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Definition

Pyrolysis — thermal decomposition of
carbonaceous material in the absence
of oxygen



Py Products

« Gas — non-condensable gases like carbon
dioxide, carbon monoxide, hydrogen

 Solid — mixture of inorganic compounds (ash) and
carbonaceous materials (charcoal)

 Liquid — mixture of
water and organic
compounds known
as bio-oil recovered
from pyrolysis vapors
and aerosols (smoke)




The many faces of pyrolysis

Technology Residence | Heating Rate | Temperature | Predominate
Time (C) Products

carbonization days very low charcoal
conventional 5-30 min low 600 oil, gas, char
gasification 0.5-5min  moderate >700 gas

Fast pyrolysis 0.5-5s very high 650 oil

flash-liquid <1s high <650 oil

flash-gas <1s high <650 chemicals, gas
ultra <0.5s very high 1000 chemicals, gas
vacuum 2-30s high <500 oil
hydro-pyrolysis <10s high <500 oil
methano-pyrolysis <10s high <700 chemicals

Mohan D., Pittman C. U. Jr., and Steele P. H. “Pyrolysis of Wood/Biomass for Bio-
oil: A Critical Review” Energy & Fuels, 20, 848-889 (2006)



Carbonization (slow pyrolysis)

Charcoal is the carbonaceous
residue obtained from heating
biomass under oxygen-starved
conditions.

Charcoal word origin - “the
making of coal.”

Geological processes that make
coal are quite different from those
that produce charcoal and
properties are quite different.

Charcoal yields (dry weight basis) for different

Charcoal contains 65% to 90% kinds of batch kilns

carbon with the balance being Kiln Type Charcoal Yield
volatile matter and mineral matter |pj; 12.5-30
(ash). Mound 2-42
Antal, Jr., M. J. and Gronli, M. Brick 12.5-33
(2003) The Art, Science, and Portable Steel (TPI) 18.9-31.4
Technology of Charcoal Concrete (Missouri) 33

PrOdUCtion |nd Eng Chem ReS. Kammen, D. M., and Lew, D. J. (2005) Review of technologies for the production

and use of charcoal, Renewable and Appropriate Energy Laboratory, Berkeley
42. 1619-1640 University, March 1, http://rael.berkeley.eduf/files/2005/Kammen-Lew-Charcoal-
’ 2005.pdf, accessed November 17, 2007.
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£
Fast Pyrolysis &/

Fast pyrolysis - rapid
thermal decomposition
of organic compounds
In the absence of
oxygen to produce
predominately liquid
product




Fast Pyrolysis

Dry feedstock: <10%

Small particles: <3 mm

Moderate temperatures (400-500 °C)
Short residence times: 0.5-2 s

Rapid quenching at the end of the
process

Typical yields
Oil: 60 -70%
Char: 12 -15%
Gas: 13 -25%



Fast Pyrolysis

« Advantages

— Operates at atmospheric pressure and modest
temperatures (450 C)

— Yields of bio-oil can exceed 70 wt-%

« Disadvantages

— High oxygen and water content of pyrolysis liquids
makes them inferior to conventional hydrocarbon
fuels

— Phase-separation and polymerization of the liquids
and corrosion of containers make storage of these
liquids difficult



Differences between Bio-Oil and
Heavy Fuel Ol

pyrolysis  heavy

property o1l fuel o1l

moisture content, wt % 15—30 0.1
pH 25
specific gravity 1.2 0.94
elemental composition, wt %6

carbon 54—58 85

hydrogen 55-7.0 11

oOXVZen 35—40 1.0

nitrogen 0—0.2 0.3

ash 0—02 0.1
higher heating value, MIkg  16—19 40
viscosity (50°c), cP 40—100 180
solids, wt % 0.2-1 1
distillation residue, wt % up to 50 1

Source: Huber et al. (2006) Chem. Rev. 106, 4044-4098



Typical Properties of Bio-Qll

Property Characteristics

Appearance Black or dark red-brown to dark green

Miscibility Water content from 15 wt% to upper limit of 30-50 wt%;
phase separation occurs with water addition; miscible in
polar solvents but immiscible in petro fuels;

Density 1.2 kg/L

Viscosity 25 — 1000 cSt @ 40 C depending upon water and light
volatiles content and aging

Distillation About 50% of liquid cannot be vaporized due to
polymerization

Storage Chemically unstable over time especially at elevated
temperatures: volatility reduction, polymerization, gum
deposition, and phase separation; high acidity causes
storage tank corrosion.



