High-MW Electronics — Key to a Future Grid which is Smarter, Greener,
more Robust and more Reliable

It is hardly controversial to assert that the fundamental Generation, Transmission and Distribution
technology of the US Grid has been relatively unchanged over the last century. As we enter an era
of increased renewables, metering, instrumentation, communication and computation applied to
the Grid there are some intriguing choices in front of us that can lead to a wide range of outcomes.
If these new technologies, particularly renewables, are introduced on the path that has been
followed to date they will likely lead to a significantly less reliable grid than we have today, and
while large quantities of clean energy may be generated, as non-dispatchable resources this will
not save any capital spending on conventional generation technology and will not significantly
impact the use of inefficiently operated fossil fuel plants as spinning reserves. Conversely, a
different path to grid integration of renewables and the use of these resources to control real and
reactive power flows on the Grid could lead instead to an enhanced Grid in terms of reliability,
dynamic stability and efficiency. The key is the utilization of the potential of the High-MW
electronics that will interconnect the renewable resources to the Grid. High-MW electronics will
also be an integral participant in achieving our national policy to modernize the grid. Several key
characteristics of the Smart Grid as promulgated by the Energy Infrastructure and Security Act of
2007 Title XIll “Smart Grid” are copied below.

(1) Increased use of digital information and controls technology to improve reliability, security, and efficiency
of the electric grid.

(2) Dynamic optimization of grid operations and resources, with full cyber-security.

(3) Deployment and integration of distributed resourcesand generation, including renewable resources.

(4) Deployment of “smart” technologies (real-time, automated,interactive technologies that optimize the
physical operation of appliances and consumer devices) for metering, communications, concerning grid
operations and status, and distribution automation.

(5) Integration of “smart” appliances and consumer devices.

(6) Deployment and integration of advanced electricity storage and peak-shaving technologies, including
plug-in electric and hybrid electric vehicles, and thermal-storage air conditioning.

Success in achieving these characteristics will require the use/inclusion of High—MW power electronics,
if these goals are to have any relevance to and effectual impact on the actual operation of the nation’s
future modernized electric power system.

A group of Market Development and Technical leaders have been meeting as the “High-MW Working
Group” for the past several years, with focus on developing a Roadmap to achieve high penetration of
high power electronics into the US Grid. This work grew originally from the realization that coal
gasification efforts, in the Clean Coal initiative, would lead to large quantities of hydrogen that could in
turn power large fuel cells which would need to be interconnected to the Grid through appropriate
electronics at the Transmission level, whether ac or dc. As wind and particularly solar PV generation



has ramped up, this original thrust towards power electronics has only become more relevant. The
subsequent NIST hosted workshops and road-mapping effort focused on:

e Advancing Power Electronics for large scale grid integration of Alternative Energy Generation
sources, particularly Fuel Cells, Wind and Solar PV, focusing on cost, performance and
Controllability (by Utilities)

e Power Systems Architectures and Control for high-penetration of Intermittent Renewables,
with High-MW electronics as the key mitigation mechanism for system disturbances

e Modification of regulations and standards to avoid the difficulties encountered with high-
penetration of renewables in Europe, where tripping of Inverters under moderate Grid
transients caused major problems

The High-MW electronics road mapping effort has brought together representatives of the key
Utility and Industry stake holders in addressing the fundamental barriers to successful application
of MW scale Grid-connected electronics and the future acceptance and adoption of the same. One
particular focus has been to advocate for changes of the IEEE-1547 voltage and frequency trip
specifications to avoid the cascading blackouts that Europe experienced in the summer of 2004. At
this time these trip points for Grid power electronics are too tight, are orders of magnitude tighter
than for conventional thermal power plants, and have the effect that the Inverters trip off at
exactly the time they are needed which is when a disturbance has been caused by either a fault or
a Power Plant tripping off. This is a fundamental barrier to a high level of penetration of
Renewables, and wherever a high penetration has been achieved the Utility concerned has waived
compliance with the standard. Post event review of the U.S. Northeast blackout of 2003 also
identified lack of dynamic VAR resources as a contributing factor to that major outage. While the
frequency-instability on the Eastern Interconnect that led up to the final blackout does not
completely support this view, High-MW electronics can play an important ancilliary role as dynamic
VAR machines. Another approach being considered to mitigate the effects of intermittency of
renewables is to provide through the inverter acceptable ramp-rates under the control of the local
Utility, through their SCADA system, to avoid destabilizing the local grid.

Inconsistencies across technical standards also mutes uptake of new technologies and their
associated benefits. An example is the inconsistency between anti-islanding requirements of IEEE
1547 and the ride-through requirements of wholesale interconnection standards (FERC Large
Generator Interconnection Procedures, LGIP). Large wind projects have been the first to exceed the
FERC LGIP threshold (>20MW) and have had to incorporate ride-through capabilities. Other



renewable projects that are inverter-interconnected will also be increasingly deployed at these
larger magnitudes. Building High-MW inverters for multiple and sometimes conflicting technical
criteria is not efficient. “Harmonization” of these and similar inconsistent standards will foster
smoother transition of renewable technologies that will be evolving to deployment at much larger
scale, connected to the grid as large wholesale generation projects.

With the excitement around the imminent investment into the “Smart Grid” and with attention
extending beyond demand-response and metering programs and now also been paid to high-
penetration of renewables, and of advanced Power Systems architectures such as Micro-Grids, the
High-MW activity seems to offer some pointed solutions. Our contemporary Grid is almost purely
an electro-mechanical device with the electronics distributed on the edge of the grid, and largely
the consumption edge at that, in the form of meters and instrumentation. Power Electronics
connected to the grid in large amounts, as the gateways for alternative energy sources, offer the
ability to switch and control power at speeds that are many orders of magnitude faster than
today’s grid connected switching and protection devices.

Our vision is of a Future Grid that incorporates renewables as Dispatchable resources, often in
Distributed Generation environments where they can form vital components of grid-interactive
microgrids. This Future Grid is demonstrably more rugged, reliable and robust than today’s Grid
with significantly higher 9’s of availability, is significantly greener, also significantly more efficient
and more secure. One key element of this future is the physical layer of the grid, long taken for
granted, which must move to be more electronic and so higher speed and more flexibly controlled
than the synchronous generators and exciters of today. But, without proactive steps by industry
during this major transition period, implementation and delivery of these demonstrable benefits
are not assured.

As we examine the major outages of the recent past we find a common thread or theme,
excessively slow response time. Instabilities with frequencies significantly longer than 1 sec, lead
eventually to complete system collapse because there is nothing on the Grid capable of
responding. A moderate amount of grid connected power electronics can and will change this
dynamic and we believe that the High-MW group can join with others in bringing this capability
forward in a timely manner.

Recently the High-MW group was able to provide valuable advice and knowledge to the NIST led
smart grid interoperability effort, particularly as it relates to the physical layer of the Grid. Our
community provided much of the expertise at a series of workshops and aided in setting a direction
for development of Smart Grid Interoperability Standards that will lead to higher penetration of



renewable energy with the inverter acting as a grid stability asset as oppose to a liability, and
providing a true reduction of fossil fuel plants operated inefficiently as spinning reserves.

