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Wake Up Call
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2006
Rising Above the Gathering Storm 
(National Academies)

2007
America COMPETES Act

President Obama launches 
ARPA-E at National Academies 
on April 27, 2009

Innovation based on science and 
engineering will be primary driver 
of our future prosperity & security

2009
American Recovery and 
Reinvestment Act
($400M appropriated for ARPA-E)

Creation & Launching of ARPA-E
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Existing 
Programs

Office of SC 
(5B)

Applied Programs (4B) Loan Guarantees 
($128B)
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what ARPA-E will do what ARPA-E will NOT do

• Seek high impact science and
engineering projects

• Invest in the best ideas and
teams

• Will tolerate and manage high
technical risk

• Accelerate translation from
science to markets 

• Proof of concept and prototyping

• Incremental improvements
• Basic research
• Long term projects or block   

grants
• Large-scale demonstration 

projects

ARPA-E was created with a vision to bridge gaps in the 
energy innovation pipeline
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Reduce Energy-
Related Emissions

Improve Energy 
Efficiency

Reduce Energy 
Imports

ARPA-E’s Mission and Means

To enhance the economic and energy security of the U.S.

To ensure U.S. technological lead in developing and 
deploying advanced energy technologies 

To overcome the long-term and 
high-risk technological barriers 
in the development of energy 
technologies.

(A) identifying and promoting 
revolutionary advances in 
fundamental sciences; 
AND

(B) translating scientific 
discoveries and cutting-
edge inventions into 
technological innovations; 
AND

(C) accelerating 
transformational 
technological advances in 
areas that industry by itself 
is not likely to undertake 
because of technical and 
financial uncertainty.
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ARPA-E’s program development process is extremely f ast

8

From Program 
Conception to 

Execution in 6-8 
Months

Program Development Cycle



Advanced Research Projects Agency • Energy

IMPACT

If successful, project could have:
• High impact on ARPA-E 

mission areas
• Large commercial application

BREAKTHROUGH TECHNOLOGY

Technologies that: 
• Do not exist in today’s energy 

market
• Are not just incremental 

improvements; could make today’s 
technologies obsolete

ADDITIONALITY

• Difficult to move forward 
without ARPA-E funding

• But able to attract cost share 
and follow-on funding

• Not already being researched 
or funded by others

PEOPLE

• Best-in-class people
• Teams with both scientists and 

engineers
• Brings new people, talent and skill 

sets to energy R&D

An ARPA-E Project has four main attributes
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Full apps. reviewed by multiple 
experts, members meet and 
provide final evaluations for 
discussion

The Funding Opportunity Announcement (FOA) process is 
fast-paced, but deliberative

Concept Paper Review Review RebuttalFull Application Review

Full Application 
Feedback ProvidedFull App. 

Submission

Concept Paper 
Feedback ProvidedConcept Paper 

Submissions

FOA 
Issued

Final Selection
Recommendations

10

Each paper reviewed by 
multiple experts for merit

Applicant reviews feedback 
and is able to provide a 
limited response for further 
review/clarification

Applicant 
Response

� 5-7 page summary

� Limits applicant 
expenses

� Reviewer comments 
provided to 
applicants

� Review by external, 
leading experts in 
the field

� External reviews 
critical to decision 
making – but scores 
do not get rack and 
stacked

� Applicants respond 
to reviews before 
selections

� Clarification 
improves final 
decisions
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A streamlined contract negotiation and award proces s 
allows projects to begin promptly

“ARPA-E has consistently impressed and surprised us with the speed of their evaluation 
and contracting process, and the high caliber of their staff…We wish all R&D programs 
could adopt this degree of efficiency and professionalism" – ARPA-E Performer

Selection 
Announcement

Award 
negotiation

Award

2 Month Process

� Aggressive internal and external deadlines established – move at the pace of business

� ARPA-E Technical, Contracting and Legal teams co-located – limits bureaucracy 

� ARPA-E developed user-friendly negotiation guide and materials provided

� Jointly develop challenging technical milestones

Selection to Award
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ARPA-E’s active program management promotes eventua l 
project success

12

Task 1: Chip Fabrication

Subtask Milestone Technical Notes

1.1: Deposit high 
capacitance 
materials

Q3: 20  microfarad 
capacitance 
achieved on 45 cm2

sample 

Best capacitance to-date is 
12 � F; new oxide material 
was proposed at last
meeting to achieve target

1.2: Improve etch 
performance

Q4: New etching
tool installed

On-track: PO made last 
week, delivery set for Nov.

