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Challenges and Opportuhltles for the Synthesis of
Novel Pyrolysis Oil Refineries
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Motivation: Bio-oil Refinery Concepts

Wood Distillation Industry:
e 19t and early 20" century

* Production of charcoal, tars,

acetone, and wood naphtha
(C1-C4)

* Mostly from hardwood.

Pinheiro Pires AP, Arauzo J, Fonts J, Domine
ME, Fernandez-Arroyo A, Garcia-Perez ME,
Montoya J, Chejne F, Pfromm P, Garcia-Perez
M: Challenges and Opportunities for Bio-oil
Refining: A review. Energy Fuels, 2019 (In
press)

Mo

Hardwood ) :
—_— Slow Pyrolysis Single Step
(Carbonization) Condensation Gases
Char Settled tar

Pyrolygneous (mostly lignin
water derived

Integral use of all oligomers)

bio-oil fractions.

Evaporation

. L . ﬁ -
Distillation Dissolved tar

(mostly
carbohydrate
oligomers)

Distillate (Containing C1-C4
molecules and water)

Calcium

Acetate N .,
Neutralization I—> Destructive e Acetone

Distillation
Crude wood
naphtha

Milk of lime

Methyl alcohol: 50-55 %

Rectification iyl
Pl [—— Olhelj organics: 5-10 %
‘ Water: 26-28 %
Water




Motivation: Bio-oil Refinery Concepts

Two-Step Hydrotreatment

 Pacific Northwest National Lab (PNNL): Bio-oil hydrotreatment using
NiMo/Al,O; and CoMo/Al,O; (petroleum processing catalysts)

Natural Gas

Steam

Combustion
Exhaust
reforming |, C1-C5 hydrocarbons Gasoline
Jet Fuel
Hydro-
deoxygenation

Hydrogen
Stable
Bio-oil Stabilization | Bio-oil
_— L —
(Hydrogenation)

l

Wastewater

=P Distillation

and :
hydrocracking Diesel
Heavy Oil

i



i

To ensure economic competitiveness, bio-oil price needs to be a fraction
of molasses (S 300-400/ ton) and petroleum (S 200-700/ton). Bio-oil
production cost needs to be below $ 150/t.

Motivation: Bio-oil Refinery Concepts
Two-Step Hydrotreatment

In our analysis we used the recommendations made by Lange (2016)

Product cost ~ (feed Price + conversion cost) / yield

Feed Price: $ 150/ ton.__, Product Cost: 5 1060/tong,

Conversion Cost: S 200/ton;..q| | Gasoline market: $ 700-800/ton,__,
Yield: 0.33 ton fuel/ton;,,,

Lange JP. Catalysis for biorefineries — performance criteria for industrial operation. Catal. Sci. Technol. 2016, 6, 4759



Hurdles

* High oxygen content — reactivity — low thermal stability during
storage, handling, and upgrading

* Requires more separation steps than conventional petroleum

* Two step hydrotreatment biorefinery: minimum selling prices too
high: more than $ 1000/ton (gasoline: $700-800 t1)

* Bio-oil deoxygenation is fundamentally an emerging, poorly known
and very expensive unit operation

* To achieve yields of 33 % the carbon conversion efficiencies have to
be higher than 70 %. It will be very difficult to increase yield.

* High hydrogen consumption (close to 6 g H,/100 g bio-oil)

* Lack of High value product
e Final fuel is rich in aromatics



Bio-oil

Representative molecules of bio-oil fractions

Humins (3-7 wt. %) OH

Water C,-C, light molecules (10-22 wt. %) Anhydrosugars (10-20 wt. %)
{19'30 wt. %} Acetol Hydroxyacetaldehyde Acetic Acid Formic Acid Levoglucosan Cellobiosan
/5\ (5-9 wt. %) (1-14 wt. %) (2-6 gt. %)  (Less 1wt. %) o . T
H” “H i H i 0N oo o~ Lo
)L/DH G%D /LDH H "J'L"DH @ HO HO (
OH OH aH [+
Mono- phenols (1-5 wt. %) and mono-furans (around 1 wt. %)
Phenal Guaiacol Cresol Syringol Furfural 2(5H)-Furanone
(0.1wt.%) (0205wt %) (0.1-0.4wt. %) EET- P %) - ff:f:':t" = (0.1-02wWt. %)  (0.2-0.8wt. %)
OH OCH, OH