The time has come to reassemble and renew our efforts to advance the cause of High-MW
electronics and high-penetration of renewables.

Hi-MW Working Group

Dr. Leo F. Casey, Satcon Corporation
Bob Reedy, Florida Solar Energy Center
Charlie Vartanian, A123 Systems

Dr. Le Tang, ABB Inc.

David Nichols, Altairnano, Inc.

Tarek Abdallah, ERDC-CERL

Madhav Manjrekar, Siemens
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Summary of Key Presentation Points

This summary highlights the key points made by each of the individual presenters.
Readers are encouraged to view the individual presentations to obtain additional
details. Attachment 1 contains a list of meeting attendees

Al Hefner, Opening Remarks, High MW Roadmap Committee and NIST Host

David Prend, Rockport Capital - Barriers to Large Scale Grid Penetration
e The technologies needed for the “smart grid” currently exist
e Based on the experience in other nations (i.e. Spain, Germany) significant
increases in market penetration by renewable generation are possible
e The real problem is demand and financing
e Learning curve experience results in significant cost reduction — (i.e. - for every
doubling of cumulative capacity, the cost of wind power decreases by 10%)
e Conclusions
o0 Deal with demand side and supply will be there
o Focus on institutional barriers rather than technical barriers

John Lushetsky, DOE Solar Program, Program Manger

e Ascumulative installed capacity has increased, the cost of modules based on
crystalline and amorphous Silicon and Cadmium Telluride cells have all
decreased significantly

e In 2008, California alone installed 158 MW, exceeding the 150 MW growth
achieved by entire U.S. in 2007. Outside California, annual installations grew
83% in 2007 over 2006.

e DOE’s Office of Energy Efficiency and Renewable Energy accounts for almost
40% of early-stage Cleantech funding

e DOE is funding the development of SEGIS (Solar Electric Grid Integration
System) which is focused on new requirements for interconnecting PV to the
electrical grid, including intelligent hardware that strengthens the ties of smart
grids, microgrids, PV, and other distributed generation.

Colin Schauder, Satcon, Satcon Fellow, - Isochronous Grid through Electronics

e Electronic generators began service in the 1990’s as parts of other equipment
types for VAR generation, voltage support, flicker reduction, transmission line
power flow control, power oscillation damping, and underwater and underground
power transmission by cable

e Connected to DC generators, these same designs could serve as very high
performance AC generators for the grid

e The capability of an electronic generator could be used for grid control by



emulating a conventional synchronous machine generator in a conventional AC
interconnection or establishing an isochronous AC interconnection area under
electronic control

e Electronic generators can be used to maintain constant grid frequency,
instantaneously absorb real and reactive load/generation differences, provide DC
inter-ties for stable power exchange with other AC grid segments, and respond
rapidly to control center commands through secure high-speed communications

e The challenges for proponents of utility-scale electronic generators are to achieve
high reliability and availability and develop/incorporate suitable energy storage

Jeffrey B. Casady, SemiSouth — Recent Advancements in SiC Power Devices and the
Impact of Normally Off SiC JFET’s on PV and Wind Inverter Platforms
e SemiSouth SiC (Silicon Carbide) JFETs (Junction Gate Field Effect Transistors)
can replace IGBTSs (Insulated Gate Bipolar Transistors) and MOSFETs (Metal
Oxide Semiconductor Field Effect Transistors) for higher efficiency and higher
frequency switching with power dissipation reduced by over 50%
e World record (> 99%) PV inverter efficiency has been demonstrated in the field
e SiC FET devices are suitable up to 3-4 kV, and are being released now

Jerry FitzPatrick, NIST- Smart Grid Interoperability

e Smart grid requirements - accommodate rapid growth in renewable energy
sources such as wind and solar, empower consumers with tools to manage and
reduce energy use, and enhance reliability and security of the electric system

e 20% of current grid capacity is needed to serve 5% of highest usage hours

e Combining electrical and information infrastructure to create a “smart grid”
requires interoperability which requires reliable standards and validated
performance

e The NIST role — n cooperation with the DoE, NEMA, IEEE, GWAC, and other
stakeholders, NIST has “primary responsibility to coordinate development of a
framework that includes protocols and model standards for information
management to achieve interoperability of smart grid devices and systems”

e Smart Grid Interoperability Panel, a public-private partnership formed in
November 2009, is a permanent body which supports NIST in setting standards
for U.S. smart grid, coordinates but does not develop standards, with over 360
founding member organizations

Al Hefner, NIST - Energy Storage Priority Action Plans for Smart Grid
Interoperability
e The current US grid delivers 60 Hz uni-directional AC power produced in large
central plants by rotating machines
e As the amount of intermittent, renewable (wind and solar), distributed power
generation increases, and the demand side changes to include electric vehicles the
character of the grid must change
e The new “smart grid” paradigm requires advanced, high megawatt, cost-effective
power conditioning systems
e Meeting energy storage and cyber-security issues is a major challenge



e Development of standards is an enabling requirement
e NIST and the Smart Grid Interoperability Panel will guide and oversee progress
on Priority Action Plans (fourteen are currently being developed)

Charlie Vartanian, A123 - Storage, Smart Interfaces for Frequency Regulation and
Beyond
e PCS capabilities for full grid benefit include Steady State W power transfer plus:
o Steady State VAR, voltage reg.
o Transient W, a/c stall barrier
o Transient VAR, sag mitigation
o0 Dynamic W, damping, inertia
o Dynamic VAR, voltage stability \Islanding, reliability
e Battery energy storage with frequency response capability is technically reliable
today, but the barrier to wide-spread deployment is a viable investment recovery
mechanism

Madhav Manjrekar Siemens — Green Energy and Power Systems
e Evolution to a Smart Grid:
o From control generation and central control to distributed generation and
distributed control
= Penetration of renewables
= Inclusion of energy storage
o From load flow by Kirchoff’s Law to load flow by power electronics
o From manual switching, trouble response to automatic switching,
anticipatory response with built-in intelligence
o From periodic maintenance to prioritized, condition-based predictive
maintenance

Le Tang, ABB, - Smart Grid and Power Electronics - Why Do We Need High MW
Electronics
e A smart grid is the evolved system that manages the electricity demand in a
sustainable, reliable, and economic manner built on advanced infrastructure
and tuned to facilitate the integration of the behavior of all involved
e The major requirements of a visionary smart grid are
o Capacity - Upgrade/install capacity economically and provide additional
infrastructure (e-cars)
0 Reliability - Stabilize the system and avoid outages and provide high
quality power all the time
o Efficiency - Improve efficiency of power generation and reduce losses in
transport and consumption
0 Sustainability - Connect renewable energy to the grid and manage
intermittent generation
e Medium voltage variable speed drives are needed because
0 60 - 65% of industrial electrical energy is consumed by electric motors
o Foreach 1 USD spent to purchase a motor, 100 USD are spent for energy
cost during its lifetime



o Today, only 5% of these motors are controlled by variable speed drives
0 30% of existing motors can be retrofitted with variable speed drives

e Smart Grid needs high MW electronics

(0}

(0}

Solid-state substation provides current switching, current interrupting
current limiting, and transformer

