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World Oil Production

(million barrels per day)
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U.S. Power Generation
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Non-OPEC Countries
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How much oil and gas is 

really left?

� EIA estimates that in 2025, countries
around the globe will still have more than
900 billion barrels of oil remaining to be
discovered. EIA estimates total world oil
resources at more than 2.9 trillion barrelsresources at more than 2.9 trillion barrels
of oil.

� Demand is expected to rise to 119 million
barrels per day. Oil can be expected to last
another 65 years.
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WHAT ARE WE FORGETTING?

� Assume we have 85 more years of oil. 

� Assume we are sold on the notion of energy 

security and independence.security and independence.

� Are we forgetting something?
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The Wedge Concept
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The Wedge Concept

� End-user efficiency and conservation

� Increase fuel economy of 2 billion cars from 30 to 

60 mpg

� Power Generation

� Raise efficiency of coal-fired plants � Raise efficiency of coal-fired plants 

� Carbon Capture and Storage

� Install CCS in coal-fired power plants (IGCC)

� Alternative Energy Sources

� Agriculture and Forestry 

� Stop deforestation
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Managing the Climate Problem
Each wedge represents a reduction of 25 billion 

tons in 50 years
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Cumulative Amount of CO2

Each ppm of CO2 corresponds to a total of 2.1

billion tons of atmospheric CO2

560 ppm
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Background

►Due to diminishing petroleum reserves and

the deleterious environmental consequen-

ces of exhaust gases from petroleum diesel,

biodiesel has attracted attention during the

past few years as a renewable andpast few years as a renewable and

environmentally friendly fuel.

►Biodiesel is made entirely from vegetable

oil or animal fats; hence it is renewable

and biodegradable.
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Properties 

►Biodiesel contains very little sulfur,

polycyclic aromatic hydrocarbons, and

metals. Diesel fuels can contain up to 20%

polycyclic aromatic hydrocarbons.polycyclic aromatic hydrocarbons.

►Biodiesel is most often blended with

petroleum diesel in ratios of 2 percent (B2),

5 percent (B5), or 20 percent (B20). It can

also be used as pure biodiesel (B100).
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United Nations Report

“The global rush to switch from oil to

energy derived from plants will drive

deforestation, push small farmers offdeforestation, push small farmers off

the land and lead to serious food

shortages and increased poverty

unless carefully managed.”
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Current Technology 

� The majority of biodiesel today is produced by

alkali-catalyzed transesterification with

methanol, which results in a relatively short

reaction time.

� However, free fatty acids and water in this

feedstock results in the production of soap.

Thus, additional steps to remove any water and

either the free fatty acids or soap from the

reaction mixture are required.

3/12/2009Rio de Janeiro, 2009



Transesterification Reaction

CH2 - OOC - R1

CH - OOC – R2

R1 - COO – R’

R3 - COO – R’

CH2 - OH

CH - OH+ 3R’OH
Catalyst

+
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CH2 - OOC –
R3

R2 - COO – R’ CH2 - OH

Triglyceride Alcohol Fatty acid esters Glycerol

Fatty Acid + Alcohol                           Fatty acid ester + Water



Challenges

� Produce triglyceride feedstock in sufficient 
quantities and economical prices.

� Develop better catalysts.� Develop better catalysts.

� Resolve the “glycerol saturation” problem

� Improve the source of mono-hydroxy alcohol 
used for transesterification
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Feedstock for Biodiesel 

Production

� Current biofuels are produced with yields on the
order of 50 to a few hundred gallons per acre-year
(~60 gallons per acre-year for soy-biodiesel, about
twice that for canola biodiesel.)

� US Gasoline demand is 140 billion gals per year (or
energy equivalent of 200 billion gals ethanol). Diesel
demand is about half. Current US demand for diesel
would require 1 billion acres of soy farming!

� Soybeans yield soy meal that is heavily used in both
human foods, and to a greater extent, animal feed.
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Biodiesel Production

� US production increased from 250 million gallons

in 2006 to 450 million gallons (1.5 million tons) in

2007 – an increase of 55.6%.