Bio-Qll

Pyrolysis liquid
(bio-oil) from flash
pyrolysis is a low
viscosity, dark-
brown fluid with
up to 15 to 20%
water

Source: Piskorz, J., et al. (1988) White | Poplar
Spruce
Moisture content, wt% 7.0 3.3
Particle size, um (max) 1000 590
Temperature 500 497
Apparent residence time 0.65 0.48
Bio-oil composition, wt %, m.f.
Saccharides 3.3 2.4
Anhydrosugars 6.5 6.8
Aldehydes 10.1 14.0
Furans 0.35 --
Ketones 1.24 1.4
Alcohols 2.0 1.2
Carboxylic acids 11.0 8.5
Water-Soluble — Total Above 34.5 34.3
Pyrolytic Lignin 20.6 16.2
Unaccounted fraction 11.4 15.2




Pyrolysis Pathways

M* : Catalyzed by Alkaline Cations

H* : Catalyzed by Acids
TM™ : Catalyzed by Zero Valent Transition Metals
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Radlein, D.; in Fast Pyrolysis of Biomass: Handbook Volume 1,A.V. Bridgwater, ed. (1999) 164-188



General Mechanism of Pyrolysis

(1) Heat transfer from a heat source, to increase the temperature inside
the fuel;

(2) The initiation of primary pyrolysis reactions at this higher temperature
releases volatiles and forms char;

(3) The flow of hot volatiles toward cooler solids results in heat transfer
between hot volatiles and cooler unpyrolyzed fuel;

(4) Condensation of some of the volatiles in the cooler parts of the fuel,
followed by secondary reactions, can produce tar;

(5) Autocatalytic secondary pyrolysis reactions proceed while primary
pyrolytic reactions (item 2, above) simultaneously occur in competition;
and

(6) Further thermal decomposition, reforming, water gas shift reactions,
radicals recombination, and dehydrations can also occur, which are a
function of the process’s residence time/temperature/pressure profile.

Sinha, S.; Jhalani, A.; Ravi, M. R.; Ray, A. J. Solar Energy Society of India (SESI) 2000, 10 (1), 41-62.



Primary and Secondary Charcoal

« Primary Charcoal: Arises from solid-phase reactions in
which devolatilized biomass leaves behind a
carbonaceous residue

— Endothermic reaction

« Secondary Charcoal: Formed by decomposition of

organic vapors (tars) on primary charcoal (coking)
— Exothermic
— Likely to be catalyzed by primary charcoal

« Low charcoal yields can result if vapors and gases are
removed from the reaction zone before thermodynamic
equilibrium can be attained.

Antal, Jr., M. J. and Gronli, M. (2003) The Art, Science, and Technology of Charcoal
Production, Ind. Eng. Chem. Res. 42, 1619-1640



Thermal Decomposition of Lignocellulose
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Thermogravimetric analysis of the pyrolysis of cellulose, hemicellulose (xylan), and
lignin at constant heating rate (10° C/min) with nitrogen sweep gas at 120 ml/min
(Rutherford, D. W., Wershaw, R. L., and Cox, L. G. (2004) Changes in Composition
and Porosity Occurring During the Thermal Degradation of Wood and Wood
Components, U.S. Geological Survey, Scientific Investigation Report 2004-5292)



Cellulose Decomposition

* Includes both an exothermic pathway via anhydrocellulose and an
endothermic pathway via levoglucosan.