Challenges include high reliability, low losses, thermal
management/cooling, high switching frequency, high blocking voltage for
direct MV connection, high power density/footprint, low cost

Kevin Tomsovic, University of Tennessee — Power System Control Research Issues
e EXisting power control systems are:
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Connected system built upon rotating machines with high inertia and relies
on dependable patterns of consumption

Very little load is controllable, instead generation tracks daily load curve
System has been engineered to meet peak demands

Numerous central controls acting largely independently

Localized control schemes primarily for protection

e Needed system changes

(0}
(0}

(0}

A broader electric grid to include energy end use

Increased scheduling capability through local management for existing
loads and the addition of new loads

New and reconfigurable transmission to improve source diversity

Provide effective storage through combination of fast-start units, PHEV’s,
low-level UPS, and utility-scale storage

A flattening of the control structure that replaces the traditional control
strategies with simpler local controls operating within a more global
context for the system

e Some potential topics for research in the area of control include speed of
response, amount of response, need for new transmission and determining
transmission limits in real time
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High MW Electronics
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Let’s step back to late 1970s

Carter — “Moral Equivalent of War”

PV on the White House

David Prend

Engineer in Advanced Energy Technologies,
Bechtel Corporation, 1980




Is technology really the problem?
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The importance of learning curves
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Solar learning curve

PV Module Production Experience (or “Learning”) Curve
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The impact of incentives
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Wind learning curve
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301

COE cents/kWh (2005%)

Learning rate ~10%

Wind

i.e. for every double of
cumulative capacity, cost
of wind power decreases
by 10%

1980 1995 2010 2025

Source: NREL Energy Analysis Office (www.nrel.gov/analysis/docs/cost_curves_2005.ppt)
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Incentive effects on US installed wind capacity
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Grid technologies currently exist

Grid Storage
» Wide area networks » Flow batteries
» Smart meters » Pumped hydro
» Substation automation » Compressed air
» Home area networks » Flywheels
» Real time monitoring and || » Electrochemical
control capacitors
» Microgrids » NAS batteries
» Demand management » Lead-acid batteries
» High MW power » Li-ion batteries
electronics

CONFIDENTIAL, Property of RockPort Capital Partners 9



Large scale penetration is feasible

Geothermal/Wind/Solar/Other Generation (GWh)

25%
20%
2008

15%
Renewables

. 10%
Penetration

5%

0% —
Source: IEA USA Germany Spain Denmark Iceland
A Means to Achieve 100% Renewables Penetration
BN § e
POWER W)
1Ll ]

2020 Model

for California

Source: Scientific American, November 2009
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R&D spending on energy vs. other sectors
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Global government spending on energy R&D

160000

—4—Total Renewable Energies

—i— Fossil Fuels
140000 4—

Muclear Energy

120000

100000

80000

60000

40000

Cumulative Spend, Constant 2005 $Millions

20000

Source: Journal of Energy Policy, Schilling and Esmundo, 2009
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How level is this playing field?

ol smritotaks in 3 blons

Tar breaks

[ouber ring)

$70.2 hillion

TRADITIONAL
FOSSIL FUELS

Source: Environmental Law Institute, 2009

4539  Direct spends

Federal Subsidies (2002-08)

FOSSIL FUELS
$72.5 billion

RENEWABLE ENERGY
$29.0 billion

. $12.2 hillion
$2.3 billion TRADITIONAL
CAREON CAPTURE RENEWABLES

AND STORAGE"

[innar cincle]

$16.8 billion

CORN ETHANOL®Z

Climate protecting \

7

£

Damaging
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How level is this playing field?

Federal Electricity Subsidies 2002-2007
(Billions of 2007S)

Direct Expenses Tax Incentives
Nudear $6.2 Nudear ™ S0.0
UL ELECTRIFICATION ADNINISTRATION Fossil Fuel R&D 3.1 Fossil Fuel 13.7
L UL Renewables R&D 14 Renewables 2.8
' Transmission Improvements 0.8 Transmission and Other 1.7
$6.4B project in today’s Total: 115 Total: 18.2
do"ars UThe GAO report excludes low cost loans, and the federal liability insurance program

provided to nuclear operators, which significantly subsidizes their operations.

Source: Federal government statistics and the Government Accountability Office (Report GAO-08-102)

14 ROCKPORT



The real problem is demand...and financing

» Question: how much capital investment would it take to increase
(non-hydro) renewables from today’s level to 20%?

Total US electricity generation™ 3,972,423,000 MWh
Total (non-hydro) renewable generation* 130,516,000 MWh 3.3%
*Rolling 12 month total as of August 2009 (EIA)

20% of Total US electricity generation 794,484,600 MWh
Additional generation from (non-hydro) renewables 663,968,600 MWh

Capital investment required to reach 20% target (billions)

Average capacity factor
5158 15% 20%
$2.50 | $1,263 S947
Installed Cost (S/W) $3.00 | $1,516 S1,137
S3.50 | $1,769 S1,326

> Answer: More than a trillion dollars!
15 ROCKPORT



How do we access large pools of capital to fund
deployment?

Feed in Tariffs Utilities
“United States of Cost recovery through
Gainesville” “rate basing”

16 ROCKPORT



Conclusions

» Deal with demand side and supply will be there

> Focus on institutional barriers rather than technical barriers

17
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U.S. DEPARTMENT OF

ENERGY

Energy Efficiency &
Renewable Energy

Solar Energy Technologies Program

National Institute of Standards and Technology
High-MW Electronics Seminar

“Investments in Power Electronics within the Solar
Energy Technologies Program®

John M. Lushetsky

Program Manager

Solar Energy Technologies Program (SETP)
Department of Energy

Office of Energy Efficiency and Renewable Energy

December 11, 2009



U.S. DEPARTMENT OF Energy Efficiency &

ENERGY Renewable Energy

Excitement, Leadership, and Opportunity

.
&

o
L g AP P ol (k

v % o
. A

Dr Steven Chu, Secretary of Energy

President Barack Obama President Obama’s Swearing-In Ceremony :
January 20, 2009 Nobel Laureate, Ph.D. Physics,

Former Director of LBNL

“We will harness the sun and the winds and the soil to fuel our
cars and run our factories...All this we can do. All this we will
do.”

President Obama, January 20, 2009

U.S. Department of Energy Solar Energy Technologies Program Slide 2



.S. DEPARTMENT OF Energy Efficiency &

DOE programs address the technology innovation ENERGY | renewable Energy
and capital needs across the development pipeline

Market Market

U.S. Department of Energy
Annual Budget: $27 Billion (FY10)

Industry and
2. Capital Markets

Office of Science Energy Efficiency,
Renewable Energy

‘............................’

