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The ARPA-E Mission

Catalyze and support the development of
transformational, high-impact energy technologies

Ensure America’'s

Reduce
 National Security Imports
« Economic Security
 Energy Security \
 Technological Lead Improve ~_Reduce
Efficiency Emissions |
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Evolution of ARPA-E

2012
FY2012
. BUDGET
$275M
: Appropriated
2011 E
FY2011
BUDGET !
$180M
Appropriated

2009

AMERICAN RECOVERY
& REINVESTMENT ACT

O

2007 $400M Appropriated
AMERICA !
2007 " COMPETES | O
RISING ABOVE . ACTSIGNED
" THE GATHERING ' :
| STORM PUBLISHED O

O O
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Creating New Learning Curves
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Focused Programs

TRANSPORTATION
ENERGY TECHNOLOGIES

BEEST Electrofuels
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SBIR/STTR

STATIONARY ENERGY
TECHNOLOGIES

BEET-IT IMPACCT GRIDS
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ARPA-E CO, Separation Programs/Projects

OPEN 2009

2009 W 2014

5 projects, $13.3 M

IMPACCT

2010 W) 2014

15 projects, $39.9 M

OPEN 2012

2013 W) 2016

2 projects, $3.0 M
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Funding by Technology

m Solvents

® Membranes
Sorbents
Phase Change

= Chemical Looping

Enhanced OiIl
Recovery (EOR)



Development Pipeline: ARPA-E’s Role

Basic : :
Research Applied Research Small Pilot
BES, EFRCs ARPRE FP&Q___ Bench-Scale AN Slipstream, NCCC
« New materials O

and chemistries yaN

ot 000 A 2 A , A
- Computational O O

modeling

(multiple scales) OO O O A A AA AA
« Advanced O

characterization O O A A A O A

methods OO O

+ Nanostructured

materials /.—-——

This presentation will be followed by 4 ARPA-E
separation talks; several posters here as well
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The ‘U In CCUS

» Long-term: only geologic storage will make a dent in CO,
levels in the atmosphere

» Nearer-term: utilization of CO, (e.g. enhanced oil recovery)
could be a bridge until carbon pricing is enacted

» Fuel production could be a significant utilization of CO,,
however...

Communication between alternative fuels and power

plant communities needs to be improved
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ARPA-E released the “Electrofuels” FOA in 2009 in recognition
of the need for more efficient biofuel production technologies

- @

Electrons/Reducing equivalents

Photosynthesis

Biomass *..-i Algae

111

EtOH, Pyrolysis Biodiesel,
Advanced oils Advanced
biofuels biofuels
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Chemical
Catalysis

!

Syngas,
CH;OH, CH,,
Advanced fuels?

A

(Electrofu eIs\

!

Biological
Catalysis

Advanced

\_ Fuels Y




The FOA called for a first-of-kind non-photosynthetic,
autotrophic fuel production from microorganisms

Area of Interest (Technical Category)

»Organism development and
integration for autotrophic/non-
photosynthetic biological systems

Electrical

COs + HEO f Organics + O,

-Low Potential Electrons Provided at Cathode

Gl T])\."ﬂ“\*:l
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The Electrofuels portfolio

chemoautotrophlc

Electrons + CO, = .- . Biofuel
INDIRECT ENERGY DIRECT ENERGY
H, > 2H* + 2e- Direct current/biocathode
III ’\r| 2H094H"+4e'+02
EEEEEEEEEEE UI\/IASS
¥ AMHERST
%E) 0 o goﬁchemsty
INDIRECT ENERGY & CARBON
The University of Georgia g in kgo bioworks
. 4.
Fe2* > Fe3* + 1e- { ’) | —
COLUMBIA — A “o University
m [UNIVERSITY
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Early stage TRL investment provided insight
and learning as the program matured

Microbiology

DNA sequencing data

New genetic tools
-omics

Metabolic engineering

Synthetic biology

Autotrophic
biofuel production

H, - FFA - decane

CO, = formate = i-BuOH

Direct current = acetate
- butyrate/butanol

> 40 papers; > 15 patents filed

» The core challenge has shifted from microorganism development to overall
rates and efficiencies in the context of techno-economics