— anhydrocellulose pathway yields charcoal and non-condensable gases in a
process that is overall exothermic but it occurs at extremely slow heating rates
making this pathway of little practical importance

— The levoglucosan (anhydroglucose) pathway is an endothermic devolatilization
process that can lead to either predominately tarry vapors or charcoal as the final

product.
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Effect of Char-Tar Contacting Time
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Demonstration of Secondary Char
Formation

23



Fundamental studies with micro-
pyrolyzer coupled to GC/MS
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Micro-pyrolyzer captures important
- chemistry of larger-scale systems

03-12-08 Cellulose 50 P 500C. Shs [0

om | Bio-oil vapors from micro-pyrolyzer (0.5 mg)

Cellulose feedstock

—
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Bio-oil from fluidized bed pyrolyzer system (0.1 kg/h) i
Cellulose feedstock
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Effect of Chain Link

Compound Glucose | Cellobiose | Cellulose
acetone 0.50 0.82 0.51
acetic acid 0.34 0.46 0.24
acetol 6.26 5.15 0.00
2-methyl furan 5.34 5.48 1.00
furfural 1.85 2.22 0.37
furfuryl alcohol 0.79 2.58 0.00
3-furan methanol 0.27 0.39 0.25
methyl furfural 0.11 0.19 0.09
5-hydroxymethyl
furfural 6.00 9.11 2.76
2-hydroxy-3- methyl
2-cyclopentanone 0.04 0.08 0.05
Levoglucosan 17.22 32.91 73.38
Other anhydrosugar | 20.92 9.18 12.44
TOTAL 61.59 71.56 91.09

* Glucose produces
more low molecular
weight compounds

« Cellobiose yields
more furan
derivatives

* Cellulose degrades
mainly into anhydro
sugars



Mechanism of Levoglucosan Formation®
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Addition of switchgrass ash to cellulose prior
to pyrolysis
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Effect of Cations
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Cellulose Degradation

Depolymerization

y

» Levoglucosan

Fast
Alkali-catalyzed
dehydration
Cellulose — > Hydroxyacetaldehyde
Slow
» Char + water




Levoglucosan Decomposition?

[EﬁHmDﬁ}_T LT -‘;'EHH[.;]DS

cellulose leew o lucosan

CiHygOs «=  H,0+ 2CH;-CO-CHO

lev oglucosan {methy] glyaxal)
2CH;-CO-CHO + 2H: 2CH; - CO-CH:0H

{acetal )

2CH; CO-CH,OH + 2H; ===  2CH; CHOH CH,OH

{propylen glyveal)

CH,~-CHOH-CH.OH + H, +——>  CH;~CHOH-CH, + H-0

(isapropyl alcohol) )

Demirbas, A., (2000) Energy Conversion Management , 41, 633-646.



Proof Otherwise: Pyrolysis of levoglucosan
at 500 °C yields...levoglucosan

kkkkkk

Levoglucosan

minutes



Pyrolysis of Hemicellulose

Pyrolysis products of hemicellulose include non-
condensable gases (primarily CO, CO,, H,, and CH,),
low molecular weight organic compounds (carboxylic
acids, aldehydes, alkanes, and ethers), and some water.

Much of the acetic acid liberated from wood is attributed
to deacetylation of the hemicellulose.

Most hemicelluloses do not yield significant amounts of
levoglucosan.

Heavy molecular weight (tarry) compounds are
produced in relatively small amounts compared to
pyrolysis of cellulose and lignin. 0

acetyl )_I\
group R



Pyrolysis of Lignin

Pyrolysis of lignin yields non-condensable gases,
condensable vapors and liquid aerosols, and charcoal.

The non-condensable gases, representing about 10 wt-
% of the original lignin, consist of CO, CH,, and C,H,

Lignin pyrolysis yields phenols via the cleavage of ether
and carbon-carbon linkages.

Lignin pyrolysis produces more residual char than does
the pyrolysis of cellulose.

Condensable vapors and liquid aerosols are recovered
as pyroligneous acid and non-soluble tar.