[i;rDH

Q

OH
| L CH, Haao\@oam
L

T o G

Pyrolytic lignin (15-27 wt. %)

OH

DHH backbone
(Patil et al, 2012)

r

0=

Hybrid oligomers (11-18 wt. %)

- OH /Oy OH
/ ‘\)\"/\ '1"\/) D S Furanicunt
. -
/ O \” rl | y)

N | 0 ¢ RN _/OH
Caroonyl ~ e
|
Coniferyl unit l ~ l]l unit O
' pum—
\O 10 \ Camon,drderraruon -
\ /
OH_A. _OH
F /HO /\ _; 1 /1 g’— M‘
¢ ) T e a 0N
~9-8° O~Q_7
/ \—\ OH = ‘.
Caroz:;,llc >_J\_ Ester link aromatic to
u HO  )—OH

carbohydrate units
(Fortin &t al 2015)




SANS intensity distribution for 1-, 4-, 7-, and 19 months
old sample.

O 1 month
B 4 months
< 7 months
+ 19 months
g
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Frantini E, Bonini M,
312.

Three dimensional structure of Pyrolytic lignin molecules
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Oasmaa A, Solantausta A, Teixeiro J, Baglioni P: SANS Analysis of the Microstructural Evolution during the Aging of Pyrolysis Oil from Biomass. Langmuir, 2006, 22 (1), 306-

OH
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Oasmaa A, Fonts |, Pelaez-Samaniego MR, Garcia-Perez ME, Garcia-Perez M: Pyrolysis Oil Multiphase Behavior and Phase Stability: A

Review. Energy Fuels, 2016, 30 (8), 6179-6200




0 x 100

® Single phase bio-oil 10 90

¢ Two-phase bio-oil

% Change of chemical 20 80

¥ composition during ageing

30

Water and
sugars (wt%)

50 50 Solvents (wt%)

Fresh 40

bio-oils

60

Dry bio-oils

1 year aged
(near phase separation)

&
¢ 4 - 8 year aged
(phase separated)

. . . N . .
t + T t + T + + 0

50 60 70 80 90 100

WIS (Wt%)

Liquid —

Liquid Equilibrium Diagrams

0 = 100

Fresh and { ® Single phase
aged bio-oils & Twophase
Addition { B Single phase
experiments A Two-phase

Water and 50 Solvents (wt%)

sugars (wt%)

Solvent addition

A

Starting bio-oils
m N
n
%
2] ]

A

80 20

WIS addition

1 T } t i T + 0
7 30 40 50 60 70
WIS (Wt%)

10.66WIS x e(—O.UéllTL'VIS)

water + sugars

stability index =

Oasmaa A, Sundqvist T, Kuoppala E, Garcia-Perez M, Solantausta Y, Lindfors C, Paasikallio V: Controlling the Phase Stability of Biomass Fast Pyrolysis Bio-oils. Energy Fuels 2015, 4373-

4381



Bio-oil ? ‘E‘ﬁ

Very complex mixture with hundreds of compounds with
concentration below 0.5 wt. %

!

Only glycolaldehyde, acetic acid, acetol and levoglucosan (and
methanol, if hardwood is used as feedstock) have concentration high
enough (>5 wt %) to justify their separation as chemicals

!

The rest of the compounds have to be commercialized in fractions
(monophenols, sugars, lignin oligomers, pyrolytic humins, hybrid
oligomers)




Bio-oil Refinery Conceptual Frame

i

Bio-oil = Fractionation = Reaction = Purification » Products
A | Water
B | Methanol ? ? ? ? ? ?
C | Acetol ??? ??? * © 0
D | Hydroxyacetaldehyde
E | Acetic Acid Bio-Refinery
-ph | . . . . . . .
F | Mono-phenols Bio-oil = Fractionation =» Reaction = Purification » Products
G | Levoglucosan
l— A
H | Heavy anhydrosugars F1 R1 P1 > B
| Pyrolytic humins F2 R2 P2 > 5
J | Pyrolytic Lignins F3 R3 p3 E
K | Hybrid Oligomers F4 R4 pg ﬁ