» New expertise is required to address challenges such as productivity and
scalability of prototype reactors not covered by original FOA
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INDIRECT ENERGY — Highlight

OPX Biotechnologies is producing jet fuel and diesel from hydrogen

and carbon dioxide
O opxbio HNREL

H2
good chemistry. -
i , Johnson Matthey
A} Fat_ty Fuel
A \ | ‘ Acids
. OPXBIO e s o "
COZ Engineered Microbe ; tti%,. i Qopxiio

Key tech challenge: Poor
solubility of H, and mass
transfer

Potential solution: Innovations
in reactor design
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INDIRECT ENERGY & CARBON — Highlight

Electrochemically produced formate as a source of both electrons

UCLA

and carbon dioxide for fuels
Electricity

Integrated Electromicrobial
Conversion of CO, to Higher Alcohols

Han Li,? Paul H. Opgenorth,® David G. Wernick,® Steve Rogers,* Tung-Yun Wu,

Wendy Higashide,* Peter Malati,® ¥i-Xin Huo,® Kwang Myung Cho,* James C. Liao™®%%*

tively efficient in converting sunlight to  chose Ralstonia eutropha H16 us the production

y - hostand isobutanol and 3-methyl-1-butanol (3MB)
ich can be used in the in-
‘We introduced the set

duced by the anade may be quenched before reach-
man-made photovoltaic device is rela-  crobes to withstand electricity. In this work, we  ing the cells growing outside the cup. Using this
approach, healthy growth of Ralstonia strain LHT4D

AR

\

g

Electr
(Cath

Key tech challenge: Electrochemical reduction of CO,
Potential solution: New electrode materials, in situ production
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Isobutanol
3-MB

g;lon H*
In-situ electrolysis
@ 002& Engineered Microbe

Biofuels

Bacterial cells

HCOOformate



DIRECT ENERGY — Highlight

Direct electron transfer: leveraging the ability of some microbes to
make electrical contacts with electrodes UMASS

Wy AMHERST

Electricity

Butanol

S5.8kV Xi1.988 18pm 981922

Co,

Sporomusa species, Morella thermoacetica, and Clostridium species are capable of
electrosynthesis (conductive biofilms as a bioacathode on the surface of electrodes)

Key tech challenge: Current density (reaction rates), electrode surface area,
reactor design
Potential solution: Improve mechanism, reactors for e- uptake
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OPEN 2012: Dioxide Materials Project

» Energy Efficient Electrochemical Conversion of CO,

12

| (COy)
5 0.8
@
LE 0.8
g 0.4 "J(
L CS
02 e 0o Program Start
0 EMIM-(CO5) £ $20 —— |
02 "g \ Methanol
Reaction Progress qg E},$15 — Formic Acid ||
55
E 1] Slo ! Program End ——
23S
g SS 7 \'\n\'
— Operate cell at low over-potentials S 40 — =
. . o
— Increase electrolyzer current and lifetime to make 0.01 EAC 0-1A/ 2 1
.. . t
cost competitive chemical products/fuel urrent A/cm
derivatives
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ARPA-E’s Future in CO, Separation

» Most OPEN 2009 and IMPACCT projects are complete or
winding down

» Recent focus has been understanding market opportunities and
project handoffs
— Compete in NETL FOA's
— Other industrial CO, gas separations

» No current plans to launch a new CO, separation program...

» ...but anything is possible
— Open to new program ideas (“white space”)
— Would be championed by a new Program Director
— Happy to discuss with attendees
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Program Development Cycle

Project Handoff

Transition Toward Market Adoption

Ongoing Technical Review g
EXECUTE Program Conception

(Idea/Vision)
ENVISION
PROGRAM DEVELOPMENT CYCLE
Workshop
Contract © ESTABLISH
Negotiations
% Awards ENGAGE

Program Approval

: L
Project Selection "‘9;','::‘_:,--;\.._;__EVALUATE R FOA Development
T ST g & Issuance
Proposal Merit Review
Rebuttal of Proposals
R oS R | B
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Thank you

» Ramon Gonzalez, PhD
Ramon.gonzalez’at’hg.doe.gov
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