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3. Energy Production

3.1 Renewable Energy Technologies
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Definition: All living plant matter as well as organic wastes
derived from plants, humans, marine life, and animals.

Examples: Trees, grasses, animal dung, sewage, garbage,
wood construction residues, and other components of
m u n i Ci p a I SO | i d Wa Ste . Tester, et al., Sustainable Energy: Choosing Among Options, 2005, The MIT Press
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Biomass: Three Major End Products

Department of Energy Categories I

1. Biopower: Generation of electricity utilizing
biomass as feedstock
2. Biofuels
— Syngas
— Ethanol
— Biodiesel

3. Biobased Products: plastics, chemicals



Biomass Plant Terms: Definition

Bagasse: the fibrous residue remaining after sugarcane
or sorghum stalks are crushed to extract their juice.

Miscanthus (elephant grass): a genus of about 15
species of perennial grasses native to subtropical and
tropical regions of Africa and southern Asia

Sorghum: a genus of numerous species of grasses, one
of which is raised for grain and many of which are used
as fodder plants either cultivated or as part of pasture.
The plants are cultivated in warmer climates worldwide.
Species are native to tropical and subtropical regions of
all continents in addition to the South West Pacific and
Australasia.

Corn Stover: consists of the leaves and stalks of corn,
sorghum or soybean plants that are left in a field after
harvest.
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Biomass Plant Terms: Definition

Switchgrass: is a perennial warm season bunchgrass
native to North America, where it occurs naturally from
55°N latitude in Canada southwards into the United
States and Mexico. Switchgrass is one of the dominant
species of the central North American tallgrass prairie
and can be found in remnant prairies, in native grass
pastures, and naturalized along roadsides.

Sugarcane: species of tall perennial grasses of the
genus Saccharum. Native to warm temperate to tropical
regions of Asia, they have stout, jointed, fibrous stalks
that are rich in sugar, and measure two to six meters
(six to nineteen feet) tall.

Arundo Donax: Giant Cane, is a tall perennial cane
growing in damp soils, either fresh or moderately
saline. Arundo donax is native to eastern and southern
Asia, and probably also parts of Africa and southern
Arabic Peninsula. It has been widely planted and
naturalised in the mild temperate, subtropical and
tropical regions of both hemispheres especially in the
Mediterranean, California, the western Pacific and the
Caribbean. It grows to 6 metres (20 ft).




Biomass Resources: National

Biomass Resources

Potential world energy from biomass
assuming complete conversion: 7-10 TW

http://mitworld.mit.edu/video/518/
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Feedstock

Bagasse 2,591,680.54
Corn Cobs * 2,749.48
Corn Stover 18,329.86
Forest Residues 2,399,000.00
Primary Mill Residues 1,883,475.00
Sugarcane 11,803,017.78
Urban Wood and Sec Mill Residues 1,795,503.50
Total 20,491,006.68

Iltem

Biodiesel Stations

E85 Stations

Ethanol Plants

Ethanol Plant Capacity (millon gallons/year)
Biodiesel Plants

Biodiesel Plant Capacity (million gallons/year)
Biopower Plants

Biopower Plant Capacity (nameplate, MW)

October 2010 Data
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Biomass Trends

U.S. Energy Production (2008): 73.7 Quadrillion Btu

32.4% Coal 11.5% Nuclear
3.3% Hydropower
| 6.6% Non-Hydro
Flenewyahles <
32.0%
Natural Gas 14.3% Grude 0il

U.S. Energy Consumption (2008): 99.3 Quadrillion Btu
22.6% Coal

8.5% Nuclear
2.5% Hydropower
| 4.9% Non-Hydro

Renewables <

37.4% Petroleum

24.0%
Natural Gas

Source: EIA; full references are provided starting on p. 122.

Note: Because hydropower is considered a conventional source of energy,
it is accounted for separate from other new renewable sources of energy.
Energy consumption is higher than energy production due to oil imports.

FLATE-FESC

U.S. Non-Hydro Renewable Energy Production:
4.9 Quadrillior

U.S. Non-Hydro Renewable Energy Consumption:
4.8 Quadrilli

2008 Renewable Energy Data Book, US DOE, EERE, July 2009

U.S. Energy Background Information | Jlujﬁ,r 2009



Biomass Electricity= Biopower

U.S. Electric Nameplate Capacity (2008): 1,109 GW

30.4% Coal 9.5% Nuclear

7.0% Conv. Hydropower

| 3.8% Renewable Energy <

2.2% Other

5.6% Petroleum
41.4% Natural Gas

- U.S. Renewable Capacity: 42 GW

U.S. Electric Net Generation (2008): 4,112 billion kWh

19.6% Nuclear

6.0% Conv. Hydropower

| 3.1% Renewable Energy <

0.4% Other
1.1% Petroleum

48.5% Coal
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U.S. Renewable Generation: 125 billion kWh

21.3% Natural Gas

Source: EIA

Other includes: pumped storage, batteries, chemicals, hydrogen, pitch,
purchased steam, sulfur, tire-derived fuels, and miscellaneous technologies.
* Includes. any andoaif-grid capacity.