Program Management Tools

� ARPA-E has a vested 
interest in the success 
of the project, we do not 
just provide a check

� Regular contact – at 
least two site visits per 
year, and formal 
quarterly reviews

� Help identify and 
resolve technical issues

� Annual community 
meetings

��������	
�	�
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End-Use Efficiency

ARPA-E Currently has six focused programs plus a br oad 
portfolio of projects from its first solicitation 

Transportation
Electrofuels BEEST BEETIT

Stationary Power
IMPACCTADEPT GRIDS

Broad Solicitation

13
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To date ARPA-E has made 121 awards from seven FOAs to a 
wide variety of organizations

14

*Total Value of Awards = $366 million
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Energy 
Storage

Biomass 
EnergyFOA 1

6projects

5projects

5projects

VBR Power Systems

Carbon 
Capture

5projects

4projects

Solar Fuels

Vehicle 
Technologies

5projects

Renewable 
Power

3projects

Building Efficiency

2projects

Waste Heat 
Capture 1project

Water
1project

Conventional 
Energy

ARPA-E FOA 1 projects can be categorized into one o f ten 
energy technology areas
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Wave Disk Engine (Michigan State University)

• A Wave Disk Generator hybrid uses 
60% of fuel for vehicle propulsion. 

– Currently, 15% of automobile fuel is 
used for propulsion; the other 85% is 
wasted. 

• This revolutionary generator is the size 
of a cooking pot and replaces today’s 
1,000 pounds of engine, transmission, 
cooling system, emissions, and fluids. 

• This technology is 30% lighter, and 
30% less expensive than current, new 
plug-in hybrid vehicles. 

– It overcomes the cost, weight, and 
driving range challenges of battery-
powered electric vehicles. 

• A 90% reduction is calculated in CO2 
emissions versus gasoline engine 
vehicles. 

– This technology enables us to radically 
improve the atmosphere and human 
health of major global cities.

• Wave Disk Generator application 
scales as small as motor scooters and 
as large as delivery trucks, due to its 
small size, low weight, and low cost. 
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Low -contact drilling 
technology to enable 
economical geothermal wells

FOA1

17

Dr. Dave Danielson
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DuPont and BAL are working on scalable production o f 
macroalgae as a feedstock for biobutanol

Approach:
• Technoeconomic Feasibility: Process 

analysis and pilot scale demonstration
• Biocatalyst Feasibility: Develop 

isobutanol producing yeast
• Commercialization Strategy: Butamax™ 

Advanced Biofuels (a DuPont/BP Joint 
Venture) chartered to develop and 
commercialize biobutanol from multiple 
feedstocks
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End-Use Efficiency

ARPA-E Currently has six focused programs plus a br oad 
portfolio of projects from its first solicitation 

Transportation
Electrofuels BEEST BEETIT

Stationary Power
IMPACCTADEPT GRIDS

Broad Solicitation
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The Semi Solid Flow Cell 
(SSFC):  Flow Batteries 
meet Solid Batteries

�����

Dr. Dave Danielson

Redox Density (M) Voltage (V)

Aqueous Flow Battery ~ 2 ~1

50% Solids SSFC 10-25 ~3.5

20
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High-Efficiency, on-
Line Membrane Air 
Dehumidifier 
Enabling Sensible 
Cooling for Warm 
and Humid Climates

Reduce primary energy consumption by ~ 40 – 50%

Tamb = 90 oF, RH = 0.9
Tsupply = 55 oF, RH = 0.5
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������ Dr. Ravi Prasher
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Chip-scale LED Driver for 
Commercial Lighting

