more illuminating is that for the 110 new and 
expanded plants currently under construction in the U.S., their average capacity is 74 mgy; 
nearly a doubling of average plant capacity in the past three years.27  The current pace of 
construction should result in an estimated 12 billion gallons per year of U.S. corn ethanol 
production capacity in operation by the end of 2007.   The following Table from the Renewable 
Fuels Association, a U.S. trade organization, reveals the pace of U.S. ethanol production capacity 
construction over the past eight years.   
 
 
 

                                                             
26 Renewable Fuels Association statistics, http://www.ethanolrfa.org/industry/statistics/ 
27 Renewable Fuels Association statistics 
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U.S. ETHANOL INDUSTRY OVERVIEW 

Year 
January 

1999 
January 

2000  
January 

2001  
January 

2002  
January 

2003  
January 

2004  
January 

2005  
January 

2006 
January 

2007  Present 

           

Total Ethanol Plants 50 54 56 61 68 72 81 95 110 115 

Ethanol Production Capacity 1701.7  
mgy 

1748.7  
mgy 

1921.9 
mgy 

2347.3 
mgy 

2706.8 
mgy 

3100.8 
mgy 

3643.7 
mgy 

4336.4 
mgy  

5493.4 
mgy 

5750.4 
mgy 

Average Capacity 34 mgy 32 
mgy 

34 
mgy 

38 
mgy 40 mgy 43 

mgy 
45 

mgy 
46 

mgy 50 mgy 50mgy 

Plants Under Construction/ 
Expanding 5 6 5 13 11 15 16 31 76 86 

Capacity Under 
Construction/Expanding 77 mgy 91.5 

mgy 
64.7 
mgy 

390.7 
mgy 

483 
mgy 

598 
mgy 

754 
mgy 

1778 
mgy  

5635.5 
mgy 

6337..9 
mgy 

From Renewable Fuels Association website April, 2007http://www.ethanolrfa.org/industry/statistics/ 

The production costs of ethanol are primarily determined by the cost of the biomass feedstocks 
delivered to the biorefinery.  In the case of ethanol, feedstock costs generally represent between 
60% and 80% of the variable costs of production.   Capital costs of new ethanol plants are 
between $1 - $3 per gallon per year of capacity28.   The current ethanol production costs using 1st 
generation fermentation technologies range from roughly $.68 to $.97/gallon for Brazilian sugar 
cane ethanol; $1.47/gal.for U.S. corn ethanol; and $1.82/gal for Indian ethanol from molasses29.   
 
Ethanol plant in Spain that produces 195 million liters per year. 

 
Courtesy: Abengoa Bioenergy  
 
Extensive work has been done on crops that are better suited to the Developing World than 
the corn and sugar cane currently used for most of the world’s ethanol production.  Sweet 
sorghum and cassava are two of the most promising crops (See Feedstocks for Ethanol 
section).   
 
                                                             
28 USDA Ethanol Cost of Production Survey 2002, published 7/05 
29 Mckinsey & Co analysis and  Biofuels for Transportation ,Worldwatch Institute and GTZ report, 2006 
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The productivity of sweet sorghum also makes it  an especially attractive feedstock for 
ethanol.  Although sugarcane has greater total sugar yields per hectare, ICRISAT has 
estimated that the cost of producing ethanol from sweet sorghum should be $0.29/liter ($1.10 
US) compared to $0.33/liter ($1.25 US) for ethanol from sugar cane30.   ICRISAT advocates 
the use of sweet sorghum as both an alternative feedstock to sugarcane or as a supplement 
feedstock.  Using both feedstocks would enable continuous bio-ethanol refinery operations 
that would extend well beyond the roughly 150 days of production possible when exclusively 
using sugarcane.  Cassava is not as cost effective a feedstock as sweet sorghum but it is still a 
more economically attractive feedstock than corn. 
 
Ethanol Feedstock Cost comparison, 2004‐2005 

Feedstock Cost $ / L  
Feedstock 

 
Liters / ha/year  Min  Max 

Sugarcane  6120  .30  .33 

Corn  5280  .46  .71 

Cassava  5550  .18  .50 

Sweet Sorghum     .30  .34 

    Stalks  5625  .27  .29 

    Grains  2513  .39  .46 
Sources: GAIN Report on RP sugar industry, Gain Report on Thai sugar industry, Leyte State University Report on 
Cassava, Biotechnology Coalition of the Philippines, MMSU field tests, FAO and ICRISAT, 2004‐2005, International 
Society for SE Asian Agricultural Sciences 
 
There is also increasing interest in producing butanol as an alternative biofuel to ethanol.   
Butanol is produced by fermenting sugars with a non-yeast microbe (i.e. the Clostridium 
acetobutylicum bacterium).    The attraction of butanol is that its energy content is very 
comparable to that of gasoline (e.g. 110,000 BTU’s/gal. – 96% that of gasoline).  It also is non-
hygroscopic (e.g. unlike ethanol, it does not absorb water) which permits butanol fuels to use the 
same storage and pipeline handling infrastructures currently used for gasoline.   These 
similarities indicate that marketing of butanol would not require the scale of investment in new 
storage tanks, pipelines, etc. as would be needed for large scale use of ethanol.  Although at an 
early stage of commercialization, an indication of butanol’s significant potential is the fact that 
DuPont and BP have formed a joint venture to develop biobutanol for both transportation fuel 
and biochemical applications.  The first DuPont/BP butanol refinery is now under construction in 
Kentucky and is expected to begin production in late 2007. 
 
Case Studies: Ethanol Production from sweet sorghum in India 
 
An innovative ethanol distillery in India is using sweet sorghum as its feedstock rather than the 
corn or sugarcane that is used for most of the world’s current production of ethanol.  Rusni 
Distilleries, Ltd. recently began operating a 40,000 liter per day ethanol production plant near the 
village of Mohammed Shapur in the state of Andhra Pradesh.  Their plant has been developed in 
close partnership with the International Crops Research Institute for the Semi-Arid Tropics 
                                                             
30 Pro-Poor Biofuels Outlook for Asia and Africa, ICRISAT working paper, March, 4, 2007 
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(ICRISAT) that is headquartered in Hyderabad; and with the Aakrithi Agricultural Association 
of India (AAI), a regional farmers association. 
 
These three organizations’ public/private partnership has succeeded in economically producing 
large quantities of ethanol with a business model that promotes the profitable participation of 
small holder farmers.  Unlike most newly built ethanol plants in the U.S. and Brazil whose 
production capacities are often in the range of 100 million gallons per year; the Rusni ethanol 
plant is currently capable of producing a little less than four million gallons per year (e.g. 40,000 
liters per day).      
 
Opening ceremonies at Rusni Distilleries                         

   
Courtesy: ICRISAT 
 
The sweet sorghum that is used as the feedstock can be grown on relatively lower quality soil 
and requires much less water inputs than corn or sugar cane. This characteristic makes sweet 
sorghum a more accessible and appropriate crop for poor farmers to cultivate.   The robust 
character of sweet sorghum has also been enhanced by ICRISAT’s breeding research that has 
increased the sugar yields of new hybrid varieties.  ICRISAT’s improved sweet sorghum can 
also be grown throughout the year which enables a more constant supply of feedstocks to the 
distillery plant. 

The participation of the farmers association (AAI) has helped gain the cooperation of small 
holder farmers to take the risk of cultivating a new crop for a new application.  Rusni has entered 
into feedstock supply contracts with the AAI and is providing the farmers with seeds of the new 
ICRISAT-improved-yield sweet sorghum varieties for planting.  Rusni also established a ‘village 
cluster’ supply chain model for acquiring sweet sorghum stalks from local farmers.  With this 
arrangement, Rusni operates local processing facilities for extracting the sugar juice and 
reducing it to syrup. The decentralized production of this concentrated sucrose syrup enables the 
economical transport of feedstock to the distillery.  This village cluster also enables the valuable 
sweet sorghum crushed stalks (e.g. bagasse) byproduct to be used as animal feed or composted 
organic fertilizer by the local farmers.  As the sweet sorghum supply chain matures, it is intended 
that many of these decentralized processing facilities would be purchased or transferred to the 
farmer associations for their ownership and operation.  
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Second Generation Cellulosic Ethanol 

Cellulosic ethanol production is widely viewed as the most promising opportunity to produce 
sufficient quantities of biofuels to supply a significant portion of future global demand for 
transportation liquid fuels.  Although still in the research phase, it holds great promise because 
the amount of cellulosic biomass far exceeds the energy potential of first generation food/fuel 
crops.  It is seen as the only way to substantially reduce the cost of biofuel feedstocks because it 
utilizes non-edible biomass, crop wastes and field residues that are not be subject to price 
competition with food staples.  Although it will not be feasible at a village scale, it is very likely 
that cellulosic plantations for ethanol production will be established in the Developing World 
just as they are for current ethanol production. 
 