FLATE-FESC
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Biomass Trends- Biopower
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Biomass Trends- Biopower

* Biopower generation has remained steady during the past seven years,
and currently accounts for 45% of all renewable energy generated in
the United States (excluding hydropower).

* Biomass electricity primarily comes from wood and agricultural residues that
are burned as a fuel for cogeneration in the industrial sector (such as in the
pulp and paper industry).

2008 Renewable Energy Data Book, US DOE, EERE, July 2009
Januar y 27,2011 FLATE-FESC 14



States Leading Biopower Energy
Development (2008)

Total Installed Capacity (2008, MW)

© California.................... 1217

@Florida....................... 1,158

; ine....................... 768

| 1‘ @ z ‘:'J'Iml'-le' 760
_,-?.--'f; irginia......................

AL T = VR 712

oo @Alabama..................... 622

— @ Pennsylvania................ 565

\\. © Minnesota................... 445

@ O NewYork.................... 439

W © Michigan ... 430

2008 Renewable Energy Data Book, US DOE, EERE, July 2009
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5 Photosynthesis

« Biomass energy 1s a form of solar energy

Solar energy 1s captured via photosynthesis as carbon
dioxide 1s incorporated as fixed carbon during the
growth stage of all biomass

Average solar incidence 1s about 4000 W/m?/day

MIT OpenCourseWare, 3.564) Sustainable Energy, Spring 2005, http://ocw.mit.edu
http://www.eia.doe.gov/kids/energy.cfm?page=biomass_home-basics

6 COQ + 6 H20+ NUtnentS 9CGH12OB + 602

Carbon Dioxide Water Nitrate (NO,), Phosphate Glucose ( sugar)
(PQ,), Iron, Silica.......
vAg
<:]©[::=
Cyt c,
v Q\ - - . .
= Periplasm
adt 0Bk ‘ Photosynthesis is about
a 10.5% efficient in solar
sewo- 75 % o, - energy conversion
Dehydrogenase l
ADP + P, alh

Cross-section of the R. sphaeroides (bacterioclorophyll)
January 27, 2011 http://www.ncbi.nIm.nih.gov/pmc%ﬁmé@;’%/lczmﬂ10/?too|=pmcentrez 17




Composition of Lignocellulosic Biomass

Primarily pentoses,
5-carbon sugars
also 6-C sugars

Black thermoplastic

that can be burned

o provide energy
for ethanol
production.

hexose, a 6-carbon sugar.

January 27, 2011 FLATE-FESC 18
Lonnie Ingram, 2010 FESC Summit, http.//www.floridaenergy.ufl.edu/?page id=3657




Plant Cell Wall Structure

Middle Lamella
=

Cellulose :

Microfibril ;
Chains | Pr;mary Cell Wall

Hemicellulose :
Cross-linking
Network

28 Sommerville et al., Science 306, 2205, (2004) Plasma Membrane

e Macrostructure is polymorphous
- Crystalline regions
- Amorphous regions

Fig. 1. El i h of Il walls

ofg EDTA‘-!::S";cglsmeg;iager;aruct:{l:eof w:ea ¢ H eterogen €ous

(Pisum sativum) plants. Cellulose microfibrils . . .
and their cross-links are indicated by arrow- - Cellulose, hemicellulose, lignin

heads. The inset shows the walls before ex-
Januantraction. Scale bars, 200 nm. [Image from (16)] FLATE-FESC 19



Breakdown of Biomass

Acid or Base pretreatment is essential
for deconstruction of lignocellose.

