Purdue Energy Center: We engage researchers and students in a
community that delivers new discoveries and develops disruptive
technologies with national and global impact.

= Over 150 faculty engaged in interdisciplinary energy science and engineering

= Research strengths in transportation (biofuels, aviation engine testing, electric
vehicles, ground vehicle power, transportation systems)

Power generation and transmission (solar, wind, nuclear,
smart grid, energy efficiency, state utility forecasting)

JRDUE UNIVERS .
Maureen McCann, Director

prark Energy Center Pankaj Sharma, Managing Director



Facilitate emerging research communities at Purdue

Building Research
Collahorations:
Electricity Systems

DISCOVERY LETAESERES
|

SMART GRID:

CONCEPTS, STANDARDS,
DEPLOYMENTS AND

LESSONS LEARNED

. August 28, 2013 8:15a.m.
Burton D. Morgan Center, Room 121

August 28-29, 2013

Burton D. Morgan, Room 121
Discovery Park

Purdue University

The purpose of this talk is to familiarize participants with
Smart Grid concepts and solutions, including distribution
optimization, transmission optimization, asset optimization,

The goal of this dey and a half workshop is to identify Purdue capabilties and build research
collaborations in the area of electricity systems. geps and the
Eastern region wil be discussad.

Five warking sessions on electricity systems include:

= Securiy of Energy Infrastructures,

«  Data Management and Analytics,

*  Regional Issues,

Challenges in PV Science, technology, and manufé‘cturing:
A workshop on the role of theory, modeling, and simulation
John D. McDonald, PE. = Workforce Training,

September 1 9'20, 2012 dustry leader, technical expert, educator, and speaker +  Modelng/SimulasonComputing
— - utility industry, In 2008, McDonald joined GE as General

T
en, including the lessons

ission and Distribution (now Digital Energy) business. In John D. McDonald, PE., Director. Technical Strategy & Polcy D GE Energy
tor, tachnical strateqgy and policy development where he - Digital Energy. Keynote Speaker (Discovery Lacturs Series).
ision that integrates GE's standards participation, and

icipation, thaught leadership activities, requlatory/policy Theee br sesslons, and a poster sesslon slso are pianned.

oductisystems development into comprehensive solu- The warkshap is presented by the colleges of Enginsering, Science, Technology, and Health and

dto the Board of Governors of the IEEE-5A (Standards Hurman Sciences, and Discovery Park’s Cyber and Energy Cenfers.
prg term IEEE Smart Grid standards strategy. He served

Panel (SGIP} Governing Board for 2010-2012. Tweo continerttal breakfasts and two lunches are provided and 2 heavy hors d'ceuvresireception on the
er degrees from Purdue University. first evening of the workshop
Thera Is no regisration foe, homsver registration is raquived. Plsase use the fodoming ik 1o register.
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For more information congadt. Pankay Shama (shama@oudue edy)
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The Burton D. Morgan Center for Entrepreneurship

Initiated in 2001, opened 2004; Lilly Endowment grant of $2.3M funded new
programs; building funded by the Burton D. Morgan Foundation with $7M.

Business Plan Competition for undergraduate and
graduate students (since 1987)

Life Sciences Business Plan Competition (since
2006)

Student Managed Venture Fund (since 2011)

Certificate in Entrepreneurship & Innovation
(since 2005)

Only one of six biology PhDs Of
in the United States lands a

tenure-track faculty position
within five years of graduation. w
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Sustainable Harvesting
Cropping Logistics and
Systems Pre-processing

Feedstock
Improvement

Biofuels Economics
Engineering and Policy

80 Purdue faculty from 4 colleges and 23 departments

Collaborating Laboratories

Air Transport Institute for Environmental Sustainability

Biofeedstock and Water Quality Project

Center for direct catalytic conversion of biomass to biofuels
EFRI-HyBi: Maximizing Conversion of Biomass Carbon to Liquid Fuel
Laboratory for Renewable Resource Engineering

National Test Facility for Fuels and Propulsion

Purdue Center for Research on Energy Systems and Policy

Purdue Extension Bioenergy Series
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Basic and Applied Research Integration
How Nature Works - Design and Control -- Technologies for the 215! Century

Grand Challenges
How nature works

Discovery and Use-Inspired Basic Research

Materials properties and chemical functionalities by design

> Applied Research >

Technology Maturation \
& Deployment ~

Controlling materials
processes at the level of
quantum behavior of
electrons

Atom- and energy-efficient
syntheses of new forms of
matter with tailored
properties

Emergent properties from
complex correlations of
atomic and electronic
constituents

Man-made nanoscale
objects with capabilities
rivaling those of living
things

Controlling matter very far
away from equilibrium

= Basic research for

fundamental new
understanding on materials
or systems that may
revolutionize or transform
today’s energy
technologies

Development of new tools,
techniques, and facilities,
including those for the
scattering sciences and for
advanced modeling and
computation