— Pyroligneous acid is an aqueous phase of methanol, acetic acid,
acetone, and soluble tar.

— Non-soluble tar contains homologous phenolic compounds
derived from cleavage of ether and carbon-carbon bonds



Several Kinds of Fast Pyrolysis
Reactors

Bubbling fluidized bed

Circulating fluidized beds/transport reactor
Rotating cone pyrolyzer

Ablative pyrolyzer

Vacuum pyrolysis

Auger reactor



Bubbling Fluidized Bed

Gas, Char, and Oi1l
Vapors and Aerosol

* Heat supplied externally to T
bed Freeboard

« Good mass & heat transfer

» (Gas residence times shorter Biomass
than char residence times l ___________________________________________________ | <j
Heat

Feeder

Y Distributor
T plate

Fluidizing gas




Bubbling Fluidized Beds

« Small particle sizes of less than 2-3 mm are
needed

« Shallow beds and/or a high gas flow rates
are needed to achieve short volatiles
residence times

* The high gas-to-biomass fed ratio results in
a lowering of the thermal efficiency (which is
typically 60-70%)



Circulating Fluidized Bed/Transport

Reactor
Gas and Oil Vapors
 Hot sand circulated Pyrolyzer 1 and Actosol
I
between combustor | T
Combustor
and pyrolyzer ‘L _ Flue
. B G
» Heat supplied from \ s
burning char Biomass iaggar\A
* High throughputs l
D |/ Distributor
Feeder | | Hot I plate
Sand T
T Air

Fluidizing gas



Circulating Fluidized Bed/Transport
Reactor

« Char and gas residence times are similar
« Hydrodynamics are complex
» High char attrition



Rotating Cone Pyrolyzer

« Sand and biomass Hot Sand

brought into contact
within rotating cone

« Compact design and
does not need carrier gas

* Requires very small
biomass particles and is
hard to scale-up

Biomass

Vapors and
Aerosol

Rotation



Ablative Pyrolyzer

« High pressure of particle
on hot reactor wall Spinning
achieved by centrifugal Disk
or mechanical motion

« Can use large particles
and does not require
carrier gas

« Complex and does not
scale well

Bio-oil

Liquid
Released

from Wood




Vacuum Pyrolysis

« Biomass moved by Scrapper
gravity and rotating Driver Biomass
scr?pﬁ)err? thr%ugh l
multiple heart
pyrolyzer with | N |
temperature increasing A
from 200 C to 400 C o e [

« Can use larger N
particles and employs R
little carrier gas N b N pan

« Expensive vacuum Chef_ > @\"
pump and difficult to N
scale-up

Multiple hearth  Condensers Vacuum
vacuum pyrolysis pump
reactor



Auger Reactor

Biomass Hot

e Hot sand and sand

biomass mixed by
auger

o Suitable for small
scale

* Requires hot sand
heating and
circulation system

Vapors &
aerosol to
condenser

Biochar

Auger Auger
driver reactor



Free Fall Reactor

BIOMASS

* No heat carrier

» Little to no carrier gas

» Simple design —no moving
parts

* Requires small biomass
particles

* May be suitable for
distributed pyrolysis
operations and small scale VAFOR

FEEDER

FREE
FALL
REACTOR

HEATERS
HEATERS

)
>
0p)

B

CONDENSER

FILTER

BIO-OIL

CHAR
CONTAINER



Relative Merits of Various Reactors

Inert | Specific

size

Property | Status | Bio- Comp-
oil lexity
wt%
Fluid bed Demo 75 Medium
CFB Pilot 75
Entrained None 65
Rotating Pilot 65
cone
Ablative Lab 75
Auger Lab
Vacuum Demo

The darker the cell color, the less

desirable the process.

Medium

Small

Small

Lab: 1 - 20 kg h-!
Pilot: 20 - 200 kg h-1
Demo: 200 - 2000 kg h-1

Medium

Scale
up

Adapted from PYNE |IEA Bioenergy http://www.pyne.co.uk



MARKET ATTRACTIVENESS

Which will dominate?