Bio-oil Fractionation Strategies

(a) Single condensation Step, (b) Fractional Condensation and (¢) Distillation (atmospheric+ vacuum)

. Electrostatic
Gasecs Precipitator i d
[ ¥ Vacuum

ﬁ Distillates Distillates
_ Gases e >
k!
7/\'7/\#’\? l ; Fraction _t‘

rich in =l . .
25 Oc //— Oligamers B“."Ull

)

80 °C 25°C

Pyrolysis
Vapors * Pyrolysis -
Vapors * I
Pump K{‘ Pump v Pump

‘ . " Fraction rich Agueous
Whole Bio-oil in Oligomers phase

(=350 °C)
L 4
Vacuum distillation
(>320°C < 0.1 tor)

Atmospheric distillation

', !’('oke
N N 4 bottoms
(d) Molecular distillation, (e) Water extraction and (f) Solvent extraction

—
S

F—— Light | i
1 Solvent | Bio-eil
1 OOV
Aqueous I I
Heating il [ ] phase AR,
et Vacuum
_— / |—i~ NN,
Traction I I
>L Sater Lioh NAARNNAN
Oily phase rich S IE ‘l_., Heavy oil rich
Ligh olven N-«-]"—*- in Phenols
!-'raftl:.n in Phenols .




Bio-oil Fractionation Strategies

(g) Temperature Swing extraction, (h) supercritical CO, extraction, (1) Solid-liquid extraction

Adsorbent
I Solvent +
€O, extract separator Fl | io-0i
Bio-oil | '33 '
- * sl pruiy .
- ~— co, Solvent =]
® T condenser ‘ —I==1
% 9- . — Bio-oil e =
g c0y =
a Soluble container _. | -
! recovery I fraction Fm‘r;:i'(']‘:';m =
- Solvent J ;;
Fe> =
Pump o'o er
v Heater ool AdsorbenHLlJ
Insoluble fraction Insoluble fraction adsorbent
(J) Nano-filtration, (k) Pervaporation
O Retentate
Solvent I |
Bio-oil ‘ 1 Retentate
— O
R | Vacuum
Back pressure p
control valve Permeate ' P

s Bio-oil [

Permeate
L’Q"’ —> Heating |




Bio-oil Fractionation Strategies

Pyrolysis vapors

-

H,O l

/NN

Heavy compounds

AVAA I

Aqueous phase rich
in C1-C4 compounds

-|—> Water soluble fraction

\ 4

Anhydrosugars
Pyrolytic humins

Hybrid Oligomers
Monophenols

Pyrolytic lignin + mono-phenols

No technique
available to
fractionate the
water soluble
fraction




Reactions

Ketonization?
R,COOH + R,COOH =p» R,COR,, CO, + H,0

Aldol Condensation

(0] 0 0 R"
Lo A — A
H
RV

R’

Hyd rogenation

1 atm H2
RhCI (PPha)s < :

1 atm H,

Lindlar
catalyst

|
asd
H

OH
60 atm H2
Raney Ni
50°C

AIkyIation

ZSM 5

Hydro-deoxygenation

R,0 + 2 Hy — H,O + 2 RH

€TrT—O0O— o

rT—O0O—1m

Hydrocracking

H HHHHHH

o N Heat
H—C—C—C—C—C—C—C—H ——»

LI T L E] | %=

H HHHHEHH

HH H H H
|11 | H, l
(lJ=C—(13—C|3—H Hydrogenatxorr: H—(l:—
H H H H
Esterification

0 H*

R'OH b H’JLDH A

alcohol carboxylic acid

ZT—Q0Q—&

—

H HH H H

I Lo
—C—H + C=C—C—C—H

I I | |

H H H H
—H + Heat

O

ester

1 Pham TN, Sooknoi T, Crossley SP, Resasco DE: Ketonization of Carboxylic Acids: Mechanisms, Catalysts, and Implications for Biomass Conversion, ACS Catal.