Glucose

Hemicellulose

Xylose, arabinose, Mosier et al, 2004
gal, man, rham

Lonnie Ingram, 2010 FESC Summit, http.//www.floridaenergy.ufl.edu/?page id=3657

1. Dilute acid pretreatment = syrup of hemicellulose sugars

2:Enzymes to convert cellulose = glucose syrup

20



Lignin
The major noncarbohydrate, polyphenolic structural constituent of wood and
other plant material that encrusts the cell walls and cements the cells together

A highly polymeric substance, with a complex, cross-linked, highly aromatic
structure of molecular weight about 10,000 derived principally from coniferyl
alcohol (C10H1203) by extensive condensation polymerization

Higher heating value: HHV=9111 Btw/lb

MIT OpenCourseWare, 3.564] Sustainable Energy, Spring 2005, http://ocw.mit.edu
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Cellulose

« Composed of long chains of B-glucose linked together
(repeating unit C . H,,0,)

 Principal constituent for the structural framework of wood
and other biomass cells

« The B-linkages form linear chains which are highly stable
and resistant to chemical attack because of the high degree
of hydrogen bonding that occurs between chains of cellulose,
mhibiting the flexing of the molecules that must occur in the
hydrolytic breaking of the glycosidic linkages

« Hydrolysis can reduce cellulose to a cellobiose (repeating
unit C,,H,,0,,) and ultimately to glucose, C.H,,O,

« Higher heating value: HHV = 7500 Btw/Ib

&

H

—~0

CH,OH

January 27,2011 H
MIT OpenCourseWare, 3.564) Sustainable Energy, Spring 2005, http://ocw.mit.edu



Hemicellulose

Composed of short, highly branched chains of five different sugars

Contains five-carbon sugars (usually D-xylose and L-arabinose) and six-
carbon sugars (D-galactose, D-glucose, and D-mannose) and uronic acid

Sugars are highly substituted with acetic acid

Branched nature of hemicellulose renders it amorphous and relatively easy
to hydrolyze to 1ts constituent sugars compared to cellulose

~\al ~_

/
0

L~
Hﬁ%d m@
CH
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Composition

Composition of Selected Ligncellulosic Resouces, % dry weight

Feedstock Gluu:m} }F}'lan | Lignin
(cellulose) (hemicellulose)

Corn stover 37.5 22.4 17.6
Corn fiber 14.28 16.8 8.4
Pine wood 46.4 8.8 29.4

Poplar 49.9 17.4 18.1

Wheat straw 38.2 21.2 234

Switch grass 31.0 204 17.6

Office paper 68.6 12.4 11.3

Adapted from N. Mosier et al., 2005. Biores Technol. 96:673-686

January 27,2011 FLATE-FESC
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Energy Content

http://bioenergy.ornl.gov/papers/misc/energy conv.html

CHEMICAL CHARACTERISTICS

35 0.15
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5.8
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A KERNEL OF CORN
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STARCH ()
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TIP CAP (11.9%)
(0.8%)
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Starch

« Composed of long chains of a-glucose molecules linked together
(repeating umit C,H,O; )

« Linkages occur in chains of a-1.4 linkages with branches formed
as a result of a.-1,6 linkages

« Widely distributed and stored in all grains and tubers

* Due to a linkages in starch, this polymer is highly amorphous,
and more readily broken down by enzyme systems into glucose

* Gross heat of combustion: Q_(gross)=7560 Btu/lb

CH,0H

A& o1, 6-glycosidic linkage

CH,OH

0 0

AL O l

HO CH,
H
0 0
HO CH,0H
j :
O D
o-1, 4-glycosidic linkages HO
HO
) _AMAAL

January 27, 2011 FLATE-FESC MIT OpenCourseWare, 3.564J Sustainable Energy, Spring 2005, http://ocw.mit.edu 27
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Biomass Processes

1. Biopower
2. Biofuels
3. Biomass Chemical Products

FFFFFFFFFF
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Biomass Processing

L Steam

- Diragt - o | Electricity
combustion Space and water heating
v e Cooking

Process heat (e.g., crop drying)
' I Steam
: - o | Space and water heating
- gasification I Electricity
: ' ' Cooking
Stationary engines

g FRegional fuel gas pipeline

Methanol Mobile engines
| Stationary engines

synthesis \ Gas turbines

£ __‘__‘_-_-'* Space and water heating
Hydrolysis and — Cooking
fermentation Process heat

to ethanol Steam

Electricity

Space and water heating
A obi L—_—_. Process heat
digestion Steam .
Stationary engines

Mobile engines

co p—— - MNatural gas pipeline

Office of Technology Assessment, Energy From Biological Processes, July 1980
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1. Biopower



Biomass Electricity = Biopower

Most electricity generated using hiomass today is by direct combustion using conventional boilers.

These boilers burn primarily waste wood products generated by the
agriculture and wood-processing industries. When burned, the wood
waste produces steam, which is used to spin a turbine. The spinning
turbine activates a genervator that produces electricity. This could be
in a co-generation system.