TECHNOLOGY STRENGTH

Strong

Average Weak

High i

Low

B N

Ablative
Cyclonic
Rotating cone
Entrained flow
Fluid bed

Circulating fluid bed
and transport reactor

Auger

Adapted from PYNE |IEA Bioenergy http://www.pyne.co.uk



Fast Pyrolysis System

Lignocellulosic Pvrolvsi
feedstock }gz?s zss *
- l Flue Vapor, Cyclone
Mill oas gas, char Quencher
products |
v T | > | l
Hopper >
—— | Pyrolysis Ch
N reactor | Char \I/_,g
Motor Feeder ﬁ Bio-oil ~ Bio-oil
storage
Fluidizing Combustor
gas

Air




Energy Efficiency

 Conversion to 75 wt-% bio-oil translates to
energy efficiency of 70%

* If carbon used for energy source (process
heat or slurried with liquid) then efficiency
approaches 94%

Source: http://www.ensyn.com/info/23102000.htm



Suitable Feedstocks

» Wide variety of feedstocks can be used
* Fibrous biomass usually employed

* Wood higher yielding than herbaceous
biomass



Storage & Transportation

* Distributed preprocessing allows transport
and storage as liquid

» High acidity requires storage in stainless
steel or plastic

» Stability problems need to be solved



Quality Assurance

 Bio-oil quality issues:
— Moisture content
— Acidity
— Particulate matter content
— Stability over time
— Sulfur and nitrogen content
— Molecular weight of lignin oligomers



Technical Barriers

Preparing dry, finely divided biomass
particles

Maintaining high bio-oil yields
Improving bio-oil stability
Determining optimal scale of facility



Co-Products

» Gas (CO, H2, light
hydrocarbons)

— Can be used to heat
pyrolysis reactor

» Char: Several potential
applications
— Process heat
— Activated carbon
— Soil amendment
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Bio-char: Soil amendment and
carbon sequestration agent
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York, hasstudied with Glazer and worad with
Sunmbroes. He estinnates Ui Ly e eud of this
century ferra pretaschemes, m combmation
with biofus] programmes, ceuld store ap to
5.5 billion tenaes of carbon a year — morz
thenisamitted by all bod ey’s framil-Frel ns®

Mud pack

Tha vearbafors ks disd, Sombrock 1dlped to
round uplike-minded collzaguesirothe Tern
Pretz Nowe group. whichlooks at the nseful-
ress ofusing charin lerge-scale furming and as
a carbon sink. The grous was well sepresered
ot the Philscilphia masting, sltacugh Clasee
wits ol (lrere, Thedr ain bs b e bepeud
the small projects in wkich many oftkem are
invelved and findways of nlegretiag chas iate
agribusiress. Afterall, wherever there is bio-
rizas tha farmers want ta get rd of anc faat

preta—acdtiorsmcha, dboae
proaably pJa}'aroJe too— but 113 the most
mportant

Leaving isld? the suateties of how char
particles improve fertilisy. the s]\eer amount

zat, charisa posshility: That means
thene anea .01 at yo;slblmes
is tha taeraisa .
mrﬁorfa m waste. Plart are largely made up
cf(ellliose. indigestible mazerial in cel walls.

of carben they can stash. a
Ir 1942, Sombroek published hIS first wars on.
the sctantia, e pret 152 sool oe casbon
sequesluativ. 2 Ao b Ghser's eseends,
a w:n.ne cfmmed.ee}w terna preta car. cortain

L logical adv ke it likely

that quteal.o afthat celln'ose 1ght seturned

inta biafud. Atthe momen:, sthascl & mads

G i i Ueited Statesand fua suga

in Jrazil: if it were made dizectly from cellu-
4 d ihawi

inunimproved sois from sJ'nlu' parent rrate-
rial Tha et cathanisnat jiet in the caar — +'s
alsoir theorgen c carbar aaceshancedbecle-
rial ;omass thatthe charsustains