2013, 3,11, 2456-2473



Purification and Separation of Targeted
Compounds

Acetic Acid Separation
* Neutralization (old wood distillation industry)

e Liquid-liquid reactive extraction

e Distillation(azeotropic, extractive or reactive)

* Liquid-liquid extraction liquid-liquid reactive extraction

Organic solvent: Tri-n-octalamme (TAO), 1
octanol, 2-ethyl-hexanol

l Aqueous ’
v l phase P
Acetic Acid

Reactive Distillations

\ 4

MeAc [=
Acetic - »
Acid-Water pffzizins: Acetic
Acid-Water TR0 v Aqueous Organic >
i Buthanol fois et Stripper »~ |  Solvent+
.......... uthanol FEEEG: | i Acetic Acid
MeOH Bttt Y
J Aqueous phase

Water

T
Organic Solvent




Purification and Separation of Targeted )ﬁ:
Compounds

Hydroxyacetaldehyde (glycolaldehyde)

* Liquid-liquid extraction with ionic liquids

e Rotary evaporator and cooler

* Reactive extraction with primary amine Primene JM-T
Levoglucosan

* Water extraction

* Simultaneous esterification and acetylation with online solvent extraction
(SEAWOQOSE) in butanol

* Distillation (steam, fractional vacuum, vacuum) followed by liquid liquid
extraction

* Solid-liquid extraction



Bio-oil Refinery Conceptual Frame

P10

Reactive straction

Bio-oil = Fractionation » Reaction = |Purification # Products
1 [singlest : - Acetic Acid
ingle step condensation i
A| Water & i R1| Hydrogenation P1 Precipitation with lime
Methanol F2 | Fractional condensation .
B RZ | Hydrocracking P2 | LLE with fatty acids ? ? ?
C| Acetol F3 Conventional Distillation ] c e o
R3 | Hydrodeoxygenation | p3 | Azeotropic distillation
D| HHA F4 | Reactive distillation
R4 | Esterification P4 | Extractive distillation
E| Acetic Acid F5 Molecular distillation
R5 | Alkylation P5 | Liquid-liquid reactive
F | Mono-phenols F6 Water extraction distillation
R6 | Aldol Condensation A
G| Levoglucosan F7 Solvent extraction P6 | Reactive Distillations
A, B, I
H| Large sugar F8 Temperature swing extraction Acetol D
P7 | Acid resin | |BD
Pyrolytic humins |FQ | Super-critical CO, extraction L : P
P8 | Liquid liquid extraction |
Pyrolytic Lignins |F10 | Solid-liquid extraction with ionic liquids
. . Hydroxyacetaldehyde
; : F11 | Nano-filtration
| et SfiEeimers P9 | Evaporation and cooling
F12 | Pervaporation




Products r
* Fuels (gasoline): $ 600-700 t1 Bio-oil Cost: Close to S 150 t1 ﬂ ,V

* Charcoal: $ 500 t!

* Light olefins (ethylene, propylene, butadiene): $ 900-1,500 t! used for plastic
production.

* Small Oxygenated molecules:
 Methanol, ethanol, formic acid and acetic acid: $ 400-770 t1
* Acetone, butanol, ethylene glycol, propylene glycol: $ 1,100-1,800 t! g

* Polymers:
* Polyester, polyurethane: less than $ 1,000 t1
* Polyamide, polypropylene, polyether-polyols and hot melt adhesive: over $ 1,000 t!

Carbon fiber: high market value: more than $ 50,000 t! g

 Agriculture chemicals Glyphosate: $4,000 - $6,000 t! , Raw wood vinegar (aqueous
phase from pyrolysis oils): $600 t™ (Asia) €= [\ye need to develop chemicals for agriculture

Oxygenated products are desired to increase product yield




Bioproducts

Ci1-C4: Acetone Methanol Isopropanol || HHA Acetic Acid
Olefins Biogas Food Additives Biolime
Monophenols: | Alkylated phenols Resins and Pesticides and BTXs
Adhesives wood preservatives | | yels
Anhydrosugars:| Polyethers || Ethanol || Butanol || Surfactants || Furans || Biogas

Pyrolytic humins:| Semi-ductile Slow release || Bio-carbon || Carbon || Biogas
thermoset fertilizers electrodes || Fibers