= Basic research, often with

the goal of addressing
showstoppers on real-
world applications in the
energy technologies

BESAC & BES Basic Research Needs Workshops

BESAC Grand Challenges Panel

= Research with the goal of

meeting technical

milestones, with emphasis

on the development,
performance, cost
reduction, and durability of
materials and components
or on efficient processes

Proof of technology
concepts

= Scale-up research

= At-scale demonstration
= Cost reduction

= Prototyping

= Manufacturing R&D

= Deployment support

DOE Technology Office/lndustry Roadmaps




No carbon left behind: A new paradigm in the conversion of biomass
to biofuels and high-value products

Educate New
Bioenergy
Scientists

Mission
Advanced biofuels
with maximized
carbon + energy
efficiencies

Unique
National
Lab Resources

fo se'
*an Energy Fro%!

A strategy to genetically tailor biomass for producing advanced biofuels and bioproducts



Roadmap for selective deconstruction of lignocellulosic
biomass to useful products

[ polysaccharide
composition

Tailored = drop-in fuel intermediates

blofpass & high-value co-pra
(aromatics, hydrocarbons)

lignin
composition

Tailored biomass is the result of recognition of new traits arising from
understanding catalytic conversion of ‘biomass’ to useful products
and then determining the genetic basis of them



‘ A challenging set of substrates
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Biological conversion route for biomass to biofuel

Biomass is harvested
and delivered to
the biorefinery.

y Biomass is cut

nto shreds
and pretreated

» With heat and
¥ chemicals to

make cellulose
accessible to
enzymes.
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@ Ethanol is

s purified through
distillation and
prepared for
distribution.

Enzymes break down
cellulose chains
into sugars.

Microbes ferment
sugars into
ethanol.

DOE-GTL Research Roadmap to Breaking the Biological Barriers to Cellulosic Ethanol 2005




The petrochemical industry: a 20t century success story
built on chemical catalysis
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A paradigm for carbon-free reduction to biofuels and bioproducts

Gaseous
Qecycle products

&

Fast-hydropyrolysi
& Hydrodeoxygenation

HO

2

‘ Byproducts

Biofuel

_/

naadl

Carbon-free
Energy source

High-temperature treatments may produce a bio-crude oil for biorefinery fractionation



The acid problem: need selectivity toward reaction products
that are not degraded but dehydrated

OH OH

_ Cellulose & Xylan

Unusable “Tar”

DegradationT
0 . O
Hydrolysis Dehydration O /
——>» HO — ~
H* OH H+* \ /

Glucose & Xylose

HMF & Furfural

building blocks for
fuels, plastics and
household chemicals

Abu-Omar, Kim, Liu, Mosier (Purdue)



Catalysis using maleic acid enables selective fractionation of biomass
to access carbohydrates for conversion to furfurals
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Kim ES, Liu S, Abu-Omar MM, Mosier NS (2012)



Fast Pyrolysis
* Arelatively simple and scalable process

« However, the low quality and instability of the resulting
bio-oil limit its utility

« Upgrading is hindered by bio-oil's enormous complexity

* This arises from a multitude of unknown primary,
secondary and later reactions

C3Bio

« QObtain fundamental knowledge that allows control over
the products

Radlein et al. (1987)



Relative Abundance (%)

Cellulose pyrolyzed in an ablative reactor
with ~30s residence time; bio-oil collected
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Traditional bio-oil comprises thousands of compounds
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Ribeiro, Delgass, Agrawal, Kentamaa (Purdue)



Pyroprobe/High Resolution lon Trap Tandem Mass Spectrometer

« Heating rate 1000°C/s;
final temperature 600°C

_ Mass
* Product quenching upon Spectrometer / {4

evaporation into 100°C N, Inlet\x
¢ i r:h

Instant ionization (APCI) ¢
and analysis with no size A
limitations as opposed to

commonly used gas chroma-
tography/mass spectrometry (GC/MS)

« Elemental compositions of products via high resolution measurements;
structures via multi-stage tandem mass spectrometry (MS")

« Probing mechanisms via partially '3C-labeled compounds

High-level Quantum Chemical Calculations

Agrawal, Delgass, Kenttdmaa, Ribeiro



During pyrolysis of cellulose, the glucan chains are converted to
small, dehydrated levoglucosans
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Unlike what is seen in bio-oil, primary products are recognizable molecules



Lignin is 15-25% of biomass but contains ca. 40% of the energy

| phenylcoumaran (f-5) l o on

Plants require the phenylpropanoid pathway for:
« UV resistance

« structural support

 water transport




The lignin biosynthetic pathway

v

ring modification

«—— side chain modification ——

G-LIGNIN S-LIGNIN
Clint Chapple



Overexpression of F5H increases S subunit content "~

HO OH

PHE

wild type high S highest S

G-LIGNIN S-LIGNIN
Huntley et al. (2003)



