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ARPA-E Investments in Power
Electronics

ADEPT & SWITCHES Programs

Dr. Tim Heidel, Program Director



Electricity is ~40% of U.S. Energy Consumption

U.S. Primary Energy
Consumption 2011

U.S. Retail Sales of Electricity to
Ultimate Customers 2011

Sector Sector @

Transportation
7,672
(<1%)‘l

ORNL/TM-2005/230

POWER ELECTRONICS FOR
DISTRIBUTED ENERGY SYSTEMS AND
TRANSMISSION AND DISTRIBUTION
APPLICATIONS

Transportation
27.0
(28%)

December 2005

Residential &
Commercial®
10.7 (11%)

A In 2005, 30% of electricity
in the U.S. flows through
power converters.

Electric Power’
39.3

(40%) A By 2030, 80% of electricity
could flow through power
converters.

>
Million kWh

U.S. Energy Information Administration (EIA), Retail sales of electricity to ultimate customers, January 30, 2013.

Quadrillion Btu

t
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http://www.eia.gov/electricity/data.cfm
http://www.eia.gov/totalenergy/data/annual/pdf/aer.pdf
http://www.eia.gov/totalenergy/data/annual/pdf/aer.pdf
http://www.eia.gov/totalenergy/data/annual/pdf/aer.pdf

ADEPT

EFFICIENT POWER CONVERSION

Dr. Tim Heidel

Program _
' (Dr. Rajeev

Director

Ram)
Kickoff Year 2010
Projects 13
Total N
Investment $37.7 Million
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Highlights
A Advanced charge storage devices
A Magnetic materials

A Advanced solid-state switch
technologies

A Advanced circuit topologies and
converter architectures



ADEPT Program Technical Targets

Category | Voltage | Efficiency | Switching Applications

Frequency | Density

Fully >100V >93% >5 MHz >300
Integrated, 10-50W W/in3
Chip-scale
power

converters

Package >600V >95% >1 MHz >150
integrated 3-10kW W/in3
power

converters

Lightweight, 13kV >98% >50 kHz N/A
solid-state, 1MW
medium
voltage
energy
conversion
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High Power Density Point of Load Converter
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Battery Charger (GaN)

Vehicle Inverter (GaN)
kiscr Ml HRL e

Automotive Applications
Bi-Directional Vehicle

FRIDGE
National Laboratory

DEeELPHI

International Rectifier

Dual Side
Smtered Package3|

6 dGaN/Si Wafer
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GaN Inverter

-
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6.6kW charger,
120 W/in3

2x faster charging

Bi-Directional Vehicle
Battery Charger (SiC)

Multi-chip Power
Module (MCPM)

(1 MHz Operation)

K
o

6.1kW charger,
83 W/in3, 3.8 kW/kg

95% Efficiency (Peak)
10x Increase in

Power Density and
Increased Efficiency

2X more efficient
10x more compact

600V GaN-on-Si Dual

Side Cooled Transistors
50% Lower Cost, 50%

Lower Losses
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15kV+ SIC IGBTs, Solid State Transformers

Transformerless Intelligent Power Substation (TIPS)

AC 1o DC DC to DC Dual Active Bridge DC to AC

19 kV/20 A

Converter Converter
SiC n-IGBT — - ~ A
AC DC 4@ AC DC
HP W)
DC HV AC High Freq DC » AC LV Grid
DC Link Transformer DC Link
19 kV/20A SICH#GBT Reverse Blockin
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Device Current (A)

SWITCHES Program Builds on ADEPT Success

10°

10%

103

102 H

10t

Application Areas and Limits A Key Device Parameters:

{Rereakdown voltage Y,
i A Junction temperature :: Program
” : . Focus
'|\A Switching speed }i: e
I TP
| A Easeof driving | SWITCHES
| A Current rating : Program
I Focus
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SWITCHES

Low Cost, High Current Wide Bandgap Switches %

Goals

A High voltage (1200V+), high current (100A) single die power semiconductor
devices at functional cost parity with silicon power transistors.

A Reduce the barriers to widespread deployment of low-loss WBG power
semiconductor devices in stationary and transportation energy applications.

Highligh
Brogram Dr. Tim Heidel ghlights _ _ -
Irector A Low Cost (Foundry) SiC Device Fabrication
Kickoff Year | 2013 A Vertical GaN Transistors
A Diamond Semiconductor Devices
Projects 14

Investment $27 Million
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Pathways to Low Cost Gallium Nitride Devices

Lateral GaN High Electron Vertical GaN Transistors
Mobility Transistors (HEMTS)
A Lateral conduction: Low current A Utilize more of the material for
density/die area, die size increases conduction, higher current densities.

directly with breakdown voltage.