� European countries produced 1.5 billion gallons

(4.9 million tons) with Germany producing 790(4.9 million tons) with Germany producing 790

million gallons (2.7 million tons) in 2007

� Total demand for diesel in the US and Europe –

490 million tons (147 billion gallons). 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.
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Alternate feedstocks

� Non-edible sources like Jatropha curcas Pongamia, Castor, Sal etc.
Focus is on crops that grow in sandy soils – greening the desert.
Jatropha trees can capture four tons of carbon dioxide per acre and
the fuel emits negligible greenhouse gases. Some varieties of
Jatropha can produce 1600 gals per acre year – Roy Beckford

� Waste oil – restaurant grease.

� Animal fats including tallow, lard, yellow grease, chicken fat, and the
by-products of the production of Omega-3 fatty acids from fish oil.by-products of the production of Omega-3 fatty acids from fish oil.

� Oil from halophytes such as salicornia bigelovii, which can be grown
using saltwater in coastal areas where conventional crops cannot be
grown, with yields equal to the yields of soybeans grown using
freshwater irrigation

� Microalgae
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Photosynthetically Available 

Radiation

Photosystems in plants are made of an antenna of 
photosynthetic pigments, leading to a chemical
reaction center. Only a portion of the spectrum of
light from the sun can be used by the pigments. 
PAR, the spectrum of light usable by pigments is
roughly the same as the visible light spectrum.
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Photosynthetically active region accounts for 43% of the solar energy
reaching the earth’s surface. It takes 8 photons to split a water
molecule and CO2 molecule to make a base carbohydrate, CH2O.

Average energy of PAR photon is 2.25 eV and the overall efficiency of
converting the energy in the photons to chemical energy in the
carbohydrates is 27%.



Photosynthesis

� In the US, the average daily incident solar energy (across

the entire spectrum) reaching the earth’s surface ranges

from 12,000-22,000 kJ/m2

� Chemical process efficiency ~27%, max photosynthetic

efficiency ~11.6% - equivalent to 28,000 gge/acre-yearefficiency ~11.6% - equivalent to 28,000 gge/acre-year

(assuming 100% conversion of algae biomass to

biodiesel).

• Water and nutrient limitations, photosaturation, and

photorespiration limit avg. photosynthetic efficiency of

terrestrial plants to <1%.
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Microalgae

� Potential for significantly higher average photosynthetic
efficiency due to their aquatic environment providing them
with better access to water, CO2, and nutrients .

� Algae produce their highest oil concentrations when
stressed – in particular due to nutrient restriction.

� Algae strains with higher oil content grow slower than
lower oil content strains. The result is that open systems
inoculated initially with a high oil algae are rapidly taken
over by native low oil strains.

� Also, the desired goals of high reproduction rate and high
oil yield are mutually exclusive.

3/12/2009Rio de Janeiro, 2009



Photobioreactors

� Prevention of culture collapse or take over by
low oil strains can be accomplished through
photobioreactors. However, they are expensive.

� A source of CO2 rich air is needed. Combine with
aerobic or anaerobic digestors?

� A source of CO2 rich air is needed. Combine with
aerobic or anaerobic digestors?

� Hybrid approach of Huntley and Redalje appears
to be attractive.

� Genetic engineering of Acetyl-CoA carboxylase -
enzyme that regulates fatty acid synthesis to
enhance enzyme activity
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Economics of Algal Biodiesel

� Photobioreactors essential to achieve high oil

content.

� PETC Study in open ponds – Assumes 40% oil

content with biomass production of 30

g/m^2-day using flue gas CO2. This puts theg/m^2-day using flue gas CO2. This puts the

cost at $67/bbl

� Problem is 40% is too high! Reducing

nutrients would result in lower biomass

yields. Huntley and Redalje extrapolated the

cost with their system to $84/bbl.
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Challenges

� Produce triglyceride feedstock in sufficient 
quantities and economical prices.

� Develop better catalysts.� Develop better catalysts.

� Resolve the “glycerol saturation” problem

� Improve the source of mono-hydroxy alcohol 
used for transesterification
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Catalyst Systems
� ZrO2, ZnO, and KNO3/ZrO2 are some solid catalysts that

have been studied.

� Sulfonated catalysts derived from amorphous carbon.