Growmnd control

Thaat difference of 150 tormes is grester than
the arcuat of carbon i a hectare’s worth of
at mears wrning arirproved soil
[prefa can stare awar mors carben
an prowing u wopical Drs. Conso oo
the same piecz of land, befoce youeven start
te maseus of its enaansed friility. Jobannes

Lehmann of Comell Universityir Tihaca, ew

o= der rangz
cf chzaper iomass. Given the choice of urn-
ing waste material incofiel orint shareaal,
farmers mright be expectedto gofioc fuel, smre-
aally 1f that 13 the war taat policy-mrake s are
pushing tham.: LT3 Pros:dent Gecngs W, Bush
promisec £150 mwillicn for work on selulesiz
ethana in his 2006 state of trewnior speach.
Dut Leamann and his coleaguss don't ses
ticfuela: an altemstiveto char
two developing handir Fand Tabstha work
uf Dhasny Dugs ae fovnsder of Eprica, This
“fioe- :mft social-purocss ent: n Ath-
ens, Georgin, builds contraptions thet famers
€an Lse 1o 1wn ferm waste ‘mo bicfuel whilz
sl char Farm s (er s rrn]'\ Ausignad
1ase)i robraed in
the jzrgon —ard thispocess y'vei attvelailz
crganic melocules, whica can ba asad as abask
farbiodiesel orurred inw hydrogen with the
telp of steam. After the pyraiysation, hal” of
the szarting raaterial will be wsed ap and Falf
will b char. Thatcen then be put back on the
fiakds, whase it will sequaster carben asd halp

prowilenes e,

MNegative thinking
The erarkable thirg sbour this process is thar,
evenafe-the fue hashesn horrad, mare car-

SEGUESTRATION NEWS FEATURE

Slow burn: tha ldea of wsing charcsaltesequester
carbonmay taks awhie1ocacch on.

Diay’s prlot olant processes 10 ta 25 kg of
Lrzorgiz pecnat hals and pane pellets every
howr. Zrom 100 g of Eiomass, the group gets
4t kg ofcerbon —halfas cher —and arourd
5 zgohydrogen enough to go 500 kilometres
in a hydrogen-fuek cel_car (r.or tast there ace
mary wocnd vel). Originaly, Day was mestly
intecacted in makingbiofusl; the charwasjust
sunretliiug Le D ontyon usend o s -
ben filkers. Then ve d scovered tha: his employ-
oo wers rooping tac cllinary benefis of the
erormous mraizstha had sprunguo on the
piles f rhar lyir g aronnd attha slare. Com -
bining this caar with amricnium sicacbarate,
mace 18ng stear-recoverad hydrger, creatss
a secl addiivethat is now one of 2 processs
selling points; the emmonium Harxcnateis a
nitrogen-based fertilizer.

“We con't mazimice for hyduogen; we don't
mazimizefor bicd esel, we don't maximize for
char says Dhay. "By boing alittls bit insficient
wollisan b weapproainmte ddure anl peta
ctrrpjeheh' ethcient cycle” Robert Smowr, in
ergineer o IveaStat: University 'n Ames, has
a $L&-milior grem from the United States
Topartmans e dgrinleae (CSA) o Fr-

Eon dicsede i remeved from the phe
than 1s put beck., Traditiona botuels dam to
Ee carkon neatra”, becanss the carbon dicodds
assimilared by the ngbiomrass nakes
farthe carbon uuueri:‘;\- 31 off by thzbus nlsg
of the fuel. But as Leamena peints cat, sys-
‘tems such as Day's gooae step further: “They
are the only way to maks a faal taat is sohally
weilson uegative”

BEM6 Natare PublishihgGroup
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tune sirilas logr although be ng m
lowa, he uses com stalks nat peanut hulls.
“We asetryiag an integrated spproach: ws are
rying 1 evaliate the agroromic velue, the
sequestraticn velue, the economicvalue. the
ergineesing” he

Brown thinks a to0-hectare farmon 2 char-
ard-ammarium- ritrase syt @Ar sequastar
1,900 wurmes uf v Loy, A e o
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GHG Impacts of Soil Application
of Biochar

Increased CO, Competition

emissions due between food

to enhanced and biomass

soil microbial  crops may

respiration increase land
under cultivation.