A Heteroepitaxy makes high current
devices (>100A) extremely
challenging.

A Breakdown voltage handled vertically.

A Challenge: Requires bulk GaN
substrates.
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i 9 ) i ol =) T. Uesugi and T. Kachi, Which are the Future GaN Power Devices for Automotive Applications, Lateral Structures or Vertical Structures?, CS
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http://gaasmantech.com/Digests/2011/papers/12b.2.pdf

Pathways to Low Cost SiC and Diamond Devices

Silicon Carbide

@ SCH2080KE
N-channel SIC power MOSFET co-packaged with SiC-SBD Datasheet
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A siC MOSFETs currently 5-8X more
expensive than Si devices ($/A).

A Challenges:

A Carrier mobilities substantially
below theoretical maximum

A High temperature processing
steps require use of dedicated,
custom (low volume) SiC
fabrication facilities.

P lal(C
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A Diamond material advantages:
A Very high bandgap (5.45 eV)
A Superior thermal conductivity
A High electron mobility
A Why now?
A Availability of single crystal substrates
A p-type and n-type epi growth
A Improved low resistance contacts
A Demonstration of (low current) BJT

Images: Cree, Rohm, Element 6 15
Kato et al., Diamond & Related Materials 34 (2013), 41-44
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Metals Production Consumes
Significant Energy: ARPA-E Seeks
Energy Efficiency

METALS Program

Dr. James Klausner, Program Director



Program Objectives

OEnable cost competitive transformative light metal (Al, Mg, Ti)
processing technologies

oSignificant energy reduction in primary metal production from ore
o0Significant emissions reduction in primary metal production

oSignificantly increase the supply of high grade recycled light metal

N T Y =
P leC 18
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Light Metal to be Competitive with Steel

oLight metals (Al, Mg, Ti) enable
advanced alternative energy
technologies

ODrive down:

Emissions } [ Steel

OMost competitive light metal
production in the world;
significantly reduce imports

Qi D|.3\.'i“' <
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Energy

ARPA-E
target

Current
Paradigm

! Thermochemical

\ Electrolytic

Solution
Space
Darpa Ti
ARPA-E
target Cost
19



Reach Parity with Steel and Stainless Steel

Energy (kWh/kQ) Emissions (kgCO2/kQ)
100 36
98 11.3
Current  Steel Parlty| Current  Steel Parltyl Current S.S. Parlty Current  Steel Parlty| Current  Steel Parlty| Current  S.S. Parity
| Aluminum Magnesium Titanium Aluminum Magnesium Titanium |

Cost ($/kg)

2 1.
’J 1 : I i I
Current S. S Parity

Current S.S. Parity Current S.S. Parity

| Aluminum Magnesium Titanium
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Energy/Water Interest

Boiler

Flue Gas
340°F
4,060,000 Ib/hr

500 MW
Generator

Evaporation
5,000 gpm
and
Drift Loss
2.5 gpm

Condense
Vapor

Turbine

Cooling

Fan

Steam
2,500,000 Ib/hr

Utilize Waste
Drift _
Elimirrl1ator = °Heat
T a3 Fa a3 (60% Wasted)
Use Less Water 7 i —
for Cooling A\ <<AP=0.5-0.7 in H,0 <
u AP IREIRARERNEREY U2 s Wit
ir i 102°F
T =TS Ao 250,000 gpm Condenser Improve Cycle
T i Efficiency

Makeup Water Blowdown Water
6,253 gpm 1,250 gpm
Cold Water 109°F
82°F (2.5” Hg)
Treat Blowdown Expand Water
Water for Reuse Resource
\il | ) \i °& 21
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Conventional Power Plant Steam Condenser
Technologies

Water Cooling Dry Cooling Hybrid Cooling’

Cooling Tower! (42% in US)? Direct Dry Cooling': Eckina
Air Cooled Condenser
(1%Usage in L5)2

Once Through Cooling'
(43% in US)2

."f.-
Increasing demand for dry
cooling in water scarcity
regions.
Cooling Pond N
(14% in US)2
1. EPRI Report, “Waier Lise for Electic Power genevation”, Mo, 1074020, 2008
2 Repart of Department of Energy, Mational Energy Technology Laborstory, ‘Esimating Freshwater Meeds fo Mest Fufure

Themmosdectnc Genemtion Requiremeants”, DOEMNETL-200Z008/1335, 2008
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Energy Conversion Efficiency at Risk due to
Growth of Regional Water Supply Problems

Current scenario, more of a With population growth and climate
regional problem (high population change, 2050 water scarcity is
centers) projected to be widespread

/g/\\\\\ tatus of Fresh Water Aquife
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