
Sustainable Energy

Lecture 10:   Biomass Energy



What is Biomass?

• Biomass is all living plant matter as well as organic 
wastes derived from plants, humans, marine life, and 
animals.

• Biomass includes trees, grasses, animal dung, as well as 
sewage, garbage, wood construction residues, and 
other solid waste stream components.

• Biomass was the primary energy source for human 
cultures until relatively recent times in the industrial 
revolution.

• Biomass was still the most important source of energy 
in the US during the 19th century but was overtaken by 
1885 by coal and by 1915 by oil and gas.

• Many developing nations still depend on biomass to 
supply their heating/cooking needs.



Biomass continued

• Biomass qualifies as a renewable resource because 
commercially meaningful quantities are regenerated in 
time scales that are comparable to or less than the time 
scales of human use of the resource.  



The Chemistry of Biomass Production

• Biomass results from the natural process of the 
conversion of solar energy to high-energy molecules 
that can be stored, transported and used conveniently.

• Plants grow and produce biomass by the process of 
photosynthesis.

• Photosynthesis uses sunlight to convert water and  
carbon dioxide (fixed by plants) into carbohydrates, oils 
and other complex organic molecules.  

• Conversion efficiencies of plants are about 1-2%.

• The potential impacts/availability of biomass energy 
depend upon how rapidly biomass can be produced and 
converted into energy.

• Real limitations exist on the number of acres that can 
be used to produce biomass fuel.



Photosynthesis/Basic equation



Chemical pathways of Photosynthesis



Renewability Indices



Factors Effecting Production of Rates of Biomass



Factors Effecting Consumption Rates of Biomass 



Biomass for Energy Production

• Utilization Options

• Biomass can  be converted into a wide range of useful forms of 
energy (See Figure 10.2)

• Advantages of biomass

• Renewable energy source

• Domestic availability

• Widely dispersed and can function as a distributed energy source.

• Many forms of energy can be made from biomass.

• Biomass-derived products can be substituted for metallic or plastics 
that require high energy inputs for production.

• Biomass can provide a way to manage municipal and agricultural 
wastes.

• Biomass use can combat the effects of global warming.

• Biomass produces lower emissions of pollutants (sulfur oxides).

• Biomass  can be mixed with other fuels such as coal.



Biomass for energy…continued

• Disadvantages of biomass

• The energy density of biomass is low compared to fossil fuels.

• Raw biomass has a high water content and requires drying to 
increase it’s energy density.

• Environmental impacts of intensive crop production are major:
• Water use

• Depletion of soil nutrients

• Soil erosion

• Nitrate and pesticide pollution

• Competition for food production acreage

• Transportation costs can reduce the environmental benefits of biomass.



Biomass Resources

• Total US primary energy consumption in 2003 was 100 Quads; 3% 
of the total was supplied by biomass. 

• World consumption was about 360 Quads.

• In the US the pulp and paper industry is the major contributor.

• The existing commercial biomass power generating industry in the 
United States, which consists of approximately 1,700 MW 
(megawatts) of operating capacity actively supplying power to the 
grid, produces about 0.5 percent of the U.S. electricity supply.

• This level of biomass power generation avoids approximately 11 
million tons per year of CO2 emissions from fossil fuel combustion. 

• It also avoids approximately two million tons per year of CH4

emissions from the biomass residues that, in the absence of energy 
production, would otherwise be disposed of by burial (in landfills, 
in disposal piles, or by the plowing under of agricultural residues), 
by spreading, and by open burning



Biodiesel: An Interesting Example

• Biodiesel production capacity is growing rapidly, with an average annual growth rate from 2002-2006 of over 40%.[

• For the year 2006, the latest for which actual production figures could be obtained, total world biodiesel production was 
about 5-6 million tons, with 4.9 million tons processed in Europe[ (of which 2.7 million tons was from Germany) and most 
of the rest from the USA.[3

• The capacity for 2007 in Europe totaled 10.3 million tons. This compares with a total demand for diesel in the US and 
Europe of approximately 490 million tons (147 billion gallons).[3

• Total world production of vegetable oil for all purposes in 2005/06 was about 110 million tons, with about 34 million tons 
each of palm oil and soybean oil.[3

• According to a study written by Drs. Van Dyne and Raymer for the Tennessee Valley Authority, the average US farm 
consumes fuel at the rate of 82 liters per acre (8.75 US gallons per acre) of land to produce one crop. 