22
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Dr. Rajeev Ram

������������������������
��
��� ���!�



Advanced Research Projects Agency • Energy

Low -Cost Biological 
Catalyst to Enable 
Efficient CO 2 Capture

IMPACCT

Dr. Mark Hartney
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Transformative Electrochemical 
Flow Storage System

GRIDS

24

Dr. Mark Johnson
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Power Electronics in Photovoltaic Systems (2/8/11)

5-6¢/kWh fully installed at the MW scale by 2020



Advanced Research Projects Agency • Energy

High Density Thermal Energy Storage (1/31/11)

Temperature

S
ca

le

> 800 oC~ 500 oC<100 oC

Increase in efficiency > 50% 
compared to current systems 
(T ~ 300- 400 oc)

Reduces primary 
consumption ~ 
25%

CHP systems in 
buildings

Increase EV range 
by ~ 40%

Synergy between Solar and High-
Temp Nuclear

PHEV & EV
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# of US power outages affecting
50K of more

# of outages over 100MW

Green Energy Network Integration (12/13/10)
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Permanent
Magnets

Lighting
Phosphors

Catalysts&

Separators

Material
Extraction 
Processes

Supply Technologies Application Technologies

Geologic or
Recycled 

Feedstocks

Electric Motors
Wind Generators

Light Emitting 
Diodes (LED)  

Compact Fluorescent  
Lights (CFL)

Solid Oxide Fuel Cells
Gasoline Refining

Auto Exhaust Conversion

Critical Materials Technology (12/6/10)
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Applied Biotechnology for Transportation Fuels (12/ 2/10)

4C4 Plants Sugars Liquid Fuels

2CO2 Aquatics Liquid Fuels

~1-2% 50%

~5-10%

Zhu et al. Current Opinion in 
Biotechnology (2008) 19:153-159
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Electro-Autotrophic Synthesis of Higher Alcohols

��  
��.������

�  ��	�������

� �

� �

/�������	-��������

� 0

� 0

� 0

� 0

�  
�  �

)-�)
�

1)
*�, 01)
*�,�

� �

)-�	
�����2

��  �������� 
��.������

��  ��3�����
4���	����������

/����������

�  �
*���	��  ,

/�����������

�  
�  *��	4������,

1. Assimilate 
Reducing 
Equivalents

2. Fix CO2
for 
Biosynthesis

3. Generate 
Energy Dense 
Liquid Fuel

Electrofuels
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The Electrofuels 
program is anticipated 
to open up a new area 
of research and path 
to biofuels

13 projects, 
$45M ARPA-E $
$56M Total $

ARPA-E’s Electrofuels program seeks to address U.S.  oil 
dependence with significantly more efficient biofue ls
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To achieve the intent of the Electrofuels program, all projects must 
address the following components:

� Specify liquid fuel type (diesel fuel, JP-8 aviation fuel, and/or high octane 
fuels for four-stroke internal combustion engines); liquid fuels 85 research 
octane or  40 cetane are desirable

� Anticipated liquid fuel energy density 32 megajoules per kilogram is desired

� Anticipated liquid fuel heat of vaporization < 0.5 megajoules per kilogram is 
desired

� Anticipated liquid fuel-energy-out to photon/electrical energy-in of the 
envisioned system; an overall energy efficiency > 1% is required

� Rare earth elements or organic redox shuttles that cannot be deployed 
economically at scale should be avoided

ARPA-E’s investment should be considered both high- risk 
and very early stage
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Reducing equivalents: other than reduced 
carbon or products from Photosystems I & II

H2S NH3H2

Fe2+Direct 
Current 

Pathway for carbon fixation: reverse TCA, 
Calvin- Benson, Wood-Ljungdahl, 
hydroxpropionate/hydroxybutyrate, or newly 
designed biochemical pathways

Fuel synthesis metabolic engineering to direct 
carbon flux to fuel products

butanol alkanes

+ numerous 
possibilities

Assimilate Reducing 
Equivalents

Fix CO2 for 
Biosynthesis

Generate Energy Dense 
Liquid Fuel

Electrofuels approach is non-photosynthetic, modula r, and 
solutions can be mixed- and- matched

