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*The appeal of Biomass
*The significance of the infrastructure
*Infrastructure-ready options

*Reaction Engineering modeling tools to
“Organize, Evaluate and Improve”
Infrastructure-ready options

*Some preliminary modeling results
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The Appeal of Biomass
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America’ s Energy Future: Technology and Transformation, The National Academies Press (adapted)

ZRI BIOMASS CONVERSION OPTIONS
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Figure 1. Main conversion options for biomass to secondary energy carriers, adapted (Tt 2000). Some i a wide
range of technological concepts as well as capacity ranges at which they are deployed, which are dealt with further in the main text.

ANDRE FAAIJ, Mitigation and Adaptation Strategies for Global Change (2006) 11: 343-375 C Springer 2006, DOI: 10.1007/s11027-005-9004-7




Wﬁ’ﬁﬁ‘ﬁﬁ The Significance of Existing Infrastructure

Investment decisions “deliberate” in
nature

Geographically-Based (will not relocate)
Units with characteristic time of decades

High bar for alternative “shut down”
technology

e EEEM#? ——> |PRODUCTS
% Acid, Metal, & Radical
S“"" Chemistries

N Coal:w/ CCS :
W Coal:w/o CCS W Energy Reduction

[1] Clarke LJ, Edmonds H, et. al. Scenarios of Greenhouse Gas Emissions and Atmospheric Concentrations. 2007. U.S.
Department of Energy.
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V proviades:
* Quantitative organization of current science and engineering
knowledge base
* The “discipline” of modeling
* Quantitative models identify science gaps and needs
* New models can be assembled in ~ 5 years
* Quantitative evaluation of current science and engineering
knowledge base
* |dentifies needed improvements in technology and science
* Precise research targets for issues that need to be addressed
* Quantitative organization of improved science and engineering
knowledge base
* Provides scenarios for the adoption of technology platforms
* Objective technical basis for decision making

SITYor = i
WWAR(E Molecular-level Modeling Approaches and Tools

— Measurements (GS-MS, NMR, etc.) O

— Modeling: transforming measurements to molecules O
— MolGen and Monte Carlo simulation of structure
— CompGen: A “Fixed Footprint” approach

CCCCclc2ccec(Sc3ccdcec(C)c5ec

2. Reaction Modeling (€C)ccbec(sc7cce(CCC)e(c7)c7
“« . » N cccc(CCCCCC)c7)c(c3)cdc56)cc
— N < Ng: “Conventional” deterministic methods, e.g., INGen 2cc2se3cc(C)ece3cl2

— N > Ng: Stochastic methods, e.g., Monte Carlo simulation of reaction
— N > Ng: Hybrid methods, e. g., The Attribute Reaction Model

3. Reactivity Correlations

— Fundamentals based kinetics correlations for homologous family of reactions

— Order 10 [O(10)] LFERs for every procegs ¢hepisfry ¢, u_u C_con H,
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— End-use vs. internal-use properties "* [ pistilation Rl —— .
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Wﬁ%s\%ﬁ Equivalent Computational Representations

pentane
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Lignocellulosic Biomass
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Yang H, Yan R, et al. Energy & Fuels. 2006. 20 (1), 388-393.
Freudenberg K, Neish AC. Science. 1969. 165 (3895), 784.

n
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The computer “knows”
Lignin as its SMILES

?&W code

0=CC=Celec(0C)e(e(c1)clee(cc(c10)0C)C10CC2CIC
0C2cleee(c(1)0C)OC(C(elec(OC)c(c(c1)Oclcee(cc10
€)C(C{Oclece(ce)C(C(Oclcee(cc10C)C(C(OcLcec(ccl
)C(C(CO)C)C)CO)Ocdcee(cc10C)Clclec(cce10)CC(=0)
CO)C(CO)C)C0)0)C0)0)0)C)CO)OC(C(clcce(c(c1)OC)
0)0c1c(0C)ce{cclelec(cc(c10)0C)C1C2C(=0)0CC2C(
1cc(0OC)c(c2)0C)0)C(C(Oclcec(cc10C)C(clec(O)e(
€1C10c2¢(C1C0)ec(cc20C)CC(=0)CO)OC)C(Ocle(0C
)ec(cc10C)C(C(CO)C)0)CO)CO)0)CO