• However, average crops of rapeseed produce oil at an average rate of 1,029 L/ha (110 US gal/acre), and high-yield 
rapeseed fields produce about 1,356 L/ha (145 US gal/acre). The ratio of input to output in these cases is roughly 1:12.5 
and 1:16.5. 

• Worldwide production of vegetable oil and animal fat is not yet sufficient to replace liquid fossil fuel use. Furthermore, 
some object to the vast amount of farming and the resulting fertilization, pesticide use, and land use conversion that 
would be needed to produce the additional vegetable oil. 

• The estimated transportation diesel fuel and home heating oil used in the United States is about 160 million tons (350 
billion pounds) according to the Energy Information Administration, US DOE.[4

• In the United States, estimated production of vegetable oil for all uses is about 11 million tons (24 billion pounds) and 
estimated production of animal fat is 5.3 million tons (12 billion pounds).[42]

• If the entire arable land area of the USA (470 million acres, or 1.9 million square kilometers) were devoted to biodiesel 
production from soy, this would just about provide the 160 million tons required (assuming an optimistic 98 GPa of 
biodiesel). 

• This land area could in principle be reduced significantly using algae, if the obstacles can be overcome. The US DOE 
estimates that if algae fuel replaced all the petroleum fuel in the United States, it would require 15,000 square miles 
(38,849 square kilometers), which is a few thousand square miles larger than Maryland, or 1.3 Belgiums, assuming a yield 
of 15000 GPa. 

• The advantages of algae are that it can be grown on non-arable land such as deserts or in marine environments, and the 
potential oil yields are much higher than from plants.



Biodiesel continued

• Some typical yields in cubic decimeters (liters) of biodiesel per hectare 
(10,000 square meters):
• Algae: 500-20,000 GPa 

• Chinese tallow:  699 GPa[;4;5]

• Hemp:  165 GPa[47]

• Palm oil: 780 - 1490 dm^3 ; 80-160 GPa8

• Rapeseed: 100-145 Gap  

• Coconut: 353 dm^3; 38 GPa

• Soy: 76-161 dm^3; 8-17 GPa] (Soy is used in 80% of USA biodiesel)

• Peanut: 138 dm^3; 15 GPa

• Sunflower: 126 dm^3; 13 GPa

• (Divide by 9.35 to convert liter per hectare to gallons per acre)

• Algae grow rapidly and can have a high percentage of lipids, or oils. They can double their mass 
several times a day and produce at least 15 times more oil per acre than alternatives such as 
rapeseed, palms, soybeans, or jatropha. Moreover, algae-growing facilities can be built on 
coastal land unsuitable for conventional agriculture.

• The hard part about algae production is growing the algae in a controlled way and harvesting it 
efficiently.

• Most companies pursuing algae as a source of biofuels are pumping nutrient-laden water 
through plastic tubes (called “bioreactors” ) that are exposed to sunlight (and so called 
photobioreactor or PBR).

• Running a PBR is more difficult than a open pond, and more costly.



Net Primary Productivity by Ecosystem



Total Primary Productivity by Ecosystem



Estimated Biomass for Human Consumption (not total 

produced)

Type Mean Biomass
Minimum Replacement 
Rate

(kg dryC / m²) (years)

Tropical rain Forest 45 20.5

Tropical monsoon Forest 35 21.88

Temperate evergreen forest 35 26.52

Temperate deciduous forest 30 25

Boreal forest 20 25

Mediterranean open forest 18 24

Desert and semidesert scrub 0.7 7.78
Extreme desert, rock, sand or ice 
sheets 0.02 6.67

Cultivated land 1 1.54

Swamp and marsh 15 7.5

Lakes and streams 0.02 0.08

Total continental 12.57 16.23

Open Ocean 0.003 0.02

Upwelling zones 0.02 0.04

Continental shelf 0.01 0.03

Algal beds and reefs 2 0.8

Estuaries & mangroves 1 0.67

Total marine 0.01 0.07

Grand total 3.68 11.02



Figure 10.2



Table 10.2 Biomass Production Rates



Residual Biomass in the US



Chemical and Physical Properties

• Table 10.4 shows typical values for 
various fuel properties for biomass.