34



Advanced Research Projects Agency • Energy

The projects selected create a program which includ es a 
diverse portfolio of approaches

H2 E- NH3 NADH CB WL 4HB rTCA Ral-
stonia

E-
coli

Clost-
ridium

Geo-
bacter

Rhodo-
bacter

Shew-
anella

Pyro-
cocus

�����

���

���

MIT

�����
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���
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�
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Reducing 
Equivalents

CO2 Fixation 
Pathways

Organism Platforms

Nitrosomonas europaea

Acetobacterium

Synechocystis Rhodopseudomonas 
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Electrofuels
Bioreactor

Reducing 
equivalents (energy)

Liquid 
Fuel Product

Carbon Dioxide 
(Source of carbon)

One can model a representative Electrofuels project  as a 
black box to help illustrate the Electrofuels conce pt

Water 
(source of hydrogen)

CO2 + H2O + energy -(CH2)n-

36
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Electrofuels
Bioreactor

Liquid 
Fuel Product

For a 1 million gallon/yr biodiesel plant

~2100 metric tons H2, or
14 MW base load capacity + 2.6 

million gallons H2O

1 million gallon/yr, or
150 gallons/hr~12,000 metric tons CO2

Carbon dioxide and a source of energy are necessary  to 
drive non-photosynthetic microbial fuel production

Final cost of fuel dependent on efficiency (within organism; recovery), cost of 
reducing equivalents, CO2, and CAPEX.

Estimates suggest fuel could be produced below $3/gal on H2, electricity; much less 
using H2S

Could also serve as non-FT gas-to-liquids approach.
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Dr. James Liao (UCLA) Dr. Pamela Silver (Harvard)

Synthetic Biologists

•Metabolic engineering,synthetic biology, and    
systems biology principles to produce next 
generation biofuels 

•Cell-based machines, developing protein-based 
logic for design of novel therapeutics, and 
engineering cells as sources of bio-energy and 
optimization of carbon dioxide fixation 

Biochemists 

Dr. David Baker (Washington)

•New computational techniques for protein structure 
prediction and design
•Design of proteins for fuel-cell catalysis, 
•Solar hydrogen production and nanopatterning of 
materials 

Dr. Anthony Sinskey (MIT)
•Engineering biodegradable polymers
•Turning environmental contaminants into 
pharmaceuticals with Rhodococcus
•Biosynthesis of essential amino acids in 
Corynebacterium glutamicum 

ARPA-E’s performers are leading scientists

Dr. Mike Adams (Georgia) Dr. Derek Lovley (UMass Amherst)

Microbiologists 

•Physiology, metabolism, enzymology, 
bioinorganic chemistry, and functional and 
structural genomics of anaerobic microorganisms, 
particularly archaea and particularly those growing 
near and above 100°C, hyperthermophiles

•Physiology and Ecology of Anaerobic Microorganisms. 
•Microbial Fuel Cells
•Directed and Natural Evolution of Anaerobic Respiration
•Anaerobic Biofilms
•Extracellular Electron Transfer Mechanisms 
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Looking at three projects in detail…

H2 E- NH3 NADH CB WL 4HB rTCA Ral-
stonia

E-
coli

Clost-
ridium

Geo-
bacter

Rhodo-
bacter

Shew-
anella

Pyro-
cocus
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Reducing 
Equivalents

CO2 Fixation 
Pathways

Organism Platforms

Nitrosomonas europaea

Acetobacterium

Synechocystis Rhodopseudomonas 
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Electrofuels via Microbial Electrosynthesis
Microbial Electrosynthesis (Me –) Concept

Korneel Rabaey & René A. Rozendal
Nature Reviews Microbiology 2010, 8, 706-716

Nevin, K. P., T. L. Woodard, A. E. Franks, Z. M. Summers, and D. R. 
Lovley. 2010. Microbial electrosynthesis: feeding microbes electricity to 
convert carbon dioxide and water to multicarbon extracellular organic 
compounds. mBio 1:doi: 10.1128/ mBio.00103-10
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Conductive Biofilms
• Microbial Electrosynthesis Exploits the 