Cellulosic ethanol is identical to corn or sugar based ethanol but it is produced from fibrous 
portions of plants.  Cellulose is the most abundant biological material on earth.  There is a wide 
variety of potential cellulosic feedstocks many of which can be grown on marginal lands. 31 

Cellulosic feedstocks also have the benefit of requiring less land to produce an equivalent 
amount of fuel.  Because the whole plant is used instead of just the grains, “an acre of grasses or 
other crops grown specifically to make ethanol could produce more than two times the number 
of gallons of ethanol as an acre of corn”.32   
 
While there is debate about the net energy balance of corn-based ethanol, cellulose ethanol is 
both net energy positive and reduces greenhouse gas emissions 33 An NRDC survey of studies 
conducted between 1993 and 2004 found that the return on energy investment for cellulosic 
ethanol is 4-6 times greater than for corn ethanol if the waste lignin is burned to provide process 
heat34.   A DOE sponsored Life-cycle analysis at Argonne National Laboratory found that CO2 
emissions from cellulosic ethanol would be 85% lower than those from gasoline.  
  
Despite its potential, cellulosic ethanol is expensive to make today.  It is a more complicated 
process that involves multiple steps to produce ethanol than that required for sugar or starch 
feedstocks.  It also requires costly equipment and enzymatic inputs.   
 
Simple sugars are needed for ethanol fermentation.  Rather than simple sugars, cellulosic 
feedstocks contain more complex carbohydrates (cellulose and hemicellulose) that are bound up 
with lignin and not easily extracted.   Lignin is found in the cell wall of plants and provides its 
mechanical strength.  Lignin must be separated from the cellulose before the cellulose can be 
broken down into the simple sugars needed for fermentation.    
 
 

                                                             
31 U.S. Department of Energy Office of ScienceFact Sheet: A Scientific Roadmap for Making Cellulosic Ethanol A Practical 
Alternative to Gasoline http://genomicsgtl.energy.gov/biofuels/b2bworkshop.shtml 
32 Technology Review: Will Cellulosic Ethanol Take Off? Monday, February 26, 2007  
http://www.technologyreview.com/Energy/18227/ 
33 SCIENCE Ethanol Can Contribute to Energy and Environmental Goals Alexander E. Farrell et al  
  VOL 311  27 JANUARY 2006   
34 Natural Resources Defense Council Ethanol: Energy Well Spent A Survey of Studies Published Since 1990  
http://www.nrdc.org/air/transportation/ethanol/ethanol.pdf February 2006 
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Cellulose in the cell wall of a plant         

   
Source: Genome Management Information System, Oak Ridge National Laboratory Figure adapted with permission from C. Somerville, Stanford 
University, 2004.  
 
Cellulosic ethanol production is a five stage process; 

1. Pretreatment,  
2. Cellulose hydrolysis,  
3. Lignin separation, 
4. Fermentation, 
5. Distillation. 

 
In some cases two are more of these processes may be combined to improve efficiency and 
reduce costs. 
 
1. Pretreatment of biomass is a physical or chemical process that breaks down the raw biomass 
material and makes the cellulose more available for the next process, cellulosic hydrolysis.   
  

 
U.S. Department of Energy Genome Program's Genome Management Information System (GMIS). http://genomics.energy.gov 
 
Current pretreatment technologies use dilute acid, steam explosion, ammonia fiber explosion or 
other organic solvents.  Each technology has advantages and disadvantages in terms of costs, 
yields, material degradation, downstream processing and generation of process wastes.  
However, pretreatment can produce process wastes and create substances that inhibit subsequent 
processes.35  Research is underway to improve the current pretreatment methods and potential 
develop feedstock specific treatments.36 
 

                                                             
35 Applied Microbiology and Biotechnology  Inhibition of ethanol-producing yeast and bacteria by degradation products 
produced during pre-treatment of biomass H. B. Klinke et al Volume 66, Number 1 / November, 2004 pages 10-26 
36 Bioresource Technology Features of promising technologies for pretreatment of lignocellulosic biomass Nathan Mosier et al 
Volume 96, Issue 6, April 2005, Pages 673-686   
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2. Cellulose hydrolysis is the process that breaks down the cellulose into sugars.  The most 
common processes are chemical and enzymatic.  However, the greatest potential for improving 
cellulosic ethanol production lies in enzymatic hydrolysis37 .  This is the part of the production 
process that introduces the most costs. Enzymes break down cellulose in nature however the 
process is very slow due to the complex structure of cellulose.  In order to be commercially 
viable, new enzymes are needed that are faster and more efficient than their counterparts in 
nature but can be produced in significant quantities at an economic cost. 
 
Numerous commercial enzyme companies and research institutions are making significant 
technological breakthroughs in the mass production of enzymes for hydrolysis at competitive 
prices.  The National Renewable Energy Laboratory (NREL) and its partners have developed an 
enzyme cocktail that has already dropped the cost of cellulose hydrolysis by 20-fold and holds 
the promise of decreasing the cost by another order of magnitude or more.38 The DOE is working 
with two of the largest global enzyme producers to reduce the cost of enzymes 10 to 50 fold39.  
Researchers the University of Rochester may enable the combination of the hydrolysis and 
fermentation processes by developing bacteria that break down and ferment plant biomass in one 
step40.  This combination of two process steps into one is an area of great promise and is 
receiving significant research attention. 
 
3. Lignin separation is an important part of the process because the lignin can be burned to 
provide the process heat needed for ethanol production.  Lignin combustion is an essential 
component of the positive net energy of cellulosic ethanol production41.  Lignin is not converted 
to sugars during the hydrolysis process and remains as a solid.  The lignin is separated from the 
slurry and dried for subsequent use as a fuel source for onsite combustion boilers that support the 
heating and power requirements of the refinery.   Once separated, lignin is an excellent fuel, 
because it yields more energy when burned than cellulose. 
 
4. Fermentation is the microbial conversion of the sugar solution into alcohols. Cellulose 
hydrolysis produces a wide variety of sugar types including complex sugars such as xylose and 
arabinose.  However, there is no microorganism capable of fermenting the entire range. In the 
hydrolysate of corn stover approximately 30% of the total sugars is xylose. Even genetically 
modified yeasts that can ferment multiple types of sugars will ferment one type more slowly than 
another42.  Finding microorganisms that can ferment the entire range of sugars produced is vital 
to improving the economics of cellulosic ethanol production.  Bacteria are especially interesting 
because of their speed of fermentation. In general, bacteria can ferment in minutes as compared 
to hours for yeast43.  

                                                             
37 DOE Outlook for Biomass Ethanol Production and Demand by Joseph DiPardo 2002. 
http://www.eia.doe.gov/oiaf/analysispaper/biomass.html 
38 NREL Enzymatic Hydrolysis of Biomass Cellulose to Sugars - 2004 R&D 100 Award Winner 
39 DOE EERE Enzymatic Hydrolysis 3/15/2007 http://www1.eere.energy.gov/biomass/enzymatic_hydrolysis.html  
40 Proceedings of the National Academy of Science Induction of the celC operon of Clostridium thermocellum by laminaribiose 
Michael Newcomb, February 27, 2007 
41 SCIENCE Ethanol Can Contribute to Energy and Environmental Goals Alexander E. Farrell et al  
  VOL 311  27 January 2006   
42 US Department of Energy Office of Science Cellulosic Ethanol Cellulose Degradation and Conversion  August 29, 2006  
http://genomicsgtl.energy.gov 
43 Trends in new crops and new uses. ASHS Press, Ethanol From Cellulose: A General Review P.C. Badger 2002  p. 17-21 



41 

 

 
5. Distillation is the final step in ethanol production.  It is unaffected by the initial feedstock and 
is essentially the same process used for all alcohol production.  The “beer” produced in 
fermentation is about 10-12% ethanol and is pumped through distillation columns to remove the 
ethanol from the solids and water. After distillation the ethanol is about 96% pure.  The 
distillation process requires significant amounts of process heat and the reclamation of lignin as a 
fuel is important to both the economics and net energy production of the process. 
 
Cellulosic ethanol production is currently at the pilot and commercial demonstration phase.  A 
number of plants are currently in operation or construction around the world including the US, 
Canada and China.  In February the US DOE announced that it will invest up to $385 million for 
six biorefinery projects over the next four years that are expected to have a final output of more 
than 130 million gallons of cellulosic ethanol per year.  In China, there is a pilot demonstration 
plant built by SunOpta Inc. for the China Resources Alcohol Corporation for research and 
development of cellulosic ethanol production at their facility in Zhao Dong City, Heilongjiang 
Province.  A list of companies involved in various aspects of cellulosic ethanol production can be 
found at http://www.investincellulosicethanol.com/ 
 
Current development efforts indicate that economies of scale would apply to the sizing of 
commercially viable production plants.  A study conducted by the U.S. National Renewable 
Energy Lab (NREL) indicated that minimum plant capacities in the U.S. would be on the order 
of a facility that could convert from 2,000 to 4,000 metric tons of biomass per day (corn stover 
was the study’s target feedstock). 44  The energy requirements, expensive cellulase enzymes and 
large volume efficiencies of the cellulose hydrolysis reaction systems are factors that encourage 
large scale biorefinery investments.  However, the difficulty and cost of transporting bulky 
cellulosic biomass feedstocks to a central site counter these factors in determining the optimum 
scale of a cellulosic ethanol plant.  
 