(EERE)
Annual Budget: Annual Budget:
$4.9 Billion (FY10) $2.24 Billion (FY10)

U.S. Department of Energy Solar Energy Technologies Program Slide 3



U.S. DEPARTMENT OF Energy Efﬁciency &

Office of Energy Efficiency and Renewable ENERGY

Renewable Energy

Energy Technology Portfolio

I Electric Power Generation

Geothermal
Solar
Wind & Hydropower

I Advanced Transportation

Biomass
Fuel Cells
Vehicles

I Energy Efficiency Commercialization

Buildings N & Deployment
Industrial \
Federal Energy Management

Weatherization and Intergovernmental

MISSION STATEMENT

Develop cost competitive clean energy technologies and practices and facilitate their

commercialization and deployment in the marketplace to strengthen America’s energy
security, environmental quality, and economic vitality.

U.S. Department of Energy Solar Energy Technologies Program



.S. DEPARTMENT OF Energy Efficiency &

Investment in the US ENERGY | renewabie Energy

Cleantech industry over the past three years

DOE's Office of Energy Efficiency and Renewable Energy accounts
for almost 40% of early-stage cleantech funding

VC and EERE Investments in U.S. Cleantech

$3,000 -
$2.500 -

$2,000 -

ions)

$1,500 -

USD (in Mil

$1,000 -

$500 -

Sources:
DOE and New
V9 § § Energy Finance

U.S. Department of Energy Solar Energy Technologies Program




U.S. DEPARTMENT OF Energy Efﬁciency &

Scale of the challenge to address climate ENERGY

Renewable Energy

change

*Increase fuel economy of 2 billion cars from 30 to 60 mpg.

» Cut carbon emissions from buildings by one-fourth by 2050—on top of projected
improvements.

* With today’s coal power output doubled, operate it at 60% instead of 40% efficiency
(compared with 32% today).

* Introduce Carbon Capture and Storage at 800 GW of coal-fired power.

* Install 1 million 2-MW wind
turbines.

* Install 3000 GW-peak of Solar
power,

* Apply conservation tillage to all
cropland (10X today).

* Install 700 GW of nuclear power.

(o))
1

wh b b
N A

Stabilization
8 - triangle

4 Continued
fossil fuel emissions

Source: S. Pacala and R. Socolow,

Fossil fuel emissions (GtCly)

“Stabilization Wedges: Solving the Climate 0

Problem for the Next 50 Years with Current 2000 2010 2020 2030 2040 2050 2060
Technology”, Science 13 August 2004,

pp.968-972. Year

U.S. Department of Energy Solar Energy Technologies Program



U.S. DEPARTMENT OF Energy Efﬁciency &

ENERGY Renewable Energy

Time Constants for Change

* Political consensus building ~ 3-30+ years
*  Technical R&D ~10+
*  Production model ~ 4+
* Financial ~ 2++
* Market penetration ~10++
- Capital stock turnover
— Cars ~ 15
— Appliances ~ 10-20
— Industrial Equipment ~ 10-30/40+
— Power plants ~ 40+
— Buildings ~ 80
— Urban form ~100’s
» Lifetime of Greenhouse Gases ~10’s-1000’s
* Reversal of Land Use Change ~100’s

U.S. Department of Energy Solar Energy Technologies Program



U.S. DEPARTMENT OF Energy Efﬁciency &

Problem for Cleantech Entrepreneurs: ENERGY

Renewable Energy
How to cross the “Valley of Death”

Prin.la.ry Basic Research Dee;}trng%?i'?n Early Market Entry ‘ Slg_nlflc_ant government anq
Activty | andlnvention a0 e Commercialization - and Growth university sources for Basic R&D —

v
A

> venture capital and public markets
available for growth
and expansion.

« Cleantech requires significant capital
required for Prototype,
Demonstration, and Market
Validation.

* Cleantech is material intensive -
requires higher capital levels than IT,
biotech, or software.

« Cleantech subject to significant

Availability of Capital

\. “Valley of Death”

1 : ). | | market risk due to government
Typical i olicy.
Primary Government Egggzg}%ggi c\algagfirsets Pu[;)?it(’:tannu?ty p y . ) .
Investors et * Present economic and financial

conditions have constrained

conventional funding and “widened”
Significant need for new and novel sourcesioé eapital.and partnerships

to accelerate Cleantech through commercialization

U.S. Department of Energy Solar Energy Technologies Program



.S. DEPARTMENT OF Energy Efficiency &

DOE programs address the technology innovation ENERGY | renewable Energy
and capital needs across the development pipeline

Market Market

Industry and
Capital Markets

‘............................’

U.S. Department of Energy Solar Energy Technologies Program Slide 9



U.S. DEPARTMENT OF Energy Efﬁciency &

DOE programs address the technology innovation and ENERGY | renewable Energy
capital needs across the development pipeline

Market Market
Penetration Maturity

Industry and
Capital Markets

National

Lab Tech

Commer-
cialization

Frontier
Research
Centers

Innovation
Hubs

‘............................’

U.S. Department of Energy Solar Energy Technologies Program Slide 10



The mission of DOE’s Solar Program is to accelerate the  u.s.ocearmuentor | Enargy Efficiency &

wide-spread adoption of solar electric technologies ENERGY | renewable Energy
across the United States

Distributed Generation
- on-site or near point of use -

Market Transfor
Grid Integrat

Concentrating Solar
Power (CSP)

Centralized Generation
- large users or utilities -

U.S. Department of Energy Solar Energy Technologies Program



U.S. DEPARTMENT OF Energy Efﬁciency &

SETP’s pipeline approach aims to ENERGY
balance near and long term research

Renewable Energy

Component System Development & Manufacturing Market

Prototype & PI.IOt Prototype System Manufacturing-Oriented | Commercial Production Commercial Transformation
Scale Production Development Design & Pilot Production Demonstration Replication

Material & Device | 'Device & Process
Concepts Proof of Concept

FEEDBACK / SYSTEM REQUIREMENTS

TECHNOLOGY PIPELINE

Basic/Applied PV Incbators | Solar America

Energy Sciences/ § : Solar gy Grid Technology Pathway Partnerships H Board of Codes
H Solar Utilization Integration Systems H & Standards

Concentrating Solar Power | State & Utility
PV University Product & Process Solar Asherica

Cities
Supply Chain
Solar America

SETP ACTIVITIES

: Federal

PV Manufacturing Initiative Showcases

Projects

Workforce
H Development

U.S. Department of Energy Solar Energy Technologies Program



U.S. DEPARTMENT OF Energy Efﬁciency &

The US has a tremendous solar resource ENERGY

Renewable Energy

relative to current leading markets

Annual average solar resource data are for a solar collector oriented toward the south at a tilt = local latitude. The data for Hawaii and the 48 contiguous states are
derived from a model developed at SUNY/Albany using geostationary weather satellite data for the period 1998-2005. The data for Alaska are derived from a 40-km
satellite and surface cloud cover database for the period 1985-1991 (NREL, 2003). The data for Germany and Spain were acquired from the Joint Research Centre of
the European Commission and is the yearly sum of global irradation on an optimally-inclined surface for the period 1981-1990.