Increase C Increased Reduce CO, Reduce N,O Increase C  Reduce CO,
input to soll yields may emissions emissions  sequestration emissions due
due to decrease the due to bio-oil from soils in soils to decreased
enhanced amount of displacing due to better (Biochar Cis use of lime
plant growth  land needed  fossil fuel soil aeration very stable) and fertilizer

to grow food.



Greenhouse gases reduced by carbon
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Pyrolytic Char No-Till No-Till Corn  Plow-Tilled Corn
Switchgrass

L Char from pyrolyzing one-half of corn stover




Lovelock on Biochar

“There is one way we could
save ourselves and that is
through the massive burial
of charcoal. It would mean
farmers turning all their
agricultural waste...into
non-biodegradable
charcoal, and burying it in
the soll.”

James Lovelock in an
otherwise pessimistic
interview with New
Scientist Magazine
(January 2009) on our
prospects for halting
global climate change



Proof-of-Concept: Terra Preta
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Applications of Bio-Oll

 Stationary Power
« Commodity Chemicals

* Transportation Fuels (requires upgrading)
— Gasification
— Hydrocracking
— Fermentation



Stationary Power

 Substitutes directly for natural gas, heavy fuel
oil, or coal

— Boilers
— Diesel engines
— @Gas turbines

Bio-oil vapor

|—> Cyclone —
l Bio-Oil Stat
Char Recovery tationary

Diesel Engine

Fibrous l Blo-Oll ’_¢_‘

biomass PN
Bio-Qil [ ]
Storage \ / l \

Pyrolyzer




Commodity Chemicals

Biomass Char Fraction 1 Fraction 2Fraction 3 Fraction 4

 Bio-oil contains many commermally
valuable chemicals (carboxylic acids,
phenols, aldehydes, carbohydrates,
furans, lignin oligomers)

« Barrier is economical recovery

Currently only two commercial products >
— Liquid smoke | i
— Browning agents




Bio-Oil Gasification

« Bio-oil and char slurried together to recover 90% of
the original biomass energy

« Slurry transported to central processing site where it is
gasified in an entrained flow gasifier to syngas

« Syngas is catalytic processed into green diesel (F-T

liquids)
Bio-oil vapor B
Cyclone P
ome 5 2WE
Bio-Oil L 3
— O o
. Recovery g ,@ = g
N OV e CT) >
Fibrous g Bio OIIl Pump "E © 6 i
biomass | > Slurry LL] U<L_>
> > > —
Char Preparation ¢ y

Slag Green
Diesel



Bio-Oil Hydrocracking

 Directly converts biomass into liquid bio-oil (lignin,
carbohydrate derivatives, and water) and char

 Bio-oil catalytically converted into hydrocarbon fuel
(green diesel)

Green
diesel
Bio-oil vapor T
| Cyclone
l =
v Bio-Oil Steam | Hydrogen |3
Char Recovery Reformer g §
©
>
o) i ‘ Carbohydrate derived |+
. IS Phase aqueous phase
Fibrous O Separation
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Lignin




Bio-Oil Fermentation

Fiber Distillation
N
—>
l Ethanol
T
Hot water Pentose } )
extraction o A
Fermenter
§ N Cyclone Bio-oil vapor r—) Water
S ¢ l .
o
2 Bio-Qil L }
o
= Char | Recovery Detoxification e
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Questions?



Does slow pyrolysis only
generate charcoal?



Why does fast pyrolysis
generate more bio-oil than
does fast pyrolysis?



How Is bio-oll different from
crude oil?



What do all fast pyrolysis
reactors have in common In
terms of their operating
conditions?