Although current pilot stage cellulosic ethanol production systems have ethanol costs that are 
more than twice that provided by current corn ethanol technology, the U.S. DOE’s R&D 
program targets the reduction of cellulosic cost reductions by half within five years.  Cellulosic 
ethanol venture capital investors such as Vinod Khosla claim that the costs of production will be 
at parity with corn ethanol by 200945. 
 
Biodiesel 
Biodiesel is a fuel equivalent to petroleum diesel.  It is produced using biological products such 
as vegetable oils or animal fats and subjecting them to a chemical process called 
transesterification.   During transesterification the organic oil extracted from oil bearing seeds is 
moderately heated (60-70º C) and mixed with an alcohol (usually methanol) and a chemical 
catalyst (e.g. usually sodium hydroxide or potassium hydroxide).  In a batch process that takes 
several hours, the oil is almost completely broken down into methyl ester (biodiesel) and 
glycerin.  The final product is 90% biodiesel and 10% glycerin by weight or .73 lbs. of glycerol 
per gallon of biodiesel. The methanol is generally recovered for reuse because it is an expensive 
                                                             
44 A. Aden et al, Lignocellulosic Biomass to Ethanol Process Design and Economics, NREL, June, 2002 pg. 15 
45 Presentation at the 4th World Congress of Biotechnology Industry Organizations, March, 2007 
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input, and the glycerin byproduct can be sold as a feedstock for other uses (e.g. soap, detergents, 
cosmetics, oleo-chemical based products, etc.).   
 
Biodiesel fuel has an energy content per gallon that is approximately 91% that of petroleum 
diesel. 46 Thus, unlike ethanol’s one-third less energy relative to gasoline, biodiesel use does not 
impose significant reductions in miles per gallon transportation performance or delivered power 
for stationary applications when substituting for diesel.   
 
Biodiesel can be blended at any level with petroleum diesel to create a biodiesel blend.  Blends 
are signified by the letter B followed by the % of biodiesel.  For example, B20 is a blend with 
20% biodiesel and 80% diesel and B100 is pure biodiesel. 
 
Although biodiesel could be used in its pure form, it may have adverse effects (clogging fuel 
filters, etc.) on diesel engines.  The use of B100 biodiesel may require certain engine 
modifications to avoid maintenance and performance problems.47    
 
Most diesel engine and vehicle manufactures have historically not been willing to support engine 
performance warrantees for customers who use biodiesel blends greater than 5% (e.g. B5).    
This reluctance has been partially due to concerns over the use of higher biodiesel blends in 
climates where temperatures reach below freezing and could damage engines due to biodiesel’s 
relatively higher viscosity levels. 
 
B20 can generally be used in unmodified diesel engines.  There is widespread experience that 
B20 blends have proven to work well with the existing installed base of diesel engines.  In fact, 
following extensive testing Cummins Inc. has recently endorsed B20 as an acceptable biodiesel 
blend for most of their on-highway trucks and buses. 
 
Biodiesel also has superior lubrication properties that reduce engine wear relative to that with 
conventional diesel fuels.  There have been several studies that have demonstrated the lubricity 
benefits of biodiesel and its positive impacts on improving engine life. 
 
Biodiesel is also a very energy efficient fuel to produce.  A joint study conducted by the US 
DOE and the USDA found that “Biodiesel yields 3.2 units of fuel product energy for every unit 
of fossil energy consumed in its life cycle." The report continues, "By contrast, petroleum 
diesel's life cycle yields only 0.83 units of fuel energy per unit of fossil energy consumed."  This 
means that the fossil fuel net energy balance of biodiesel is 3.8 times the net energy yield of 
petroleum diesel fuel. 
 

                                                             
46 National Biodiesel Board, BioDiesel website 
http://www.biodiesel.org/pdf_files/fuelfactsheets/BTU_Content_Final_Oct2005.pdf 
 47 US Department of Energy (DOE)-Energy Efficiency and Renewable Energy. Alternative Fuels Data Center.  
http://www.eere.energy.gov/afdc/altfuel/biodiesel.html 
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Summary - Energy Balance/Energy Life Cycle Inventory 48 
Fuel * Energy yield Net Energy (loss) or gain 

Gasoline 0.805 (19.5 percent) 

Diesel 0.843 (15.7 percent) 

Ethanol 1.34 34 percent 

Biodiesel 3.20 220 percent 

* Life cycle yield in liquid fuel Btu’s for each Btu of fossil fuel energy consumed. 
 
Europe and the US have established strict quality standards that must be met in order for 
biodiesel to be sold in these markets.  Although their respective standards are similar, there are 
some differences between the EU and U.S. standards.  Biodiesel producers must assure that their 
product has been properly conditioned (e.g. with additives or through different biodiesel fuel 
blending ratios) to meet the appropriate fuel standard that governs use within either the U.S. or 
EU markets. 
 
Biodiesel is less polluting than diesel.  The ozone (smog) forming potential of biodiesel 
hydrocarbons is less than diesel fuel and sulfur emissions are essentially eliminated with 
pure biodiesel.  Tests show the use of biodiesel in diesel engines results in substantial 
reductions of unburned hydrocarbons, carbon monoxide, and particulate matter. Emissions of 
nitrogen oxides stay the same or are slightly increased.  The exhaust emissions of carbon 
monoxide from biodiesel are on average 48 percent lower than carbon monoxide emissions from 
diesel.  The exhaust emissions of particulate matter from biodiesel are about 47 percent 
lower than overall particulate matter emissions from diesel.49 
AVERAGE BIODIESEL EMISSIONS COMPARED TO CONVENTIONAL DIESEL, 

ACCORDING TO EPA50 
Emission Type B100 B20 

Regulated   
Total Unburned Hydrocarbons -67% -20% 
Carbon Monoxide -48% -12% 
Particulate Matter -47% -12% 
Nox +10% +2% to 

  -2% Non-Regulated   
Sulfates -100% -20%* 
PAH (Polycyclic Aromatic Hydrocarbons)** -80% -13% 
nPAH (nitrated PAH’s)** -90% -50% 
Ozone potential of speciated HC -50% -10% 

* Estimated from B100 result ** Average reduction across all compounds measured  

                                                             
48 United States Department of Energy and the USDA, entitled, "Life Cycle Inventory of Biodiesel and Petroleum 
Diesel for Use in an Urban Bus." May 1998 
49 National Biodiesel Board,  Biodiesel Emissions http://www.biodiesel.org/pdf_files/fuelfactsheets/emissions.pdf 
50 US EPA “A Comprehensive Analysis of Biodiesel Impacts on Exhaust Emissions” visit 
www.epa.gov/otaq/models/biodsl.htm. 
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The transesterification process can be implemented in either a batch conversion process or a 
continuous flow process over a wide range of production capacity scales. Batch process 
production usually requires a little more time to complete, although agitating the oil, alcohol and 
catalyst mixture accelerates the conversion to biodiesel.  The batch process lends itself to smaller 
scale plants as the steps are less complicated than the multiple stages of a continuous flow 
process (e.g. usually requiring two sequential flow mixing steps).  Batch production is also more 
flexible in accommodating intermittent plant oil feedstock inputs as compared to continuous flow 
systems that require constant feedstock inputs for economical operations. 
 
A study of different biodiesel production processes conducted by the National Renewable 
Energy Lab (NREL) concluded that “the dominant factor in biodiesel production is the feedstock 
cost, with capital cost contributing only about 7% of the final product cost… In general, smaller 
capacity plants and variable feedstock quality suggest use of batch systems.” 51 
 
An important factor that can influence the capacity scale of a biodiesel production plant is the 
issue of improving the purity levels of the glycerin byproduct in order to gain greater market 
value from this material.  Generally glycerin is roughly 88% pure (containing small amounts of 
emulsions, methanol, etc.) following the transesterification process.   
 
It is possible to further wash and separate glycerin from its impurities in order to produce 
glycerin purity levels in the high 90’s% that are particularly valued for cosmetics and 
biochemicals.  However, these augmented glycerin purification processes are most economically 
implemented in large scale biodiesel plants.  Thus, smaller scale biodiesel plants may not be able 
to capture the full revenue potential of their glycerin byproducts as compared to industrial scale 
production facilities. 
 