Ability of Some Microbes to Make 
Electrical Contacts with Electrodes and 
Other Cells

• Cells on Electrode Surface

• Butanol Production 
with Clostridium  
ljungdahlii

Acetate Production

Preliminary Results

Bond, D. R., D. E. Holmes, L. M. Tender, and D. R. Lovley. 2002. Science 295:483-5.
Reguera, G., K. D. McCarthy, T. Mehta, J. S. Nicoll, M. T. Tuominen, and D. R. Lovley. 
2005. Nature 435:1098-1101.
Summers, Z. M., H. Fogarty, C. Leang, A. E. Franks, N. S. Malvankar, and D. R. Lovley. 
2010. Science 330:1413-1415.

RESULTS
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Goal: Produce an infrastructure 
compatible fuel (e.g. biodiesel, or 
renewable diesel) from CO2 and H2

Asset: Oleaginous microbe with 
extremely high yields, productivities, and 
titers

Strategy: Fix CO2 and H2 in Clostridia or 
via BES to produce acetate, and then 
feed acetate to oleaginous microbe for oil 
production 

Challenges: Achieve high rates of growth 
of acetogenic bacteria, and acetate 
production

MIT: $3.2 M, 3 years

Bioprocess and Microbe Engineering for Total Carbon  
Utilization in Biofuels Production

SUMMARY
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RESULTS
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Efficiency & Economic Analysis for Production Scale  Plant

� Hydrolysis of Water:
� Electric-to-H2 conversion efficiency 67%
� 14.4 MW
� 3-4 Wind Turbines/ 3-5 MW each

� Combined Yield of Bioprocesses:
� 0.274 g oil/g acetate
� 2.02 g oil/g H2

� Energy Efficiency:
� 59.74% H2 �  oil
� PV: Sunlight-to-biodiesel  10.01% assuming 25% PV eff.
� 0.1-2% Plants / 2-6% Microalgae Sunlight-to-biodiesel 

PRODUCTION

44
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Biofuels from CO 2 Using Ammonia-Oxidizing Bacteria In a 
Reverse Microbial Fuel Cell

Columbia: $0.5 M, 2 years

• Using ammonia as a redox
mediator in a reverse microbial 
fuel cell

• Focused on developing a 
novel mediator system to 
enable bacterial production of 
biofuels in a reverse microbial 
fuel cell

• Nitrosomonas europaea are chemolithoautotrophic ammonia-oxidizing-bacteria 
that are found in wastewater treatment operations

• Will add the metabolic pathway to N. europaea to enable them to generate 
isobutanol through the valine biosynthesis pathway
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Preliminary Results

• Microbiology Results 
– N. europaea cells are tolerant of 

high ammonia and high nitrite 
concentrations

– Cells are not impacted by 
electrochemical reduction of 
media

– Genetic modification of N. 
europaea cells for isobutanol 
production currently is 
underway

• Electrochemical Results
– Various electrode materials and 

operating conditions have been 
explored

– An electrochemical reactor has 
been designed and built

– Very high current efficiencies 
can be achieved for the 
reduction of nitrite to ammonia

RESULTS
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Electrofuels performers have rapidly moved from “science-phase” to 
“application-phase” in just 6 months:

� Genetic intractability is not a show-stopper
� Fuel production pathways have be engineered in some organisms 

and fuel products identified  

As the program matures, ARPA-E will combine or seek new resources 
to address commercialization metrics:

� CAPEX/gallon Electrofuels < CAPEX/gallon cellulosic biofuel
� Electrofuels overall efficiency > Photosynthetically-derived biofuel

efficiency
� Bioreactor footprint – small and configurable
� Carbon dioxide sourcing

Electrofuels projects are demonstrating real proof- of-
concept
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Thank you

Eric Toone
ARPA-E Deputy Director 
and Chief Technology Officer

Eric.Toone@hq.doe.gov
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