Biomass can also be gasified prior to combustion. Gases generally burn cleaner and more
efficiently than solids, which allows removal of toxic materials. Gasification also makes
it possible to use biomass in combined-cycle gas turbines, such as used in the latest
natural gas power plants. Using gasification, these natural gas power plants can achieve
much higher efficiencies. Small modular biomass gasification systems are well suited for
providing isolated communities with electricity

January 27,2011 FLATE-FESC 31



Direct Combustion

Biomass —1—P»

Biopower

A

Dryer Exhausw

January 27,2011
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http://www1.eere.energy.gov/biomass/
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Air-blown Gassification based Biopower

System Boundary ‘ Air
Clean ‘
Biogas
to Gas
_____________ Turbine Combustion
:_ Gas leer | TurbiI'IE
, Biogas v Generator
. Hot : Y
0| SO
.| Direct Filter ! Substation
 Gaslflen : _
: T— i HRSG
| Ash| | A
| Boost | Generar
Sized and Dried Compressor| | :
Biomass Biomass | ! ~
AN~ B Turblne Boller
Feed Prep. Condenser Feed
And Drylng Water
Steam from
Steam Cycle .
Wastewater § | Ash Blowdown
(varlous - A Y
Souroes)

Biomass gasification combined cycle (BGCC) system schematic.

January 27, 2011 http://www1.eere.energy.gov/biomass/ 33
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2. Biofuels

Syngas
Ethanol
Biodiesel
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Various Routes to Biofuels

o
Fischer-Tropsch > Alkanes

SynGas < Methanol > Methanol

(CO + H,)
Water-Gas Shift > Hydrogen
"~
Blo—u!ls : Dehydroxygenatio:> Liquid
Cellulosic - : (including tars, acids, Fuels
Bi Pyrolysis or Liquefaction chars, alcohols,
lomass aldehydes, esters, Zeolite U T > Liquid
: eolite Upgrading
ketones and aromatic) Fuels
Feedstocks ~ -~
include Fermentation Ethanol
forest wastes, A ti
agricultural wastes, Aqueous romatic
and energy crops. < Sl.?gar Behydration Hydrocarbons
Aqueous-Phase Liquid Alkanes
| (ZFrocessing or Hydrogen
 Lignin Lignin UP'Hﬂd‘"9> Etherified Gasoline

JanRcl foglénergy Technology: Strengthening the Link between Basic Research and Induf%,T Blsg,sgugust 2008, http://www.er.doe.qov/bes/reports/abstracts.html|



Conversion Processes

Biochemical Conversion - Biomass
is broken down to sugars using

either enzymatic or chemical Sugar and Lignin
processes and then converted to Biochemical Intermediates

ethanol via fermentation. » Enzymatic
Hydrolysis
+ Lignin
Conversion
Producing:
= Fuels P >
(% ) = Chemicals/
Materials
f?::gnyc;:aps : Integrated
+ Residue Biorefineries
Harvesting
L . _ g

Thermochemical Conversion -
Biomass is broken down to
intermediates using heat and
upgraded to fuels using a combination
of heat and pressure in the presence

of catalysts.
January 27,2011 FLATE-FESC http://www1.eere.energy.gov/biomass/

Bio-derived Gas and
iquid Intermediates

Figure 3-11: Conversion Routes for Biomass to Biofuels




Biochemical Conversion

Lignocellulose (mainly lignin, cellulose and hemicellulose), is the
primary component of plant residues, woody materials and grasses.

The cell walls or these plant matters are comprised of long chains of
sugars (carbohydrates), which can be converted to biofuels.

Biochemical conversion breaks down the cell wall through the introduction of
enzymes or acid in order to extract the sugars which are then converted to
biofuels using microorganisms.

Due to the complex structure of the cell wall it is more
difficult to break down into sugars, making this material
more expensive to convert to biofuels.

Current R&D focuses on high-yield feedstocks, more efficient enzymes, and more
robust microorganisms to advance biochemical conversion processes

m@m&re‘energy.gov/biomass/biochemical conversion.html FLATE-FESC 37




Biochemical Conversion

i Feedstock : Biofuels
P___Logistics | | Distibution |
(2) (3)
= A ™ maoa e )
| Enzymatic Product
Pretreatmaent - »[FmMnHHnn Racovery | (4)
(1)
Lignin
Biochemical Platform Integration Residue
' Thermochemical |
{___Phtlorm __

(1) Pretreatment (also known as Prehydrolysis)
Biomass undergoes a thermochemical process, where heat and either water, an acid or a base are used to break
down the cellulosic biomass into soluble sugars and make the cellulose more accessible for the hydrolysis step.