There is a wide range of production capacity levels across the 105 biodiesel plants now operating 
in the U.S.  These plants average more than 8 million gallons per year; ranging from smaller 
plants with 200,000 gallon capacities up to the largest plants that have capacities of 40 to 50 
million gallons per year.52  An interesting example of the industrial scale plants is the modular 
continuous flow biodiesel plants that have been developed by D1 Oil Ltd., a biodiesel producer 
in the U.K., intended for sale to franchisees in the Developing World.   D1 Oil’s “D1 20” 
refinery module has a capacity of 8,000 tonnes per year (2.3 million gals/yr.) and can be 
combined into multiple units as production requires.53 
 
 

                                                             
51 Biodiesel Production Technology, J Van Gerpen et al, NREL July, 2004  
52 National Biodiesel Board, website: http://www.biodiesel.org/resources/fuelfactsheets/ 
53 D1 Oil Ltd. Website: http://www.d1plc.com/refining20.php 
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D1 Oil’s “D1 20” refinery module 

 
Courtesy: D1 Oil Ltd. http://www.d1plc.com/refining20.php 
                                                        
 
The relatively low tech processes used for 
biodiesel production permits very small 
batch capacities.  An example of the extreme 
minimum production levels possible is the 5 
to 20 liters per day systems that have been 
installed by the Indian NGO, Gram Vikas.  
This organization has developed a foot pedal 
powered agitator process that enables 
remote villages to produce small amounts of 
biodiesel for fueling water pumps for the 
villages’ potable water supplies. 
 

Batch biodiesel production 

 
Gram Vikas website:  http://www.gramvikas.org/ 

 
The estimated cost of biodiesel production in India using jatropha is competitive with today’s 
production cost of commercial diesel.  The table below puts the cost at $.46 per liter if the 
glycerol produced can be sold.  Even if that credit is much less than assumed, the price is still in 
the range of today’s fuel costs.  The greatest percentage of the cost is the feedstock.  With 
improvements in crop yields and cultivation practices, that cost could be reduced. 
 
Summary of cost of biodiesel production    

  
Rate 

(Rs./kg 
Quantity 

(kg) Cost (Rs.) Cost (US $) 
Seed 5.00 3.28 16.49 0.41 
Cost of collection and oil extraction 2.36 1.05 2.48 0.06 
Less cake produced 1.00 2.23 -2.23 -0.06 
Transesterification cost 6.67 1.00 6.67 0.16 
Less cost of glycerol produced 50.00 0.10 -4.75 -0.12 
Cost of biodiesel per litre     18.66 0.46 

UN Conference on Trade and Development, Assessment of Biofuels Industry in India 
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Pure Plant Oil 
Although transportation fuel markets require biofuels that are compatible and can be easily 
blended with current petroleum based fuels, it is possible to modify diesel engines so that they 
could use 100% pure plant oil as a fuel source.  As plant oils are more viscous and have a higher 
flash point (e.g. ignition temperature) than petro or biodiesel, engine modifications generally 
require that a second fuel tank for the PPO be added so that the engine could use diesel fuel for 
engine start-up and shut-down periods.  This is needed so that the engine can heat up to a level 
that would permit the free flow of PPO within the combustion chamber following the cut-over 
from diesel to PPO fuel.  Similarly, it is recommended that prior to shutting off the engine, the 
fuel input should again be switched to diesel to ensure that there is no PPO remaining inside the 
engine as it cools in order to avoid problems with the plant oil congealing within the engine.  

Most experience with PPO use in rural settings has been for powering small scale stationary 
pumps and generator engines.  There are small, easy to maintain diesel engines that have been 
using pure plant oil for years to run low power motors for grinding and pumping.  The photo 
below is of a remote Indian village that uses pure pongamia oil to run the local rotary oil 
extraction press and also generates electric power that is distributed within the village. 
 
Oil press powered by pongamia PPO in India 

  
Courtesy: SuTRA   
 
Oil Extraction and Pressing Technology 
There are two primary methods used for extracting plant oils from seeds, solvent extraction and 
mechanical pressing or expelling.   Solvent extraction is the more efficient method and is the 
dominant method used in the U.S.  Hexane solvent oil extraction systems are generally used for 
large capacity operations.  For soybean oil, this method is able to separate nearly 98% of the oil 
from the resulting soy meal.  Hexane is a toxic and explosive chemical and requires complex and 
expensive processes to pre-treat the oil seed and properly dissolve and separate the oil from the 
seed material.  Due to the solvent’s expense and toxicity, it is also important to recover the 
hexane solvent from the oilseed cake following oil extraction.   
 
For smaller scale operations (e.g. less than 200 tons per day throughput), oil extraction through 
mechanical pressing is generally used (e.g. either a hydraulic ram press or an expeller screw 
press). Mechanical expeller presses are generally about half the cost per unit of capacity as the 
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lower range of hexane solvent plants and have capital costs that range from $2,500 to $15,000.  
The mechanical expeller systems are not as efficient as solvents in extracting the oil, generally 
separating between 80-85% of the oil from the seed.  However, the lower capital costs, use of 
less skilled labor and reduced operational energy inputs make these types of oil extraction 
systems well suited to small village scale plant oil production plants.  
 
Oil seed extractor in Mali 

  
Courtesy: Mali Folke Center  
 
Owning and operating the oil extraction system would give smallholder farmers the ability to 
capture greater value for their harvested oil seed crop.  By producing pure plant oils (both edible 
and inedible) and the seed cake material that has value as animal feed, fertilizer or both, farmers 
would have several products to sell or use for their own benefit.  
 
A critical requirement of an oil extraction process is the need to filter and wash the expelled oil 
to remove gums and minute impurities from the oil.  This additional step produces a higher 
quality plant oil feedstock that is desired by biodiesel producers and enables the plant oil to be 
used locally as a rudimentary fuel.  A good example is the Mali Folke Centre that has an oil seed 
expeller with which they produce jatropha pure plant oil (PPO) that is used to fuel a local power 
generator and a truck that has been modified to run on PPO. 
 
Case Studies: Village Scale Biodiesel and Pure Plant Oil Production 
Three small villages in a remote area of Orissa India have implemented community based micro-
biodiesel production operations.  These innovative village projects are being supported by two 
NGO’s and also by funding from the Indian Ministry for Non-Conventional Energy Sources 
(MNES).   The primary sponsor is Gram Vikas, an Indian NGO dedicated to fostering rural 
economic development, improved water and sanitation services and social reform in the province 
of Orissa.  Gram Vikas has partnered with CTxGreEN, a Canadian NGO that provides renewable 
energy technical assistance.  In one village, the system is commonly owned and operated on a 
shared basis by the entire village.  In the other village, a pre-existing women’s self help 
association is responsible for managing and maintaining the system. 
 
Gram Vikas and CTxGreEN worked with the villagers in Kinchlingi and the twin villages of 
Kandhabanta-Talataila to develop biodiesel systems that would produce fuel for powering pumps 
that deliver drinking water to the communities.  CTxGreEN designed very small scale biodiesel 
batch process reactors that use manual pedal powered mixing processes to combine plant oil, 
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methanol and potassium hydroxide to produce biodiesel.  The multiple systems were designed to 
produce five and twenty liters per batch.  
 

 
Gram Vikas CTxGreEN biodiesel reactor 

In addition to the micro-biodiesel systems, the villagers have also been provided with several 
manual oil presses that are manufactured by KickStart in Africa.  These household-scale presses 
can produce approximately one liter of PPO with twenty minutes of manual effort.  Because 
these presses were originally designed to use sunflower or sesame seeds, the seed handling 
element was modified to properly handle the smaller locally grown Niger seed (a type of bird 
seed crop).    
 
To date, the villages are only producing 
between five and twenty liters per week.  
This low level of production is because this 
is all the fuel needed to power the village 
water pumps.  The pumps are operated for a 
few hours per week to refill the drinking 
water storage tanks that supply the villages.  
In Kinchlingi, the biodiesel is used to 
directly fuel the water supply system’s 3.5 
HP diesel pump.  In the twin village 
installation, the biodiesel fuels a 3 KWe 
generator that powers a 1 HP electric pump.   

 

 
KickStart oil press 
 

 
Gram Vikas has been encouraging the villagers to cultivate Niger oil seeds to serve as the 
primary plant oil feedstock for local biodiesel production.  Niger does not require significant 
cultivation inputs and it is expected that sufficient oil seed feedstocks to meet current needs 
could be grown on four to six acres. 
 
As Niger is not a traditional crop in this region, during the first two years of operation Gram 
Vikas has been procuring seed on the open market to supply the required feedstocks.  The 
villagers are in the process of planting their own Niger crops to become self sufficient in 
supplying this essential feedstock.  Once local harvesting of Niger seed is achieved, villagers are 
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expected to supply feedstocks as a form of ‘sweat equity’ payments for the community water 
services rendered by the biodiesel pumping operation.    
 