States and countries are shown to scale, except for Alaska.

Mainland
United States

Palma De
Mallorca

7 E

Germany

Bremerhaven

Alaska
United States

(Alaska Not to Scale)

Jacksonville

Corpus Christi

‘Honolulu
=

Brownsville E ‘,$

Hawaii
United States

Kodiak

: =] Alaska USA__ @
Unalaska f ! Germany

¥

E=] Hawaii USA
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Mesie . Lom Mainland USA

kWh/m?2/Year = ‘zﬁ N2=
April 10, 2009 00 QQ QQ QQ QQ @ @ QQ QQ QQ QO QQ 00 QQ \) @ This map was produced by the
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U.S. Department of Energy Solar Energy Technologies Program Slide 13



U.S. DEPARTMENT OF Energy Efﬁciency &

ENERGY Renewable Energy

The U.S.is rich in PV technology innovation

The US is the most diversified in solar technologies receiving VC and PE financing, with substantial
investment in thin film PV, as well as CPV and CSP
— In Europe, most of the funding has been to polysilicon and c-Si PV companies
— In Asia, almost all investment has gone to c-Si PV

Global Venture Capital and Private Equity Investments by Solar Technology

EU U.S.
AS IA (includes Isreal, Morocco, and S. Africa) (includes Australia and Canada)
$1,200 : 80

[ Thin Film PV
[ Project Developer L
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’ [ other
[ Next Generation PV T60 =
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o B csp =1
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2 M crv s
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Q
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]
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) i ,
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S O O O O 0 OO o OO0 0 O o9 o o
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Source: NEF / NREL / FACC
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U.S. DEPARTMENT OF Energy Efﬁciency &

The U.S. share of worldwide PV cell/module ENERGY | Renewable Energy

production has fallen drastically

« China’s PV cell/module production has been outpacing global growth during the past
5 years (with 5-yr CAGR through 2008 of 170% vs. global 5-yr CAGR of 56%).

« China took the lead in global production in 2008 with 1.8 GW of production (tied with
Europe at 27% market share of 6.9 GW global production).
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U.S. Department of Energy Solar Energy Technologies Program Slide 15



U.S. DEPARTMENT OF Energy Efﬁciency &

PV costs have been dramatically reduced ENERGY | renewable Energy

across different technologies

Historical and Projected Experience Curve for PV Modules
$30. .............................................................................

[( 1980 . . . . ) )
. : : = a-Si Operating Margin
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U.S. DEPARTMENT OF Energy Efﬁciency &

DOE’s industry R&D programs include diverse ENERGY

Renewable Energy

technologies

00
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.S. DEPARTMENT OF Energy Efficiency &

u.s
ENERGY Renewable Energy

SETP budget

$300 - N
B Recovery Act Funding
250 - S
$ I Market Transformation Recovery
 Systems Integration Funding
& $200 - B Concentrating Solar Power ... :
S I Photovoltaics _
é G150 o HN...... ...
kT
> Increase
S under SAI
(aa] 1 I CERRITEE I T TET TP TP PPN I I
- I _____ I ______ I ______ I ______ I ________________________
$0

FYO1 FY02 FY03 FY04 FYO5  FY0O6  FYO7  FY0O8  FY09  FY10

U.S. Department of Energy Solar Energy Technologies Program



The SETP is focused on enabling high penetration of solar

U.S. DEPARTMENT OF

ENERGY

Energy Efficiency &
Renewable Energy

energy technologies and achieving grid parity by 2015

80 R 18
< HISTORICAL TARGETS ~»
70 . — 16
— : - 14
S 60 %’
S g
3 12 B
= =
E 50 g
> 10 »
< Sta R =3
[eb] 40 rs . a
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= 30 4y . <P
[eb) .
5 : 5 B
S 2 : <
8 ) 4 2
et Residential : g
10 - & Commercial Rates g 9
IUtiIity Generation :
0 T T T T T 0
1990 1995 2000 2005 2010 2015 2020
Current U.S. Market Cost (¢/kWh) Cost (¢/kWh) Cost (¢/kWh)
Market Sector Price Range (¢/kWh) Benchmark 2005 Target 2010 Target 2015
Residential 58-16.7 23-32 13-18 8-10
Commercial 54-15.0 16 - 22 9-12 6-8
Utility 40-76 13-22 10-15 5-7

19
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U.S. DEPARTMENT OF Energy Efﬁciency &

ENERGY Renewable Energy

Growth of Grid-Tied PV at a Fast Clip

Cumulative U.S. PV Installations by Year

- Based on latest industry information e Grid-tied f
on grid-tied PV: Z 00 S
—  45% growth rate in U.S. PV 5 ot /
installations in 2007 over 2006 2 /
— Annual installed capacity more £ 200
than doubled since 2005 g . ,//
— In 2008, CA alone installed - f/
158MW, exceeding the 150MW R S g R
growth achieved by entire U.S. Year
|n 2007 Source: Larry Sherwood, TREC, P‘I.-W&
— Qutside CA, annual installations _Annual U.S. Grid-tied PV by Application
grew 83% in 2007 over 2006 Nee IERAE] N
% 120 Utility
- High-penetration PV wiII_inevitany E:- . R
become more prevalent in = R
for_eseeable future, based on growth 5 e
trajectory = %0 b e

=1

2003 2004 2005 2006 2007

Year

Source: Larry Sherwood; TREC

U.S. Department of Energy Solar Energy Technologies Program



U.S. DEPARTMENT OF Energy Efﬁciency &

ENERGY Renewable Energy

Technical Challenges for High-Penetration PV

 Ensure safe and reliable two-way
electricity flow

* Develop smart grid interoperability

* Develop advanced communication
and control functionalities of
Inverters

* Integrate renewable systems
models into power system planning
and operation tools

* Integrate with energy storage, load
management, and demand
response to enhance system
flexibility

* Understand high-penetration
limiting conditions

* Understand how various climates
and cloud transients affect system
reliability

U.S. Department of Energy Solar Energy Technologies Program




U.S. DEPARTMENT OF Energy Efficiency &

ENERGY Renewable Energy

SEGIS Development Efforts

-« SEGIS is a “system” development program focused on new
requirements for interconnecting PV to the electrical grid.

«  SEGIS develops intelligent hardware that strengthens the ties of
smart grids, microgrids, PV, and other distributed generation.