A Zn/Pd/C catalyst that cleaves the ether bond in a
synthesized model dimer

1 mol% Zn/Pd/C
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Mahdi Abu-Omar, Shuo Liu: Purdue



Sclerenchyma cell walls in vascular tissue with H-lignin
wild type ref8
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Clint Chapple



Aldehyde enrichment in lignin increases cell wall digestibility

% cellulose conversion
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Pyrolysis fragments biomass into oxygenated vapors

Biomass Pyrolysis Vapors
Cellulose Carbohydrates
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Abu-Omar, Agrwal, Delgass, Kenttamaa, Mosier, Riberio (Purdue); Barnes, Bozell (Tennessee)



Catalytic Hydrodeoxygenation (HDO) upgrades hydropyrolysis vapors
into fuel molecules

Biomass Pyrolysis Vapors Fuel (Gasoline)
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Abu-Omar, Agrwal, Delgass, Kenttamaa, Mosier, Riberio (Purdue); Barnes, Bozell (Tennessee)



Cellulose fast-hydropyrolysis and catalytic
hydrodeoxygenation (HDO): Reactor and analytic system

High-pressure, rapid-
heating, continuous-flow,
reactor and solids feeder

LC/MS method for
complex product mixture
analysis.

High pressure (50 bar)
H, did not significantly
affect fast-hydropyrolysis
without a catalyst, but is
beneficial for catalytic
HDO.

FHP Vapors

Catalytic
HDO Reactor
No @Bl With

Fast-hydropyrolysis

(FHP) Reactor

Cellulose

Catalyst Catalyst

Deoxygenated
Liquid

J

Schematic of reactor system and conversion pathway

We have recently developed new catalysts which can directly produce
complete hydrocarbons by 100% deoxygenation of cellulose.

Venkatakrishnan et al. (2014)



Turning the biorefinery on end: A synergistic biorefinery
disassembling lignin first

Methoxypropylphenols

[

Lignin Depolymerization
and Hydrodeoxygenation

Carbohydrate
Residue
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Conversion

Butanol

Ethanol / ’
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Selective depolymerization and HDO of lignin directly
from wood biomass.

Intact Biomass Phenolic Products

up to 54% yield
] S

/0
j@/\/ [ >
Ho 300 °C, 350 psi O/V

0,
: " 5% ZnPd 11y + up to 0.7% yield
" 225 °C, 500 psi, MeOH
Carbohydrate Residue
up to 85% sugars HO
OH HO Enzymatlc Hydrolysis HOu o
OH 0\50170\50170\5)170 oH 1o OH >
HO” " "OH
OH
>95% vyield

- Current methoxypropylphenols annual production volume of >30 M

lbs and market value of $450 M. S
- Methoxypropylphenols are manufactured from petroleum feedstock pzr ¢
and toxic chemicals via a multi-step process



What were we thinking?

* Plant cell walls may be overbuilt and
can be engineered to be chemically and
structurally less complex.

* Plants could be coerced into sowing the
seeds of their own deconstruction by
delivering catalysts to cell walls (the

Tailored
Trojan horse concept). Biomass

= Plants could meet engineers halfway on
the road to conversion by producing
more labile polymers leading to highly
specific conversion with high yield.




Analysis of 3D images designed to identify structural motifs and
patterns that remain throughout the processing and provide clues as
to the nature of the highly recalcitrant residue

Native Dilute Acilee AFEX

Scale Bars 200 nm

Donohoe, Ciesielski, Himmel (NREL)



What has tailored biomass come to mean at C3Bio?

. = H;CO O
. ngnln H4CO 0 O 20 OH /<0Ho OCHs
. . . o —_— o OCH; . ocH
= high-S, high-H, high-aldehyde 0 OCH, G OH_OCHy
O  OCH;, OCH,§ OCH3™oHY ™0
= chemically induced synthesisi.co H,cd R
ss-linked (G:S lignin) linear (S lignin)

= Catalysts

| visualization of iron in

= ferritin expression in poplar | coll walls of rice OPT3
i%‘f

= transition metal accumulation in cell walls |

= Cell Walls

a2
£ % »
= stabilized actin bundles @" .J'Q? superhighways
. g . . ~ for directed cell
= control trafficking infrastructure for cell wall -@@ wall deposition

modification and targeted delivery

= Cellulose

= concepts for microfibril modifications

= Chemical: rare sugars physical: defects



C3Bio research achievements

C 3 B i& R oa i ma p Mechanistic Understfmdings of

' Catalytic transformdtion
New Capabilities for Biological Transformation 4 H

5 clective Catalytic CO”VerISi
| 1

Tailored |-

Stabilizing actin Incorporating iron

|
highways for polymer catalysts in cell walls Biomass | }

& catalyst delivery of growing plants

{ .
" SCtive Hydro pyro|yt'\C C_Or!‘
i

|
New mass spectrometric analyses of biopolymers and reaction product mixfures
Multi-scale, multi-madal imaging toolkit ftoml Angstroms to microns |
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