One of the challenges for these two installations is gaining reliable access to affordable methanol 
that is needed for biodiesel transesterification.  Although relatively small amounts of methanol 
are required for the current low volume production levels, the NGO’s believe that it is an 
important issue to resolve if they want to expand production to support additional applications 
such as powering field irrigation and electric power for village and household use.  Gram Vikas 
is experimenting with local production of small quantities of ethanol that could substitute for 
methanol as an input for making biodiesel. 
 
The capital costs for the complete village biodiesel pumping installations range from $8,300 to 
$12,500 per system.  The sponsoring NGO’s believe that these capital costs would be 
significantly reduced if the biodiesel reactor units could be manufactured in volume.  To date 
only four reactors have been custom built by Indian fabricators.   
 
Gram Vikas and CTxGreEN have provided training for at least two operator technicians per 
village.  The NGO’s are also paying the technician trainees with grant funds in order to retain 
their services during the early project start-up period.  Gram Vikas is also conducting further 
technical testing and demonstration of the pedal powered biodiesel reactor at their headquarters 
in the nearby town of Mohuda.  The Gram Vikas facility in Mohuda functions as a regional 
center for a range of village scale appropriate technology solutions in Orissa.    
 
The NGOs plan to deploy this biodiesel/water pumping technology to additional villages in 
Orissa.  They are in the process of seeking funding from government agencies and international 
donors in order to implement the expansion of this program.  They also would like to modify the 
village organization model for this second phase of the program by partnering with one or two 
local entrepreneurs who would be responsible for owning and operating the system as a drinking 
water service.  It appears that the communally shared ownership model in effect for the initial 
village projects is encountering some problems with continuity of active responsibility for the 
systems’ technical operations. 
 
Case Studies: Village scale PPO power generation projects  
 
India: 
Winrock International India has embarked on a partnership with the Indian MNES agency to 
implement a remote village electrification program in the state of Chhattisgarh that is designed to 
operate with locally harvested jatropha oil.  The initial power generation and micro-grid 
distribution system has been installed in the small village of Ranidhara which has 110 
households. 
 
Winrock facilitated the formation of a Village Energy Committee (VEC) that will own and 
operate the plant oil extraction and power generation and distribution system.  The VEC is also 
responsible for collecting payments for delivered electricity and handling all administrative 
functions of the micro-grid utility.  As of April of 2007, all 110 households are connected to the 
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village power grid and are receiving power for four hours (6 PM to 10 PM) daily.  At this early 
stage, most electric power is used for household applications such as lighting and powering small 
appliances, radios and TV’s.  
 
Winrock has installed one village plant oil extraction system and three PPO generators, each of 
which provides power to one of three inter-connected village grid zones.  Their decision to base 
the power system on PPO was based upon technical evaluations conducted in concert with an 
existing diesel generator manufacturer.  These tests determined that the generators would 
perform well with the PPO without the need for engine modifications.  
 
During the early years of the project, Winrock is facilitating the villagers’ efforts to plant 
jatropha seedlings in commons lands and along the perimeter of existing fields.  These early 
jatropha planting efforts are being done as voluntary labor civic projects, in which Winrock and 
MNES provide the seedlings at no charge to the village.  Initial local harvests of jatropha oil 
seeds are expected to begin in the next two years.  In the interim, Winrock is supplying 
purchased oil seed to fuel the PPO power plants. 
 
The three segment zone design for the village micro-grid distribution network was chosen to 
enable more reliable power delivery.  If there is an outage of one of the PPO generators, either of 
the remaining generators would be able to handle the additional load of the adjacent zone for a 
limited period of time.  The village power generation system also has one AC/DC inverter 
battery charging system that is used to provide battery powered community street lights from 10 
PM to 12 midnight daily.  The VEC also plans to introduce a portable battery charging service to 
the community in the near future.   
 
Winrock indicates that the village is also considering the possible investment in a local flour mill 
that would be powered by the current PPO generation system.  The addition of this value-added 
agro-processing system is dependent upon the village’s determination that there is a sufficiently 
attractive demand for locally produced flour to justify building the mill.  An additional 
assessment is also underway to determine whether the power grid system could be extended to 
economically support field irrigation with electric pumps.   
 
Tanzania: 
This case study concerns a project that has just recently begun in Tanzania.  The project is 
directed by the Tanzania Traditional Energy Development and Environment Organization 
(TaTEDO), a NGO based in Dar es Salaam that works on sustainable energy development and 
rural self help programs.  With funding support from the Global Village Energy Partnership 
International NGO (based in the UK), TaTEDO is helping to install and provide technical 
support for two Multi -Functional Platforms (MFP) that will provide mechanical power for a 
variety of small scale agro-processing applications, an oil extractor and a small power generator.  
This MFP project is similar to earlier UNDP sponsored programs in Mali. 
 
The primary purpose of these project is to provide technical assistance to two remote villages in 
the Monduli District on how to use locally produced jatropha plant oil for powering these MFP’s.  
TaTEDO currently operates a MFP system in their technology center in Dar es Salaam.  The 
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system’s diesel engine can operate on petro diesel or pure plant oil.  They have been using this 
system for technical training and to demonstrate the potential for locally produced biofuel to 
support rural economic development.  TaTEDO has also fabricated a 100 liter oil bag filter that 
improves the purity of local jatropha oil to make it more suitable for use in the diesel engine.  
 
TaTEDO Jatropha powered MFP, Tanzania 

 
 
Engaruka Juu is the first village to receive a MFP.  A village energy committee was formed to 
manage the MFP and to establish the tariffs that would be charged for various MFP processing 
services and for the sale of electricity that is generated and distributed via a mini-grid to nearby 
village households each evening from 6:30 PM to 11:00 PM.  For those families that live further 
from the village center, the MFP includes a battery and cell phone charging system that supports 
these residents’ needs. 
 
The two villages were chosen for this project primarily because they were already growing 
jatropha trees to supply plant oil for commercial soap production and for household lighting and 
cooking fuel.  While there are sufficient jatropha trees in the area to supply the MFP’s fuel 
requirements, the first MFP was installed in March, 2007 after the completion of the seasonal 
harvest of jatropha seeds.  This resulted in a temporary shortage of jatropha seeds until the next 
harvest period that will be later in 2007.  Although TaTEDO provided some funding to Engaruka 
for the purchase of several hundred kilograms of jatropha seed from other villages, to date the 
MFP has had to run primarily on expensive diesel oil.  This start-up problem underscores the 
importance of planning the installation of local production equipment to be coordinated with 
local harvesting cycles. 
 
One of the early issues that is confronting the villagers is determining the price for power 
distributed by the MFP.  As there are no electric meters installed in the village, all users are 
charged a flat monthly rate. Because some residents have more appliances and greater usage than 
others, this has caused some disputes regarding the perception that some villagers are in effect 
subsidizing other’s greater than average power consumption.  TaTEDO is currently helping the 
village survey the installed base of household appliances and determine a new graduated pricing 
tier that would be charged in the future.
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Biomass Gasification 
Biomass gasification is the liberation of volatile, gaseous compounds from solid biomass by 
heating it with less oxygen than is needed for efficient combustion.  The process gasifies the 
solid biomass to a mixture of carbon monoxide and hydrogen; these combined gases are also 
referred to as synthesis gas or syngas.   

 
Small Modular Gasification. US Department of Energy (DOE)-Energy Efficiency and Renewable Energy 
 
There are several different gasification processes that are included in this technology category.  
Biogasifier reactors can be designed for: fixed and fluidized bed reaction chambers; down draft 
and updraft air intake systems; and high or moderate temperatures and air pressures.  There are 
many industrial scale biogasifiers currently used in settings where there are large quantities of 
cellulosic biomass feedstocks readily available (e.g. European gasifiers at wood and paper mills, 
etc.).  These large systems tend to use sophisticated fluidized bed reactors or processes derived 
from Fischer-Tropsch synfuel technology that was developed in the 1920’s to convert coal to 
liquid fuels.  In the case of biogasifiers in use in rural areas of the Developing World, the most 
frequently used system design is the down draft fixed bed reactor due to its less complex 
technology and reduced maintenance requirements.   
 
Syngas burns more efficiently and cleanly than the solid biomass from which it was made 
because gaseous fuels mix with oxygen more easily than solid and even liquid fuels.   Lignin, 
which constitutes about 25% of cellulosic biomass has a high energy value, but it is difficult to 
separate from the complex carbohydrates of the biomass materials.  The U.S. DOE rates 
gasifiers as very good at converting the lignin (25-30% of the biomass) into useful biofuel 
products such as syngas54.  
 