Anti-islanding control

System Controls Service W Utility
> Inverter [ >  panel Grid
_I_> Chgrge > Sub-Panel
< Control Power -Loads
Energy |3 |" | Control Unit
Storage
Adaptive Energy Critical
Logic Mgmt Loads
System System Loads —|7

4
Internet
(Weather Forecast) (<& f f >| Smart Loads |

e Electric Power = V/alue Information e Operations Information

Advanced Distribution Infrastructure with SEGIS Functionalities

U.S. Department of Energy Solar Energy Technologies Program



U.S. DEPARTMENT OF Energy Efﬁciency &

ENERGY Renewable Energy

SEGIS Stages & Timetable
SEGIS is a 3-Stage Solicitation ($24M)

1251 Today | 5S2 Awards
Awards

‘ 20% Cost Share

Stage 1
Concept and Feasibility

Proof of Concept/Feasibility
Research and Development
Advantages and Disadvantages
Barriers and Needs
Likelihood of Success
Market and Cost Analysis
Value-Added Analysis
Market and Tech Impacts

YVYYVYVYVYY

T&E/Hardware
Deliverables/Reports

Reports and Review

Quarterly & Mid-year
Reports
T&E/Hardware
Deliverables/Reports

Reports and Review

Quarterly Reports

Proposal to SNL
Reports and Stage 3
Proposal fo SNL

SEGIS INITIAL
PROPOSAL
v Stage 1 Complete
Technical & Cost
v~ Stage 2 Complete
Technical & Cost
v Stage 3 T&C (Brief
Overview)

END OF STAGE
REPORTS and
STAGE 3 PROPOSAL

v Stage 1 Technical
Report

v Stage 1 Market
Analysis Report

v~ Critical Program
Review

v STAGE 3 DETAILED
TECHNICAL &
COST PROPOSAL)

U.S. Department of Energy Solar Energy Technologies Program



.S. DEPARTMENT OF Energy Efficiency &

ENERGY Renewable Energy
Apollo Solar

Apollo Solar

« Smart Grid Inverter provides the capability

for energy storage.

* The battery storage can be installed during initial system
installation or at a later date.

« Smart Grid Inverter topology provides

iIncreased efficiency and high reliability.
* Due to low-part-count and minimal internal heat.

« The communication system allows
monitoring and control by the individual
system owner, by the ISO’s, or by the electric
utilities via IEC 16850-7-420 and other
developing protocols.

U.S. Department of Energy Solar Energy Technologies Program Slide 24



.S. DEPARTMENT OF Energy Efficiency &

u.s
ENERGY Renewable Energy

Florida Solar Energy Center

Florida Solar Energy Center

« The FSEC team is working to develop new grid integration
concepts for PV that utilize:

« optional battery storage

 utility control

« communication and monitoring functions
* building energy management systems

U.S. Department of Energy Solar Energy Technologies Program Slide 25


http://www.fsec.ucf.edu/en/index.php

Petra Solar

U.S. DEPARTMENT OF

ENERGY

Energy Efficiency &

Renewable Energy

Petra Solar

The company’s SEGIS system
architecture is achieved through a
number of technological innovations,
including:

- Easy-to-install, modular and scalable solar
power system architecture based on PV AC
modules.

«  Multi-layer control and communication
system that provides electric utilities with
the tools to deploy a smart grid
communications network and manage
distributed generation assets.

« Cutting-edge power management platform,
which provides tools and functionality to
achieve areliable two way distribution grid
architecture.

U.S. Department of Energy Solar Energy Technologies Program

Slide 26




. DEPARTMENT OF Energy Efﬁciency &

. ENERGY Renewable Energy
Princeton Power Systems

Princeton Power Systems

« Building an advanced Demand
Response Inverter (“DRI”)

incorporating nanocrystalline  gegs Commmisatons o
materials, that will lower energy i
C O S t . PRS_.én;a;I..mxrener

PV Power

* The DRI should achieve a lower
LCOE through the following
attributes:

« Small nanocrystalline magnetics and
low-voltage silicon contribute to high
efficiencies, with a California Energy
Commission (CEC) weighted efficiency
of 98%.

« Simplicity of design and reduction of
parts counts reduces initial capital
cost.

» Verified highly reliable components (15
year service life; ~400k hours Mean
Time Between Failures).

Critical Loads

Variable Loads

Hybrid Vehicle Battery Systems

U.S. Department of Energy Solar Energy Technologies Program Slide 27




U.S. DEPARTMENT OF Energy Efﬁciency &

ENERGY Renewable Energy

PV Powered

PV Powered
Focus is on two key areas:

1) Solving utility systems integration problems
+ Two-way Utility Communications and Control.
« Smart Power Islanding Detection.
+ Site Demonstration.

2) Improving the energy economics of PV systems
* Energy Harvest.
« Energy Management Systems Integration.
* Improved Power Plant Balance of System Components.

U.S. Department of Energy Solar Energy Technologies Program Slide 28



Contact Information:

John Lushetsky

Solar Energy Technologies
Program Manager

U.S. Department of Energy

Email:
john.lushetsky@ee.doe.gov
Phone: 202-287-1685

on the web:
www.solar.energy.gov

Sign up for SETP quarterly
newsletter by emailing:
solar@ee.doe.gov
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The Grid is a Wonderful Thing — But ...

«» The US electric power grid is a modern wonder.

« We are
» Usually it's BENEFICIARIES — everything is electrical
» Sometimes it’s VICTIMS — suffer through power outages
> But always it's CAPTIVES — almost impossible to change
« Huge capital investment in equipment and infrastructure
< Entrenched bureaucracy and operating procedures

« No financial incentive to do anything differently
« Nothing changes unless legislation forces it

« Given the technology and hindsight available today,

Edison and Westinghouse might come to different
conclusions about how to deliver electricity.




The Utility-Scale Electronic Generator

» A static or other electronically-controlled sinusoidal 3-
phase voltage source

» Self-commutated (i.e. independent of ac line voltage)

» High power rated
> Multi-megawatts to hundreds of MW

» Capable of real power flow in one (or both) directions
from (or to) a real power source (or sink, or energy
storage) — analogous to the “prime mover”

» Capable of connection at transmission voltage levels
» Capable of generating (and absorbing) reactive power
» High Efficiency

> EXxpected power losses < 1%

Q Satcon-



Electronic Generators Arrived Quietly in the 1990’s

- In Disguise

« Not billed as generators, but disguised as part of
other equipment types — up to 320 MVA

> STATCOM - Static Compensator

« Westinghouse, Mitsubishi, ABB, Alsthom — US installations TVA, AEP, PG&E,
NYPA, SDG&E, VELCO, NU, Austin

> UPFC — Unified Power Flow Controller
« Westinghouse (Siemens) — AEP, NYPA, Korea

» SSSC — Static Synchronous Series Compensator
« Westinghouse (Siemens) — AEP, NYPA

> IPFC — Interline Power Flow Controller
« Westinghouse (Siemens) - NYPA

> Arc Furnace Flicker Compensator
« Westinghouse, Mitsubishi

» Back-to-back asynchronous intertie
« ABB — US installation at AEP

> HVDC Lite
« ABB worldwide Q Satcon®




Various High-Power Equipment Has Been Built

Around Large Electronic Generators

J
0’0

All of these types of equipment qualify as electronic generators as
defined here.

The power ratings achieved are comparable with moderately large
utility generating units

« None of the equipment types has typically been associated with a
built-in capability to produce electrical power from fuel or
renewable sources or to and from bulk energy storage.