Pyrolytic lignins: | Asphalt Paving || Antioxidants Bio-carbon || Carbon || Fuels
Substitution electrodes || Fibers




Bio-oil Refinery Conceptual Frame

P10

Reactive straction

Bio-oil =>|Fractionation » Reaction = |Purification = Products
1 [ single st ; - Acetic Acid L [Fueloi
ingle step condensation i uel oi
A| Water R1| Hydrogenation P1 Precipitation with lime
Methanol F2 Fractional condensation . M | Transportation fuels
B| Methano R2 Hydrocracking P2 | LLE with fatty acids —
C| Acetol F3 | Conventional Distillation : N | Pesticides
R3 | Hydrodeoxygenation | p3 | Azeotropic distillation 0 | wood "
D| HHA F4 | Reactive distillation 00d preservatives
. R4 | Esterification P4 | Extractive distillation P | Slow release fertilizers
E| Acetic Acid F5 Molecular distillation
R5 | Alkylation P5 | Liquid-liquid reactive Q | Asphalt Paving
F | Mono-phenols F6 Water extraction distillation i d Adhesi
R6 | Aldol Condensation R
G| Levoglucosan F7 Solvent extraction P6 | Reactive Distillations S | Carbon fiber
H| Large sugar F8 | Temperature swing extraction Ace.tol : T | Olefins
P7 | Acid resin
Pyrolytic humins |FQ | Super-critical CO, extraction ————— : U | Food additives
P8 | Liquid liquid extraction
Pyrolytic Lignins |F10 | Solid-liquid extraction with ionic liquids V| Polyethers
< Hybrid Oligomers |F11 | Nanofiltration Hvdroxvac.etaldehvde. W/| Carbon electrodes
P9 | Evaporation and cooling X
F12 | Pervaporation Sufactants




Bio-oil Refinery

Shurong Wang’s group bio-refinery concept (Wang et al 2014)

T ion 'ﬁ/\o« @’\J Catalytic reforming,)

| é Z 6 Catalytizt:ncking,
oH

>

Degradati

Water-insoluble
Phase

I
.
I
I
I

Bio-oil ‘

[ 4

Kersten’s group bio-refinery concept (Luque et al 2014)

Blorefinery Conventional
approach Process
| |
| |
Water, minerals, acetic
l acld, glycol, aldehydes
R acetol
j Separation |

(Washing & Orying) Reaclor
3 / . ”_. \
i Heat
Combustor ¢ ol | | oll
/ Char & Non e W .y )
= ~ Condensable ——— { Cold Water | > ‘W‘f" insolublo
Gases POII Extraction ) 1 PO unreacted ab’*h)
O s e il B
—_— l-ii-g\\ L .
Etyl | Ethyl Acetate ‘M‘mydu.'
"-‘ s aromatics)
t PO PO
s 4
HSO. [ Hydwolysis & Precipilates
Ba(OH), | Neutralization (BaS0.)
&“fm' "‘V‘ \
Glucose blend 7{ Fermentor S. coravisioo

Wang, S.; Wang, Y.; Cai, Q.; Wang, X.; Jin, H.; Luo, Z. Multi-step separation of monophenols and pyrolytic lignins from the water-insoluble phase of bio-oil. Sep. Purif.

Technol. 2014, 122 (10), 248- 255,

Luque, L.; Westerhof, R.; Van Rossum, G.; Oudenhoven, S.; Kersten, S.; Berruti, F.; Rehmann, L. Pyrolysis based bio-refinery for the production of bioethanol from demineralized lingo-

cellulosic biomass. Bioresour. Technol. 2014, 161, 20— 28,



Bio-oil Refinery

Resasco’s group bio-refinery concept (Phan et al 2014)

Vitasari et al bio-refinery concept (Vitasari et al 2015)