Syngas can be used in most applications where natural gas is used including gas turbines and 
stationary internal combustion engines.   When used in gas turbines, syngas is a more 
efficient electrical generation technology than solid biomass in steam boilers.  It also has 

                                                             
54 Large Scale Gasification. US Department of Energy (DOE)-Energy Efficiency and Renewable Energy. 
http://www.eere.energy.gov/biomass/large scale gasification.html 
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minimal environmental impact when compared to using coal or biomass as the fuel.  
However, syngas can also include tars, alkali, ammonia, chlorine and sulfur that must be 
removed ( scrubbed) before the syngas can be effectively used to fuel engines and turbines.  
This additional gas cleansing equipment is necessary in order to avoid damaging expensive 
power generators. 
 
In addition to syngas, biogasification produces heat, char and ash.  

• The ash contains phosphorus and may be developed into a soil amendment or plant 
fertilizer.55 

• Charcoal particulates (e.g. biochar) may have value as soil amendments 
• Process heat for enterprises that are sited adjacent to the gasifier system  

 
The most successful biogasification installations have combined electric power generation 
with process heat applications that use the waste heat of the gasifier and the generator.  
There are also research efforts to field test the potential for bio-charcoal particles that are 
produced in biogasifiers as soil amendments that help build the organic and chemical 
nutrients of degraded soil.  To improve economic viability, biogas systems should be 
developed and deployed to make optimal commercial use of all its byproducts. 
 
Gasification systems have successfully passed the proof of concept demonstration phase and are 
close to being commercially feasible on an unsubsidized basis.  For large scale gasification 
plants, the US DOE has identified the major technical barriers for gasification as56: 
• Feed handling and storage of all biomass feedstocks are major challenges. 
• Maintaining consistent feedstock quantities and quality is difficult  
• Cleanup and conditioning are required to remove tar, particulates, alkali, ammonia, chlorine, 

and sulfur; and effluent management is needed for environmental protection 
• Syngas cannot be stored. It must be directly used to fuel adjacent applications. 
 
Gasification is being used in many Indian villages for off-grid electrification.  As of 2005 the 
government had subsidized the installation of 52 systems generating a total 290 MW.  The 
electrification of off-grid areas has led to significant economic development.  A good example of 
this positive impact is the 500 kW (5 x 100 kW) gasifier dual fuel power generation system 
(70% biomass + 30% diesel) that was built on Gosaba Island in 1997.   
 
 
 
 
 
 

                                                             
55 Jenner, Mark, The  BioTown,  USA Sourcebook of  Biomass  Energy .   Indiana State Department of 
Agriculture & Reynolds, Indiana April 3, 2006 
56 Department of Energy (DOE), Energy Efficiency and Renewable Energy, Large-Scale Gasification, 
Technical Barriers for Gasification. http://www1.eere.energy.gov/biomass/large 
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Biogasifier complex at Gosaba Rural Energy Cooperative, India 

  
Photo: courtesy Hitofumi Abe, Univ. Western Australia 
 
When it was installed there were only sixteen initial customers; but by 2005, 1150 
households were connected.  During that time, Gosaba has become the center of commerce 
for the immediate area of adjacent islands.  The island now has a telecommunication 
system, Internet access and a PC training centre. Its hospital is able to conduct basic 
operations and the electricity is also used for street lights, school lighting, supplying drinking 
water and irrigation.57  Although government funded, the project is owned and operated by 
Gosaba Rural Energy Cooperative. The cooperative manages a 75 ha  energy plantation. 
Biomass fuel is supplied by both from farmers and the plantation. 
 
The Energy and Resources Institute (TERI), an India based NGO is a leader in developing and 
installing small scale gasification systems with over 302 systems in the field.  These systems 
support home, commercial and village scale operations.  Systems are now in place supporting 
such diverse micro operations as silk reeling, cardamon seed drying and rice processing.  In 
addition to improving working conditions by eliminating smoke, these biogasifiers have a lower 
fuel cost relative to all other fuel options including burning wood directly. 
 
One of the most appealing aspects of biogasification systems is their ability to efficiently use 
waste biomass feedstocks (e.g. rice husks, nut shells, wood chips, etc.) and harvested perennial 
grasses as fuel.  These feedstocks have the advantage of having little or no cost to the biogas 
operator (e.g. there are no competing food or feed markets for this biomass).  Biogasifiers are a 
1st generation conversion technology for cellulosic biomass, as they can effectively use crop 
residues and other low cost biomass in advance of the expected commercial introduction of 
cellulosic ethanol technologies. 
 
 
 
 

                                                             
57  Abe, Hitofumi, Ecosystem Research Group, University of Western Australia JICA study team for 'The Master 
Plan Study on Rural Electrification by Renewable Energy in The Kingdom of Cambodia' . 2005.07.21 
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Table: Comparative energy costs of different fuels per 10,000kcals/hour 

 
Biomass Gasification:. Success Stories and. Lessons Learned. V V N Kishore. Senior Fellow, EET Division. The 
Energy and Resources Institute (TERI) 
 
TERI has also installed several community-scale systems that are being used to support 
community cooking and water heating in hotels.  The following picture shows a gasifier being 
used for institutional cooking at a 300 student residential school hostel in Orissa, India. Use of 
the gasifier has reduced wood consumption from 300-400 kg/day to less than 100 kg/day.  It has 
also improved the working conditions by eliminating the kitchen smoke from burning wood. 
 

 
Source: Biomass Gasification: Success Stories and Lessons Learned, V. K. Kishore, TERI 
 
Small gasification systems can be used to electrify isolated areas in off-grid locations to provide 
lights, refrigeration and to enable small cottage industries to become economically viable.  
However, additional R&D is needed to address problems areas such as cleaning the syngas to 
reduce tars and inclusion of simple automated control mechanisms.   The following shows a 
TERI design for a larger gasification system that includes syngas cleaning for use in a modified 
diesel engine to provide electricity.  
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Biomass Gasification system 

 
Biomass Gasification:. Success Stories and. Lessons Learned. V V N Kishore. Senior Fellow, EET Division. The 
Energy and Resources Institute (TERI) 
 
In addition, the development of a 100% producer gas engine would further reduce the cost of 
operation by eliminating the need for diesel fuel that is required for dual fuel systems.  Recently, 
Cummins-India announced that they have begun a joint development program with the India 
Institute of Science to introduce engine generators designed to run on pure syngas.  There are 
also other Indian suppliers of integrated gasifier and power generator systems such as Ankur 
Scientific and Netpro Renewable Energy India that have been selling such systems over the past 
few years. 
 
The following table presents the non-subsidized purchase price (excluding shipping and 
installation) of the various integrated biogasifier, gas scrubber and syngas power generation 
systems being deployed in rural villages by the Development Alternatives Group and 
Distributed Energy Systems, India (DESI) organizations. 58 
 
Capital cost of integrated biogasifier and power generator 
Rated capacity of biogas power system Purchase Price per KW Capacity (US$) 
25 KWe $1600/KW 
50 KWe $1400/KW 
110 – 450 KWe $900/KW 
 
An analysis by DESI compared the installed cost of locally produced power from a 
biogasification system to centrally produced power.  The significant losses due to transmission 
and distribution of centrally produced power help to make decentralized power a more attractive 
option.  DESI estimates the avoided cost from not building additional centralized capacity to be 
$312/KW.  59 
                                                             
58 Dr. Arun Kumar, President DAR, Personal communication  
59 DESI Power  A 100 Village Commercial Demonstration Programme, May 2004 
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COST OF SUPPLYING POWER TO A VILLAGE   
  Generation MW T&D Losses     End Use Energy    
  MW Cost Rs MW Cost Rs MW Cost 

Rs/MW 
Cost 

US$/KW  
Centralised 
Grid Supply 

1 35 million 0.3 5 million 0.7 57 
million 

$1,368 $312 

Decentralised 
biomass 
power plant 
(gasification) 

1 35 million 0.1 5 million 0.9 44 
million 

$1,056 

 
SAVINGS: Decentralised Vs. Centralised   

  Power Power Saving Avoided Cost  Saving in 
Cost  

Amount Avoided 
Cost 

US$/KW   
Generation / 
End Use 

0.2 MW 22% 13 million 
Rs/MW 

29.50%   $312 

  
CO2 
emissions 

        5500 t/y 
per MW 

  
  

DESI Power  A 100 Village Commercial Demonstration Programme, May 2004 
 
DESI also compared the cost of electricity from the grid versus from a biogasified powered 
generator in a village.  The main determinant of cost for the locally produced energy was the 
number of hours per year that the system operated.  If the system is run half of the time or more, 
it is close to equal to the lowest priced grid supplied power.  However, it is important to note 
that the national electric grid is rarely extended to poor rural areas.  Locally producing 
electricity that is comparably priced to grid power is an impressive accomplishment for a 
alternative energy source. 
 
In recognition of the significant impact that operating time has on the cost of power, DESI 
stresses that it is essential that there be an adequate number of local micro-enterprises that can 
purchase the power in addition to household use and water pumping systems. 
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To date there has been substantial field operational experience gained with biogasifiers 
producing heat and power for industrial, agricultural and village power applications particularly 
in India.  Although continued improvements in performance and reliability are expected, this 
bioenergy technology has already demonstrated its commercial viability for rural deployments 
in the Developing World. 
 