They were designed to serve different purposes from conventional

utility power generation

» Var generation — Voltage support — Flicker reduction
« Transmission line power flow control — Power oscillation damping.
» Underwater and underground power transmission by cable

But .. Connected to suitable dc power sources or energy storage

the same designs could serve as very high performance ac
generating units for the grid.
Q Satcon®
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WESTINGHOUSE (SIEMENS) UNIFIED POWER FLOW CONTROLLER

AEP INEZ SUBSTATION, KENTUCKY.
320 MVA (2 x 160 MVA) INVERTER - DEDICATED JUNE 1998

First back-to-back inverter
installation
Largest inverter installation in the
world (when dedicated)
First high power 3-level pole
installation
First demonstration of series
connected inverter-based compensation
First demonstration of UPFC with
automatic power flow control
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UPFC Installation at AEP Inez Substation

ACKNOWLEDGEMENT TO AEP FOR USE OF PICTURE

Series Big
Transformer Sandy
Line
Spare
Shunt LR gl
Transformer | X
\ ok Cooling
: System
Main Heat
Shunt W Exchangers
Transformer |

r
Shunt & Series UPFC Building 0 Sateon:
Intermediate Transformers (Inverters & Controls)



View of the 320 MVA (2 x 160 MVA) GTO-Based Inverter at
AEP Inez Substation




Example of Electronic Generator Waveform Synthesis
- AC Series Cascade - 60 Hz Switching - 48-Pulse Output Voltage

- Practical Design in Service at 150 MVA
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Example of a Hypothetical 100 MW Electronic Generator
- H-Bridge Series Cascade - Low Voltage IGBT's

- Multiple Grounded Power Sources
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Large-Scale Self-Commutated Electronic Generators

Failled In Some Markets — Succeeded in Others

« After many successful demonstration projects established
the technical viability, commercial reality set in.

> Failed in transmission compensator market

- Utilities prefer alternative line-commutated thyristor-based equipment
for var generation - Lower performance, lower cost.

- Little interest in power flow control or oscillation damping
» Succeeded in underwater and underground cable transmission
market.
- HVDC Lite (ABB) (and very recently HYDC Plus (Siemens) )
- DC cable beats AC cable transmission.
- Self-commutated beats line-commutated on weak AC bus




Return of the Electronic Generators — No Disguise

+ Electronic generators are returning to the grid, with a new
raison d’étre as the grid connection interfaces for
renewable and alternative energy sources and storage

> Lower unit power ratings (1MW - 3MW typical) — but sometimes
aggregated to tens of MWs per site

» Often connected to the distribution system at MV levels rather
than a transmission bus

» With built-in power sources / sinks:

- Renewable energy (PV storage (x 1 MW)
= Grid interface for wind turbines (x 3 MW DFIM)

- Energy storage
» Usually not owned and operated by utilities




Electronic Generators Have Been Relegated to Menial

Duty Providing an Interface with the AC Grid

+ Presently electronic generators act as simple low-tech
power sources connected to the grid.
> Allowed to push current into the grid for various purposes

> Regulate voltage at transmission buses and ride through
disturbances

> Regulate nothing on distribution buses - get out of the way during
disturbances and let the big boys handle it



Control of the AC Interconnected Grid Has Evolved

Around Synchronous Machine Generators

» Frequency is used as a global control variable
> Effectively establishes a form of communication between
generating units.
« Grid control depends on frequency change.

«» (Generator governor action provides a power/frequency
droop characteristic that establishes equitable load
sharing.

«» Sudden load changes are transiently supplied from the
collective stored energy (inertia) until governor action
stabilizes the grid at a new frequency.

«» Secondary control from a control center slowly adjusts the
droop characteristics so that the load/generation
equilibrium point returns to 60 Hz.

Q Satcon-



Control is Based on Frequency Deviation and

Correction — Power Used For Correction is Expensive
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Stored Energy (Inertia) Supplies Load Excess Until

Governor Action Stabilizes Frequency — AGC Corrects
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How Would You Utilize The Capabillity of An Electronic

Generator to Control a Grid?

< Emulate a conventional synchronous machine generator
In a conventional ac interconnection
OR

» Establish an isochronous ac interconnection area under
electronic control



How Should Electronic Generators Be Incorporated

Into A New Modern Grid Architecture?

<« Electronic generators can be forced to suppress their fast
control capability, and mimic the behavior of their rotating
synchronous machine counterparts.

» Frequency/Power droop with slow secondary frequency correction —
Business as usual — Same power system stability issues.

» This is the basis of the CERTS approach to microgrid control
OR

» Electronic generators can be used to

» Maintain constant grid frequency

> Instantaneously absorb real and reactive load/generation differences

> Provide dc interties for stable power exchange with other ac grid
segments

» Respond rapidly to control center commands through secure high
speed communications. 0 ra—

L)

4



Electronic Generators Can Be More Than Just Grid

Interfaces — They Can Control The Grid Frequency

< An electronic generator of sufficient rating can support a
guasi-infinite ac “swing” bus, defining the frequency of the
entire ac interconnection in an absolute sense.

> An electronic generator provides a nearly ideal Thevenin voltage
source behind a finite tie impedance

» Frequency and phase of the controlled voltage source is not
dependent on load

» The electronic generator supplies or absorbs all of the differential
real and reactive power for the grid (i.e. the difference between
other generation and loads) — virtually instantaneously.




Two Hypothetical Electronic Grid Architectures

DC TIES BETWEEN DC TRANSMISSION
ADJACENT AREAS BACKBONE COMMUNICATIONS
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An Isochronous Grid With Electronic Generator

Control

SIMULINK MODEL FOR HYPOTHETICAL GRID CONTROLLED ISOCHRONOUSLY BY AN ELECTRONIC GENERATOR

- Battery feeds electronic generator serving as isochronous swing generator

, controlling voltage and frequency

- Electronic generator supplies or absorbs transient real power and continuous reactive power as needed
- Rotating synchronous machine generator unit supplies continuous load with prime mover under dispatch control
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An Isochronous Grid With Electronic Generator Control
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The Challenges For Proponents of Utility Scale

Electronic Generators

« Achieve high reliability and availability
» Essential for equipment controlling a grid
> Should be easier with electronics than rotating machines

«» Develop/incorporate suitable energy storage (High MW —
short or long term) and/or power sources to enhance the
capability of electronic generators to absorb, store, and
deliver energy

«» Gain acceptance through large “island” grid projects
Incorporating synchronous machine generators

<« Fight the good fight — Work to revise standards that
Impede the progress of new forms of generation

<+ Establish a sound commercial basis for the use of
electronic generators — Otherwise they will disappear!

0 Satcon-
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Recent Advancements in SiC power devices & the
Impact of normally-off SIC JFETs on PV mverter

platforms

Jeffrey B. Casady, CTO & VP Bus Dev
SemiSouth Laboratories Inc.

www.semisouth.com

High MW Electronics — Industry Roadmap Meeting

December 11t 2009 Semng Uth



http://www.semisouth.com/

Semi Introduction

SemiSouth Laboratories is a clean energy enabler

specializing in the design & manufacture of silicon carbide (SiC) power devices
used to harvest and transfer power in renewable energy systems,
telecom server farms & hybrid electric vehicles.