(2) Hydrolysis/Saccharification

The pretreated material is saccharified (separating the carbohydrates) and the sugar is released. Enzymes or acid
are used in this process to beak down any remaining solid cellulose to simple sugars. This process takes several
days after which the mixture of sugars and any solids or un-reacted cellulose is transferred to a fermenter.

(3) Fermentation
Fermenting organisms are added to the mixture to ferment the sugars to alcohol and carbon dioxide.

(4) Product Recovery

This process involves distilling the fermented mixture to separate the ethanol from the water and any residual
solids. The remaining solids are primarily composed of lignin, which can be burned for heat and power or
thermochemically (using heat) converted to synthesis gas or pyrolysis oil intermediates for upgrading to fuels.

January 27,2011 FLATE-FESC http://www1l.eere.energy.gov/biomass/biochemical conversion.html 38




Enzyme Hidrolysis

EG = Endoglucanase (endo-cellulase)
Digests amorphous, non-crystalline cellulose
into smaller oligosaccharides

@ CBH = Cellobiohydrolase (exo-cellulase)

@
Attacks free ends of cellulose chain to produce
@ @ cellobiose
@ @
Lore)

BG = B-glucosidase
Converts cellobiose into glucose monomers
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Figure 9-3 Schematic of enzyme actions on cellulose surface and in solution. Source: J. Stege,
Verentum Corp. (Copyright Verenium Corporation, 2010)

JanRcl foqlfjnergy Technology: Strengthening the Link between Basic Research and Induf%,-r Blsg,sgugust 2008, http://www.er.doe.qov/bes/reports/abstracts.html| 39




Thermochemical Conversion

| Gasification
............ e — Gasification
m-j ‘m g | In gasification  conversion, lignocellulosic
feedstocks such as wood and forest products are

monoxide and hydrogen, using heat. The
. feedstock is then partially oxidized, or reformed
" ’[ ""“““‘"} with a gasifying agent (air, oxygen, or steam),

which produces synthesis gas (syngas).

l Pt e P | broken down to synthesis gas, primarily carbon

Thermochemical Platform Integration - Gasification

|| Pyrolisis ‘

_____________

Pyrolysis B

In pyrolysis processing, biomass feedstocks are

broken ¢ )

= P‘r P [
hydrocarbe occurs at Handling > stabization ||
lower temperatures than gasification processes, and
produces liquid oil instead of a synthesis gas. Thermal Platform Integration - Pyrolysis

January 27, 2011 FLATE-FESC http://wwwl.eere.energy.gov/biomass/biochemical conversion.html 40




Biofuels

e Syngas (Synthetic Gas)

— A gas mixture of primarily carbon monoxide and hydrogen resulting
from gasification.

— The name comes from their use as intermediates in creating synthetic
natural gas (SNG) and for producing ammonia or methanol

— Can be used for combustion in gas turbine engines to produce
electricity or as fuel for distributed generation equipment.

e Bioethanol

— An alcohol made by fermenting the sugar components of biomass.

— Ethanol can be used as a fuel for cars in its pure form, but it is usually

used as a gasoline additive to increase octane and improve vehicle
emissions.

e Biodiesel

— A mixture of fatty acid alkyl esters made from vegetable oils, animal
fats or recycled greases.

— Biodiesel can be used as a fuel for vehicles in its pure form, but it is
usually used as a petroleum diesel additive to reduce levels of

particulates, carbon monoxide, hydrocarbons and air toxics from
diesel-powered vehicles.
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Bioethanol

Bioethanol Production Process Diagram

Ethanol

CcH,,0¢ —> 2 CH,CH,OH + 2 CO,

Glucose ( sugar) Ethanol
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Oil Yields of Some Seeds

Qil Yield
Crop Gallons/acre
Corn 18
Cotton 35
Soybean 48
Mustard seed 61
Sunflower 102
Rapeseed/Canola 127
Jatropha 202
Qil palm 635
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Biodiesel Processes

Vegetable oils Recycled Greases
Dilute Acid | Sulfuric acid +
| Esterification methanol

M;ﬂmrml + KOH —PI T‘iaruam!i'tavririq:atir.ml ® Ca n uti | ize Oi |

== s e - producing crops, or

recovery
- Glycerin - Ii :
refining | | Refining l ¢ Wa Ste O I |
Giycerin Biodiesel — Restaurants
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