Case Study: Village Scale Biogasifier System for Combined Heat and Power Production  
 
Decentralized Energy Systems India (DESI) is a non-profit company that has been a leading 
sponsor of small scale biogasifier and electric power system deployment projects in villages 
throughout India over the past few years.  DESI’s strategy for bringing renewable bioenergy 
services to rural areas is to help village development groups establish small enterprises that can 
use the process heat and electric power produced from the biogasifier generator systems that are 
installed by DESI. 
 
DESI operates as a private Independent Rural Power Producer (IRPP) business that invests in the 
deployment and initial operation of small scale power plants that supply modern energy services 
to village enterprises and local farming operations.  As an IRPP entity in India, DESI is 
authorized to generate, distribute and sell electric power to residential and commercial 
customers.   
In pursuing this goal, DESI works closely with village cooperative organizations (e.g. 
panchayats) that support local small scale industries that will purchase power and in some cases 
process heat from the IRPP.  It is intended that as the IRPP becomes commercially viable after a 
few years, DESI’s equity interest in the bioenergy power facility would be transferred to the 
village panchayat. 
 
One example of this innovative bioenergy development concept is the DESI project in the village 
of Baharbari in the state of Bihar.  In this project, DESI partnered with the Baharbari cooperative 
panchayat (BOVSSS Ltd.) to establish a biogasifier power plant and an Energy Services 
Company (ESCO) that retails energy services to local farmers and small businesses.   
 
DESI leveraged funds from international donors (e.g. Shell Foundation and others) and the 
Indian government to purchase a biogasifier system from Netpro, an Indian manufacturer of 
gasifiers, and a 50 KWe gas engine generator.  The gasifier uses locally available rice husk 
briquettes from a rice mill as the feedstock.  The syngas is scrubbed and piped to the power 
generator. 
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DESI biogasifier 

 
DESI website 
 
The approximate cost for the biogasifier and gas scrubbing system and the 50 KWe syngas 
power generator is $70,000 (US).  This does not include the cost of installation, which is very 
site-specific. 
 
The BOVSSS cooperative has negotiated power supply contracts with local value-added agro-
processing businesses such as a rice milling and parboiling company (this mill is also the source 
of the husk feedstocks); flour grinding; biomass briquetting; and local equipment fabrication and 
repair services.   BOVSSS also provides power during the dry season to farmers for irrigating 
250 acres of rice paddy.  This irrigation capability enables farmers to increase their overall rice 
production and permits them to sell rice during the dry season when prices are usually higher 
than those following the rainy season harvest.  
 
In addition to selling electricity, the process heat from the gasifier and generator is delivered to 
an adjacent rice parboiling business.  BOVSSS also operates a retail battery charging services in 
which villagers pay for recharging their lead acid batteries which are used to support household 
lighting and small appliances.  They have also begun a rechargeable light emitting diode (LED) 
lamp leasing service in which they rent battery powered lamps to villagers at a price that is less 
than their average expenditure for kerosene that is used in traditional lamps. 
 
According to DESI, this biogasifier power installation has resulted in the creation of 
approximately twenty new direct jobs and between fifty and ninety indirect jobs throughout the 
year.  DESI also claims that roughly two-thirds of the money spent by the villagers and nearby 
farmers for purchasing the various energy services rendered by the biogasifier plant stays within 
the village economy. 
 
The multiplier effect of this retained purchasing power supports additional economic growth that 
would not have been realized if the local energy payments were for imported fuels or distantly 
transmitted electric power.  These ancillary benefits of local production of bioenergy services are 
difficult to measure but they do contribute to an overall improvement of the village’s welfare. 
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DESI Village Uses of Biogas Power 

  
 

  
DESI Website 
 
DESI has recently initiated an “Employment and Power Partnership” (EmPP) program that plans 
to develop biogasifier powered micro-enterprise projects in one hundred Indian villages in the 
coming years.  This program would create ten village clusters of 10 villages per cluster.  DESI 
plans to negotiate the sale of each cluster’s GHG carbon emission reduction credit in order to 
help finance the capital investment required for the bioenergy production systems.  DESI 
pioneered this CER financing concept in 2005 by arranging for the sale of 3150 tonnes of carbon 
emission reduction credits to the Davos Climate Alliance.  The Alliance used these CER’s to 
partially offset the GHG emission impacts of the Davos World Economic Forum event in 2005. 
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Anaerobic Digestion 
Anaerobic digestion is a biological process that breaks down organic material in an oxygen free 
environment to produce biogas, a mixture of methane gas and carbon dioxide.  Feedstocks for 
anaerobic digesters include animal manure, food processing waste and municipal sewage.   
 
The digestion process occurs in three stages. In the first, the organic material in the feedstock is 
broken down into smaller molecules.  In the second stage, called the acid-forming stage, a 
particular group of bacteria called acid formers further reduce the material into organic acids.  In 
the third stage, bacteria called the methane formers convert the acids to methane gas and carbon 
dioxide.  These methane forming bacteria cannot tolerate oxygen therefore the environment must 
be free of oxygen (anaerobic). 

 

The BioTown USA Sourcebook of Biomass Energy.  Indiana State Dept, of Agriculture, 2006 
 
The biogas produced in anaerobic digestion typically contains between 60 to 70% methane 
(natural gas), 30 to 40% carbon dioxide, and trace amounts of other gases.  Despite having only 
60-70% of the energy content of natural gas, biogas can easily be used on-site to generate heat, 
hot water or electricity.  The amount of organic material in a feedstock that can be broken down 
to generate methane is called its volatile solids.  As can be seen in the table below, the amount of 
volatile solids in manure differs by animal. The volatile solids are also affected by the age of the 
manure and how much it has been diluted with water during loading. 
 
Potential Gas Production of Swine, Dairy, Poultry and Beef (University of Missouri) 60 

 Swine 
(150 lbs) 

Dairy 
(1,200 

lbs) 

Poultry 
(4 lb 
bird) 

Beef 
(1,000 

lbs) Gas yield, cu. ft. per lb. volatile solids destroyed 12 7.7 8.6 15 
Volatile solids voided, lb./day 0.7 9.5 0.044 5 
Percent reduction of volatile solids 49 31 56 41 
Potential gas production cu. ft. per animal unit/day 4.1 22.7 0.21 31 
Energy production rate, Btu/hr/animal 103 568 5.25 775 
Available energy Btu/hr (after heating digester) 70 380 3.5 520 
 

                                                             
60 Charles D. Fulhage, Dennis Sievers and James R. Fischer. Generating Methane from Manure. University of 
Missouri Extension. G1881.  
http://muextension.missouri.edu/explore/agguides/agengin/g01881.htm  
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Anaerobic digestion is extensively used in the US both as an energy source and as an effective 
manure management process.   Biogas digesters helps control odor and protect air and water 
quality by processing these nutrients   If the untreated nutrients remaining in manure are released 
into water supplies they can cause considerable degradation of water quality.  After digestion the 
residual manure slurry can also be used as a good quality soil amendment. 
 
Anaerobic digestion has also been very successful in the Developing World.  Because anaerobic 
digestion is a simple and naturally occurring process, digestion systems are able to operate at 
both very large and very small scale.  The energy and environmental benefits of anaerobic 
digestion make it very attractive for smallholders who have a limited number of animals.   
 
Anaerobic digestion system 

 
Source: Off-Grid, Mini-Grid  & Grid Electrification Technologies, World Bank, 2006 
 
According to a report from the Director of Energy Ecology in the Chinese Ministry of 
Agriculture, at the end of 2005 there were18 million households using biogas technology in 
China and in total were annually producing 7 billion cubic meters of biogas.  In addition, there 
were 3556 medium and large scale digesters in livestock and poultry farms treating 87 million 
tons of animal waste61.   
 
Similarly in India, there were 3.7 million small biogas units in operation at the end of 2005.62  
Women and children have been identified as the major beneficiaries63 because biogas systems 
are being used to provide energy for cooking and lighting.  By replacing traditional fireplaces the 
air in homes is significantly cleaner and less smoky. 
 