Water extraction  Extraction Fractionation Acetic acid purification
i . P Entrainer
Cut 1: I..|ghtloxvgenates. Ketonization Hydrogenation —+ Waste water
Acetic acid, Acetol, ~=——>  Acetone » Isopropanol L, ‘
Acetaldehyde 1 @ ' !
Alkylation* Cigan Light fraction
. . extract
Oxidation
Pyrolysis oil i g i
Y ooy, ~— extract Acetic acid
. - Aldol Condensation '
Cut 2: Sugar derived » (8-C13 Oxygenates Vapour <
compounds: Furfurals ' o *g
Heavy Aqueous .
back-extract
Water (1)
_— , Hydrodeoxygenation
Cut 3: Lignin derived y v .| ToGasoline/Diesel Top product
. i ¥ v Organic solvent
compounds: Phenolics pool Remaining Adueous rafinate g
. ) oil Condensate Acetol
Alkylation S N I
» C10-C13 Phenolics Recycled solvent |- Water (2)
Organic solvent makeup@e Water makeup '@ Recycled Glycolaldehyde
water

) Evaporation  Glycolaldehyde purification
Back-extraction

Pham, T. N.; Shi, D.; Resasco, D. E. Evaluating strategies for catalytic upgrading of pyrolysis oil in liquid phase. Appl. Catal., B 2014, 145, 10— 23

Vitasari, C. R.; Meindersma, G. W.; de Haan, A. B. Conceptual process design of an integrated bio-based acetic acid, glycolaldehyde, and acetol production in a pyrolysis oil-based
biorefinery. Chem. Eng. Res. Des. 2015, 95, 133— 143

23



Bio-oil Refinery

Gases H i iali
Acetic Acid Commercialize

We need to a5 pure

- 2 compounds or
ma ke 3 g 00 d Pyrolysis vapors AVAA ] AANN | Vitasari’s = transformed
. Purification — = " into new
25°C Scheme a products

use of all the
bio-oil fractions

L @ (Acetone,
» Isopropanol)

Heavy compounds

H,0

Furans, fermentation,
Water soluble fraction Anhydro-sugars Polyesthers

I

WaSte Water ﬁ_» ‘ . . 2 | | Slow release fertilizers,
Nev:' v Pyrolytic hum|=ns § | thermoset, carbons
separation . . = |
treatment — Process? Hybrid Oligomers S| o
| Mono-phenols 1 BTX, fuels

Cha"enge (H Igh New version of the old ~ | Products for agriculture?
1 wood distillation industry TR ) . L . .
CO nte nt (0 tOX| C Pyrolytic lignin + Mono-phenols Anti-oxidant, carbon fibers, fuels, resins

suolpeay

organics in CH,
aqueous
effluents)

t0 ‘o0

Aqgueous phase Anaerobic

with high content Wet oxidation | Acidrich Digestion Clean water
of organics stream effluent




WSU-PNNL concept for co-hydrotreatment of

fraction and Yellow Greases in HEFA units

Dry

A 4

biomass

Wet

_—P
biomass

Fast Pyrolysis

|

Bio-char

Hydrothermal
liquefaction

|

lignin rich ﬂﬁ

Yellow Greases

. Poor
First Second Syngas
» Condensation — Condensation c1.ca
SR step molecules
l . Stabilized
Lienin Rich | €racking and
Water & oil | stabilization i_”d.craCked >
. ignin
ste
Extraction “p derived oil
Step Water soluble
oligomers
Lignin Rich Oil

\ 4

|

Hydro-char

Water soluble
R

oligomers

$$920.4d V43H

Gasoline
——>

Kerosene
—>

Jet Fuel

—————»

Diesel
—

Need to develop technologies for the cracking and Stabilization Step
and Standards for stabilized lignin rich oils to be used in HEFA units.




Process Graph (P-graph) ;jﬁ

* In face of the vast number of bio-refinery possibilities, we propose the
use of P-graph

* Initially developed by professors Ferenc Friedler and L. T. Fan, in the
early 1990s, to represent the structure of a process synthesis

* Rigorous model-building

 Efficient identification of optimal solutions to problems involving
process synthesis

* This methodology can potentially be used to construct a robust
combination of possible structures (maximal structure) of pyrolysis oil
bio-refinery, and to define feasible and economically viable networks

* Software: P-graph Studio (FREE, available for download from: p-
graph.com)



s
: Select algorithm: MSG for
P-graph Studio Interface e gmersion
SSG for feasible structures, and
ABB for optimum structures