� Zinc and calcium oxides, calcium and barium acetates,

Mg-Al hydrotalcites, NaX faujasites, titanosilicate

structure-10, calcium carbonate rock, tungstated

zirconia-alumina. Almost all of the catalysts requirezirconia-alumina. Almost all of the catalysts require

temperatures in excess of 200°C to achieve conversions

greater than 90% within the time scale of the

experiment.

� Mesoporous silica multifunctionalized with both

organosulfonic acid and hydrophobic organic groups

such as allyl and phenyl has been shown to be effective.
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Enzyme Catalyzed Transesterification

� New biochemical routes to biodiesel

production, based on the use of enzymes,

have become very interesting.

� Most of the research has focused on the use

of virgin oils such as rice bran oil, canola, sun-of virgin oils such as rice bran oil, canola, sun-

flower oil, soybean oil and castor oil.

� Emphasis should be on waste oil.

� Advantage of enzyme transesterification is

that there is no soap formation.
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Objectives of Enzyme Catalysis

►Ensure that enzyme retains activity

►Minimize enzyme denaturation

Evaluate long-term performance ►Evaluate long-term performance 

►Investigate used-oil utilization

►Scale-up and kinetics
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Waste Oil Studies
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Effect of Molar Ratio on Yield
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60C, 150 rpm, 500 U enzyme



Effect of Stepwise Addition on Yield
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150 rpm, 500 U enzyme, 40C



Step-wise Addition of Methanol
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Effect of Mixing Speed on Yield
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Effect of Temperature
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Effect of Solvent/Acyl Acceptor

3/12/2009Rio de Janeiro, 2009



Effect of Enzyme Reutilization
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Results from Enzyme Studies

� External mass transfer resistance is insignificant at

150 rpm

� The relatively small difference in yields at the

beginning of the reaction is followed by a much

larger difference in yields at the two temperatureslarger difference in yields at the two temperatures

as the reaction proceeds.

� In the case of step-wise addition of methanol, the

productivity was substantially higher compared to

the ‘single-addition’ runs, with an average value of

1.3 x 10-5 g biodiesel/U-h.

3/12/2009Rio de Janeiro, 2009



Challenges

� Produce triglyceride feedstock in sufficient 
quantities and economical prices.

� Develop better catalysts.� Develop better catalysts.

� Improve the source of mono-hydroxy alcohol 
used for transesterification

� Resolve the “glycerol saturation” problem
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The Choice of Acyl Acceptor and Solvent

� Solvent/ acyl acceptor should be from a renewable
source

� Enzyme activity in organic media is correlated with
solvent hydrophobicity. Generally, highest activities are
found at high log P (>2) values.found at high log P (>2) values.

� Methanol has poor solubility in hydrophobic solvents
resulting in deactivation of the enzyme.

� Use a combination of solvents, that is co-solvents that
results in better distribution of methanol.
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Solvent Engineering Studies

� Preliminary screening based on solvent characteristics

and reaction conditions.

� log P – Solvents with low log P exhibit strong

hydrophilicity triggering enzyme deactivation.

� Typical reaction temperature 35-45C. Thus solvents with� Typical reaction temperature 35-45C. Thus solvents with

low boiling point such as dimethyl ether, pentane etc.

were eliminated.

� Viscosity – Dynamic viscosity of biodiesel is 4-6 cP at 20-

40C. Desirable solvent viscosity is < 4 cP. Thus solvents in

the alcohol group with carbon number > 5 were not

considered.
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Challenges

� Produce triglyceride feedstock in sufficient 
quantities and economical prices.

� Develop better catalysts.� Develop better catalysts.

� Improve the source of mono-hydroxy alcohol 
used for transesterification

� Resolve the “glycerol saturation” problem
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Glycerol Conversion to 

Methanol
� Ongoing research to convert glycerol to 1,3-

propanediol, 1,2-propanediol, propylene glycol etc.

� Solvay’s epichlorohydrin process - Epicerol

� Cost of methanol required for transesterification is � Cost of methanol required for transesterification is 

high.

� Aqueous phase reforming (ACR) of glycerol over Pt 

catalyst  C3H5(OH)3→ 3CO + 4H2 at 600K followed 
by

� CO + 2H2→CH3OH over Cu/ZnO catalyst

� More research is needed to develop better catalysts
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