Anaerobic digesters have even been introduced in Tibet despite the high altitude and cold 
temperatures.  The Global Environmental Institute has installed eleven biogas tanks each of 
which provides enough gas for one family’s use.  In addition, the systems are also providing 
organic fertilizer that is being used to grow organic produce.64 

                                                             
61 Chinese Ministry of Agriculture Energy and Ecology Center Rural biogas development in China 
http://www.methanetomarkets.org/resources/ag/docs/china_profile.pdf 
62 Van Nes, Wim, Renewable Energy World, Biomass Asia hits the gas, January 2006 
63 Biogas in India: A Sustainable Energy Success Story Rene Karottki and Gunnar Boye Olesen 
64 Global Environmental Institute website, GEI News The First Tibetan Farmers Cooperative, 
http://www.geichina.org/en/news/20061031.html 
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Biogas Unit in Nepal 

 
American University Trade and Environmental Development Case study Alternative Fuel Sources in Nepal 
 
Anaerobic digestion is also being used to process human waste in rural areas with no access to 
modern sanitation systems.  Anaerobic digestion has been shown to be very effective at 
eliminating many common pathogens and parasitic ova including Salmonella, Shigella, 
Poliviruses, Colititre, Schistosoma ova, Hookworm ova and Ascaris ova65. Where systems have 
been installed, there is a dramatic reduction in the density of fly maggots as well as improved 
water quality.  
 
Survival Time of Pathogens and Parasitic Ova during Anaerobic Digestion Process   

Pathogens &   
parasitic ova 

Thermophilic 
fermentation   

(53-55 degrees C) 

Mesophilic fermentation  
(35-37 degrees C) 

Ambient temp. fermentation  
(8-25 degrees C) 

.  

. 
Salmonella 
Shigella 
Poliviruses 
Colititre 
Schistosoma  ova 
Hookworm  ova 
Ascaris ova  

days Fatality  
(100%) 

1~2 100 
1 100 
. . 
2 10-1~10-2 
 Hours  100 . 
1 . 100 . 
2 100  

days Fatality  
(100%) 

7 100 
5 100 
9 100 
21 10-4 
7 . 100 . 
10 . 100 . 
36 98.8  

days Fatality  
(100%) 

44 100 
30 100 
. . 
40~60  10-4~10-5 
7~22. 100 . 
30 . 90 . 
100 53  

 
The output from a digester is being used as a nutrient rich fertilizer that has fewer pathogens and 
fewer odors than the animal and human wastes from which it was produced.  The capital costs of 
systems that are scaled for smallholders are usually a few hundreds of dollars.  Consequently, the 
payback is usually only 3-5 years. Anaerobic digestion has proven to be relatively easy to 
operate and provides strong financial, health and environmental benefits.  
 
                                                                                                                                                                                                    
 
65 Yunnan Normal University, Kunming Provincial Key Lab of Rural Energy Engineering,  P. R. China 
Comprehensive utilization of human and animal wastes.  Zhang Wudi  Song Hongchuan  Li Jianchang  Wei Xiaokui  
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Case Studies: Village Scale Anaerobic Digesters Production of Biogas and Fertilizer: 
 
Bangladesh 
There are literally hundreds of thousands of anerobic biogas digesters in operation throughout 
the Developing World.  Although the inability to efficiently transport biogas generally precludes 
its sale as a bioenergy fuel commodity; the economic production of clean gas from waste 
biomass material enables productive applications that deliver significant savings and added value 
for those rural households and farm and dairy operations that invest in such systems. 
 
There are many application models that have been used to build anerobic digesters in rural 
locations.  Foremost are programs that enable farming households to invest in very small scale 
digesters that use the animal manure feedstocks produced by a few cattle owned by the family.   
 
In Bangladesh, Grameen Shakti began a 
market based program in 2004 that provides 
lower interest loans to farming families for 
the installation of household scale biogas 
plants.  Many rural families own two or 
three cows and some also maintain small 
poultry operations.  By collecting the 
manure produced by the cattle and using it 
as the digester feedstock, the small anerobic 
digester can produce several cubic meters of 
biogas on a daily basis.  This amount of 
biogas is sufficient to support essentially all 
of the cooking fuel needs of each family.  
These household scale digesters cost 
between $260 and $470 (US) per system and 
produce between two to six cubic meters of 
biogas each day. 

 

 
Bangladesh woman cooking with biogas, 
Grameen Shakti 
 

 
The Grameen Shakti program provides micro-finance loans for the initial installation cost of 
these digesters.  Each family is required to initially make a down payment to cover 25% of the 
total cost, with the balance being covered by the loan that is paid back over a period of one to 
two years.  During the program’s first year, Grameen Shakti enabled more than 450 small biogas 
digesters to be built.   
 
These family scale units are generally providing each family with a payback period of two years 
on their investment.  The digesters deliver savings from avoided conventional fuel costs and 
saved time that would otherwise have been required to collect wood or dung for indoor cooking 
stoves.   Cooking with biogas also significantly reduces the amount of indoor air pollution that 
has adverse health impacts for women and children.  In addition to the value of the biogas, the 
digesters produce an organic sludge that is used as fertilizer for the family fields and garden plots   
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In addition to providing the micro-finance support, Grameen Shakti also provides substantial 
technical support in the form of quality assurance of the digester manufacturing by local masons.  
Grameen helped train the initial group of local masons in how to build proper digesters.  They 
also require that each family purchase a digester maintenance service that costs $1per month 
(US).  Under the maintenance service, a technician visits the household each month for general 
quality control inspections; and provides an on-call response for any technical problem that may 
occur with the digester.  
 
During the second year of the program, Grameen Shakti began a parallel program to finance 
medium scale digesters for multiple households and for larger dairy and poultry operations.  
More than sixty such systems have been installed to date.  In two cases, the systems were large 
enough to support small gas engine generators that provided electricity to support a poultry farm 
and a local bakery. 
 
Nepal: 
Nepal has been one of the leading countries in implementing small scale biogas digesters since 
the early 1990’s.  With financial support from the Netherlands Development Organization in 
Nepal, the Biogas Support Program (BSP) was established to promote and finance the 
installation of household scale anerobic digesters throughout Nepal.  Over the past fifteen years 
more than 156,000 digesters have been built and more than 97% of all systems are still operating. 
 
Many rural households own two to four cows that produce enough manure to support the 
production of two to six cubic meters of biogas per day.  The use of biogas for cooking has 
significantly reduced the level of deforestation that would have otherwise occurred if these 
households had continued to rely on traditional collected firewood for cooking.  BSP estimates 
that every family biogas system conserves three tons of fuel wood per year.  BSP also reports 
that the national biogas development and deployment program has created direct and indirect 
employment for 11,000 Nepalese over the past 15 years. 
 
One of the most significant achievements of 
the Nepalese biogas program is that they 
have succeeded in convincing many rural 
families to connect the household’s toilets to 
their digester in order to increase the amount 
of fecal wastes that are converted into clean 
biogas.  More than 60% of all installed 
digesters are also handling human wastes in 
addition to animal manures.  While the 
combined waste feedstocks enable greater 
biogas production, the greatest benefit is the 
reduction of ground water pollution and 
unpleasant odors and the increased useful 
life of household toilet facilities. 

 
Nepal outhouse toilet and biogas digester 

 
WWF Nepal 
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The Nepalese biogas digesters cost approximately $380 (US) per system.  In the beginning of the 
program most of this cost was assumed by the BSP, supporting donor organizations and the 
Nepalese government.  With the demonstration that biogas systems contribute to improving the 
economic conditions of supported families, more than one hundred micro-finance institutions 
(MFI’s) have begun to make loans for new installations.  A recently initiated microfinance 
program supported by USAID and Winrock International has established a revolving wholesale 
loan program for MFI’s that has enabled the installation of more than 2,500 digesters since 2005. 
 
Uganda 
A medium scale anerobic digester was recently built for the Wagga Wagga Primary School that 
is located in the Mbarara District, Uganda.  With only $2,000 (US) of funding support from the 
Austrian Development Organization, the school was able to supplement this funding with student 
fees and local donations to build a digester for a total cost of $3,500 (US).  This digester now 
provides most of the school kitchen’s cooking fuel requirements for more than one hundred 
students and faculty.  The feasibility of building such a large digester was possible because the 
school also operates a nearby farm and thus has access to a large quantity of animal manure. 
 
This digester has a daily biogas production capacity of 50 cubic meters.  At the inception of 
operation, the surrounding communities cooperated in gathering thirty tonnes of manure to serve 
as the initial feedstock for the digestion process.  Once the digester had begun its organic 
decomposition process, only two tonnes of new manure is required on a weekly basis to 
continually produce biogas for the school’s needs. The cow dung is delivered by truck to the 
facility.   
 
Ugandan school biogas digester under construction 

 
Courtesy: Wuppertal Institute for Climate Environment & Energy 
 
Before the digester was installed, the school annually consumed two hundred cubic meters of 
firewood for cooking purposes.  Now the biogas supports 65% of the total cooking fuel 
requirements.  Given that the cost of purchasing the firewood was $10 (US) per cubic meter, the 
school anticipates that the total cost of the digester installation will pay for itself in less than 
three years with the savings in reduced firewood usage.     
 
This successful demonstration of biogas production and the availability of local masons skilled 
in digester construction have prompted local interest in additional digester projects.  A 
commercial slaughterhouse recently began construction of a large scale digester to provide 
biogas for its meat processing operations. 
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