\_

- Solutions limit 10 Mutual exclusions = QSnweprnhIEm

o

J

3 o iew Preferences Help
Object Properties  TpkeView Solutions
Objest-Fre €s

> :;-’H‘ . k- O . © — '.+T\ '-"T\ Original Problem - ‘ E ®®

y

Algorithm ABB

Type Raw Materia
Name Water

% Price 4 528E-05 EUR/kg
B Req. flow 6850 kg/h
/ ) \ . ?3:411“+we .‘I:m‘l""’““"":")"""" (actautt) /Here the user \
Here the user S Hogram (ko
! . . cg# draws the
input the object B process scheme
. % Comment
(materlal, » Parameters With the
Operating unit available data.
or stream) Materials are

represented by
circles,
operating units
by horizontal
bars, and
streams by the

arrows.
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Shows the solution of the

selected structure

{X P-Graph Studio (*
File Edit Vi

dIPNS])Aersion: 5.2.3.1

Help
Object Properties TreeView
Feasible structure #2: Total cost: 101735 EUR/h

Algorithm ABB -

~

Total cost: 101735 EUR/h

—I- Materials
AceticAcid: 1150 kg/h, Cost: -747.5 EUR/

- Acetol: 788 kg/h, Cost: -501.168 EUR/h

- Agueous_back _extract: 0 kg/h, Cost: 0 EUR/

- Aqueous_BExtract: 0 kg/h, Cost: 0 EUR/
Aqueous_reffinate: 11739 kg/h, Cost: -23.5719 EUR/h

- Condensate: 0 kg/h, Cost: 0 EUR/

- Entrainer: -20 kg/h, Cost: 36 EUR/h

- Glycolaldehyde: 3396 kg/h, Cost: -2886.6 EUR/h

- Heavy_Fraction: D kg/h, Cost: 0 EUR/h

- Light_Fraction: D kg/h, Cost: 0 EUR/M
Makeup_Water: -3815 kg/h, Cost: 0 EUR/h

- Organic_exract: 0kg/h, Cost: 0 EUR/h

- Organic_Solvent_makeup: -32856 kg/h, Cost: 104370 EUR/h

- Pyrolisis_oil: -25000 kg/h, Cost: 3187.5 EUR/

- Recicled_solvent: 52845 kg/h, Cost: 0 EUR/

- Recycled_water: 0 kg/h, Cost: 0 EUR/h
Remaining_Oil: 15961 kg/h, Cost: -2035.03 EUR/h

- Top_product: 0 kg/h, Cost: 0 EUR/

- Vapour: 0kg/h, Cost: 0 EUR/M

- Waste_water: 2573 kg/h, Cost: -5.16658 EUR/h

- Water: -6850 kg/h, Cost: 0.310168 EUR/h
Water_2: Okg/h, Cost: 0 EUR/

—I- Operating Units

O O O e O O ) O O O - O - O e - 3 O - O

- Back _extraction: Capacity multiplier: 1, Cost: 16.2925 EUR/h
- Evaporators: Capacity multiplier: 1, Cost: 35.41 EUR/h
- Fxtraction- Canactv multinlier 1 Cast- 24 4237 FIIR/

3
£
o
3

<

Quick View  Solver Output

- Acetic_acid_purification: Capacity multiplier: 1, Cost: 27.8575 EUR/h

Al K-

Solutions limit 10

VA NOX

Mutual exclusions

@, Qemesen

Run the selected algorithm

(] ] 950'\4’& problg

@@

Kl'he algorithm generates
a list of feasible
structures, and the user

would like to display
.

can select which one they

~

/

28



Summary »ﬁ'f

Only two bio-oil refinery concepts thoroughly studied

Current models only focusing on the production of drop in jet fuels are
unliked to be economically viable

Hundreds of new bio-oil refinery concepts can be generated based on
the large number of fractionation unit operations, reaction unit
operations, purification unit operations and products reported in the
literature.

The WSU team is exploring the use of p-graph for the automatic
synthesis of new bio-oil refinery concepts.

The WSU team published a literature review and is now building a data
base compatible with p-graph to generate new bio-oil refinery concepts.
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