Substituents: 39 Attributes
Cores : 19 Attributes

63 Connections:

Wﬁ'ﬁ;&% Chemical Reaction as a Matrix Operation

1] | ]
H—CIH—Cz—(l:—H + H—H, —— H—(|3|_H1 + Hz—cz_T—H

H IL H H JI H

Cl CZ Hl HZ Cl CZ H1 HZ Cl CZ Hl HZ

c, 01 0 o0 c, 0 -1 1 0 c, 0 0 1 o0

c, 1.0 0 o0 + c, -1 0 0 1 _ ¢ 0 0 0 1

H, 0 0 0 1 H,i1 0 0 -1 H'1 0 0 O

H, 0 0 1 0 H, 0 1 -1 0 H, 0 1 0 O

Reduced Reaction Matrix Reduced
Reactant Matrix Product Matrix
MA MR MB

[1] Bennett CA. PhD Dissertation. Chemical and Biochemical Engineering, Rutgers University. 2009. (Adapted)




¢ Bond fission o
¢ Hydrogen abstraction .
*  P-scission .
e Addition .
¢ Termination .
lonic .

* Isomerization
¢ Hydride shift

¢ Methyl shift .
* Hydrogen abstraction .
*  f-scission .
* Protonation .
¢ Deprotonation .
* Ring closure .

¢ Ring expansion
* Addition

Ring saturation
Dealkylation

Side chain cracking
Ring closure

Ring opening

Ring isomerization
Aromatization

Oxygenate

Hydration
Dehydration
Tautomerization
Decarboxylation
Decarbonylation
Hydroxyl shift

Isomerization
Cyclization
Hydrogenolysis
Cracking

Double bond shift
Methyl shift
Hydrogenation
Dehydrogenation
Hydrodesulfurization
Denitrogenation
Diels Alder

* Process models defined by

Options Form

Model: NewModel

species/reaction
combinations

Large library of species
and preprogrammed
reaction types

Combination of
mechanistic and pathways
level chemistries

Species Types Reaction Types Options
Bromatic aturatonzH <
NapSirom aturationdH | Max Rank s
Napéirom aturatonéH
NepSsarom Ringlsomerization MaxCarbon |
NegS ingopenny
Negs ealylation
NS5 ingClosure Min Carbon
Nparoffin vdaton ey
BT | Cycizationé xBranch [
ki Paraffinlsomerization
Isoakens PathAlsomerization
NapSonoene Path somerization Max Count o
NapSdene Pathzlsomerizaton
Napémoncene PathClsomerization Carbon Cut
e Qpeintsomerization
Sufr Qlefntsomerization2
Nerogen Qlefncrad
oy
Pathi Cracking
PathB2Cracking
PathCCracking
PathAPPCracking Delete Option Set
PathB1PPCracking
PathB2PPCracking
PathCPPCrecking ]

F T PP romarioon, eRarke: o, NexCabe = Vo Pecabor = Vo, Woardh = e WocCart s e <
IsoParaffin PathATsomerizaton, MasRank.= nfa, MaxCarbon )

=nia, Mncaon = o, Mesbanch =

b Pt HasRance N, Hasatoe o o, fancaton= M.th(h-n[a MaxCount = nfa
lsohlafﬂn?akhazcmckmu MaxRank = nfa , MaxCarbon = nfa , MinCarbon ranch = nja , MaxCount = nfa , Ca
IsoParaffin PathCCracking, MaxRank = nja , MaxCarbon = nfa, MinCarbon -nlu Maxhuxh = nja, MaxCount = nja, Car
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e Network Building Algorithm,____

Determine species type

Determine reaction sites
and apply reaction matrices

Determine connected components

Determine products uniqueness (isomorphism)
if unique, add to unreacted species list

Add reaction expression to the list -~

|

< Obtain species from unreacted list

= Input

Structure/Reactivity
parameters

|

—> Determine Reactivity Index

(€CQC, GA, Data Base, etc.)

Rate law parameters

4

3.5 | number of equations

3t
25 ¢t
log( parameter) 2}
15 ¢
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0 Ly .time(s),
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Biomass —>»

Co-Processing of BPO & HGO
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Reactor Profile for Major Species
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\Pyiiivae _Organize, Evaluate and Improve

\WARE

 Quantitative organization of science and engineering
knowledge base
* |[dentified some key technology gaps, science needs
* Petroleum was inherently profitable, which allowed
for 100+ years of technology development
* Biomass not inherently competitive, issues need to
be addressed
* H, consumption: expensive
* H, consumption: CO, footprint
* H,0O release
* O rejection as H,0 or CO,?
» Energy density

Modeling Conclusions

— Structure: 0(10) 5-10 PDFs x 2-3 parameters each
— Reactivity: 0O(10) 10 LFERs x 2 parameters each
— Reaction Families: O(10) Reaction Matrices

* Rigorous kinetics can model interactions and competitions

* Net reduction of complexity: O(10% x 10°) parameters reduced to
0O(30)
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