• Raw biomass can be up to 75% water.

• The inorganic matter content of biomass 
can be significant (up to 2%).

• Table 10.5 provides examples of trace 
inorganic elements present in biomass.



Table 10.3



Table 10.4



Table 10.5



Biomass Production

• Table 10.6 provides some useful numbers 
on biomass production and utilization.



Table 10.6



Thermal Conversion of Biomass

• Biomass to electricity

• Co-firing with coal to reduce sulfur emissions

• Re-powering (retrofitting existing plants to biomass fuel or 
adding a biomass-fired generator).

• Direct combustion in a Rankine cycle plant.

• Combined cycle plants using  gas from biomass gasification

• Thermal or hydrothermal conversion of biomass to other fuels 
for combustion (steam generation) or to fuel cells.

• Table 10.7 provides data on current power generation using 

biomass.



Table 10.7



Biomass to fuel

• Thermal and hydrothermal processes can also be used to convert 
biomass feedstocks into gaseous and liquid fuels.

• Pyrolysis – thermal treatment in the absence of oxygen to 
gasify the biomass to carbon monoxide and hydrogen (syngas).

• Hydrolysis – food processing wastes with high levels of fats and 
oils can be easily hydrolyzed to produce low-Btu gas and 
biodiesel fuel.

• Gasification

• Biomass combined cycle (BGCC)

• Black liquor gasification combined cycle (BLGCC)

• BGCC and BLGCC plants could generate 8 GWe for the forest 
products industry.

• Black liquor is a waste product from making cellulose from 
wood.

• Forest residues and residues from pulp and paper making in 
the Us could fuel 30 GWe by BGCC



Bioconversion

• Bioconversion refers to the direct or adaptive use of the chemistry 
of living organisms to transform one substance to another.
• Fermentation – using bacteria, yeast and fungi to produce ethanol from 

cellulosic biomass.

• Anaerobic digestion – using bacteria to produce methane.

• Composting – using bacteria and other decomposers to produce compost and 
potting soils high in nutrients (nitrogen, phosphorus  and organic material).

• Bioconversion processes can be used on raw biomass or 
industrial/municipal wastes.

• Please see Figures 10.6, 10.7, 10.8, 10.9 and Table 10.8 for details.



Ethanol Production

• David Pimentel, a professor at Cornell University widely known for his 
research in alternative fuels, favors Fischer-Tropsch diesel (from coal 
gasification) over ethanol or biodiesel. Both ethanol and biodiesel are 
derived from agricultural products such as corn or soybeans and blended 
with conventional fuel before use in cars or trucks. "This is much better 
than importing oil from foreign countries," Pimentel said. "It is true it 
takes 2 btu to get 1 btu, but ethanol does the same. It is better than 
ethanol, whose environmental impacts are 10 times worse than turning 
coal to liquids.“  

• Pimentel said corn -- used to make ethanol -- causes more soil erosion and 
uses more nitrogen fertilizer than other crops. Nitrogen fertilizers are 
typically produced from natural gas. 

• Also, the production of 1 gallon of ethanol requires 1,700 gallons of water 
and the process generates 12 gallons of waste. The coal-to-liquids 
technology would have none of these issues, he said.



Figure 10.6



Figure 10.8



Figure 10.9



Table 10.8



Environmental Issues

• Tables 10.9 and 10.10 review the 
environmental impacts of biomass for 
energy production.



Table 10.9



Table 10.10



Economics

• A major factor in biomass energy economics is the high cost of 
producing and harvesting biomass.

• Recent increases in the prices of oil have made it feasible to 
explore the production of biofuels for transportation.   

• Ethanol production from corn in the US is very inefficient compared 
to Brazil’s program and has considerable negative environmental 
impacts.

• The forest products industry has the greatest potential to become 
energy independent based on the biomass generated in their 
wastes.  

• Continued concerns about the effects of carbon dioxide emissions 
from fossil fuel combustion are making biomass a more attractive 
alternative.

• Biotechnology may provide other alternatives to our fuel dilemma 
as genetic engineering is applied to the problem.