SemiSouth silicon carbide based devices offer higher efficiency, greater power
density and higher reliability than comparable silicon-based devices

i
T Servers

| Vo
World record PV inverter efficiency SiC afer

SiC UPDATE
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Semi SiC Properties

® Silicon and Carbon

B Cubic and hexagonal structure (4H)

" breakdown field (MV/em)

1400
gal

electron mobility (*10° cm?/Vs)

tThermaI conductivity (W/cmK)

saturation velocity (*107 cm/s)
» ‘:__'bandgap (eV)

Silicon Carbide (SiC)
Silicon (Si)

Source: www.wikipedia.de Source: www siced.de

SiC UPDATE




SemiSouth SiIC Advantages

Material property Si 4H-SiC GaN
Bandgap 1.12 eV
Breakdown field 0.25 MV/cm
Thermal conductivity 1.5 W/emeK 1.3 W/cmeK
Electron mobility 1200 cm?/Ves 800 cm?/Ves 900 cm?2/Ves
Dielectric constant 11.7

Silicon carbide is the ideal power semiconductor material
Most mature “wide bandgap” power semiconductor material
Electrical breakdown strength ~ 10X higher than Si
Commercial substrates available since 1991 —

d now at 100 mm dia;} {50 mm dia soon

o Defects up to 1,000 times less than GaN

o Thermal conductivity ~ 3X greater than Si or GaN

SiC UPDATE
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Semi Thinner DeviceS, LowerfLosses

unipolar bipolar (plasma)
= devices devices
Si
E . . 2
oS Fon ~ Waritt / Np st ~ Wit

X
Warift Si

Wit sic ® Waritt.si / 10 Wit sic ® Waritt.si / 10

ND,SiC ~ 1OO'ND,Si

E

Ecrit,SiC

SiC

Fon,sic ® Ton,si / 1000 Ostsic = Ost,si / 100

> X

Wiritt sic 7 )
N. Kaminski, EPE2009 IALB

SiC UPDATE




Semi ON-Resistances: Theofretically
1000
E 7 :
G / //
E or 500
o 100 y4 /
O
S / ’
k7] - / 7
g actorll12 76\\ ™
- Sl
% 10 7 /’I{Q?q} 7 ";»c’\\
O \V/' N ,' N
§- (\\QO/ ,'né;é
NV P et
1 &/ ,
100 1000 10000
Breakdown Voltage (V)

N. Kaminski, EPE2009 ALB )



Semi A Note on Device Size

m SiC devices can not be 500 times smaller
m 500 times higher current densities are tough

m 500 times higher loss densities are deadly
(same losses on 500 times smaller area)

m Rather: Design on the same loss density

m Area and losses reduced by the same factor
m Benefit would be /\BFoM , i.e. still factor 22

m Note: Threshold voltages do not scale!

N. Kaminski, EPE2009 IALB )




Semi Material Propertiés

Parameter Silicon 4H-SiC GaN Diamond
Band-gap E4 eV 1.12 3.26 3.39 2.47
Critical Field Eg;it MV/cm 0.23 2.2 3.3 0.6
Permitivity &, — 11.8 9.7 9.0 57
Electron Mobility pyn cm2/V-s 1400 950 1500 1800
BFoM: Er'Un'Ekrit3 rel. to Si 1 500 2400 9000
Intrinsic Conc. n; cm> | 1.410"° 8.2110° 1910™ 1.10%
Thermal Cond. A Wicm-K 1.5 3.8 1.3 20

m Low leakage currents (at least theoretically)
m High temperature operation possible (packaging!)
m Better cooling and temperature homogeneity

N. Kaminski, EPE2009 IALB )




Semi Device Concepts for WBG

Functionality Switches

Diodes  |junction controlled, MOS-controlled

| .
| poor & instable
I g interface props.

Conductivity

unipolar 7
= .~ VX %

bipolar (plasma)

crystal degradation (SiC)
low plasma lifetime (GaN)

m) Vi=E,/q-05V

N. Kaminski, EPE2009 IALB )

SiC UPDATE



Semi Device Concepts for WBG

Functionality Switches
Diodes  |junction controlled, MOS-controlled
e : poor & instable
COHdUCtIVIty : interface props.
i
unipolar Schottk |
[ chott y] eer™™) | MosFET?
# lon  ~ \/E?Fi3 JBS : J\
I
‘/ I
_ MPS BJT( ) 1:1 replacement
bipolar (plasma) for Si IGBTs
crystal degradation (SiC) _
low plasma lifetime (GaN) ( ‘/) not a real plasma device:
i i high
=) zi/q—o.sv ollp Thyris VQ | for very high
i voltages?

N. Kaminski, EPE2009 ALB )



Semi ON-Resistances: State of the Art

1000 : 7
. 1-OSIFMOSFET o —
E 1 *SiFSJ-MOSFET vl y
& © SiFIGBT / o
£ oo | XSHECT o1 | o
4 ' NCCET A1) e ——
Q 1@ SIC-MOSFET /5T fﬁ" —
@ | i /
:% Py By = I‘(/:::i A, Q x AJ/\ / ’
: A SiCBJ1 o v <\ SHIEE
@ IC- ’ y Q>
u SiC-IGBT & //\q§ z,;.\\<
c 10 7 o & 78 N
S N/ T — i~ 2 — "
= N /. R\
2 | I 3%/ Al - / 9“’1 N
& 7 R R
@\'\) L /
1 y
100 1000 10000
Breakdown Voltage (V)

N. Kaminski, EPE2009 ALB )



SiC is the Ideal Power Device
Technology

SemiSouth JFETs can Replace IGBTs and MOSFETSs for Higher Efficiency
and Higher Frequency Switching
....Power Dissipation can be reduced by over 50%

SiC devices in power
electronics

Semi

IT & consumer Automotive

Converter DC/AC DC/DC
PFC power inverter inverter converter

supplies 1

Electronic appliances Wind
and computing upPs Hybrid automotive tarbline
< 500 W 1-5kW 30 - 350 kW

SiC UPDATE



Semi

Power Transistor Improvement with Time

Bipolar
— HEXFET™
Key markets
TrenchFET
| *Solar
COOLMOS™ *Medical

FOM

*Hi-Rel / Aero

o

Enables higher range in

*Power Supply
*Welding

voltage (600 to 3 kV) than
possible in COOLMOS™

SemISOUt «Automotive
SiCJ FET *Protection
7-10X better switching
performance than IGBT

1975 1990 2005 2020

Year

SiC UPDATE



SemiSouth JFET Technology

SemiSouth JFET advantages _ SemiSouth
, Vertical-Channel JFET
& All benefits of SiC Source
ZZ 2mm
& Normally-off < >
& Low process complexity Gate | | Gate
@ No degradation issues (bipolar, MOS,; etc.) e S P
@ No body diode 104m/GE15 - drift
& Easily paralleled for high power modules n* sub
d Demonstrated stable operation at 350C+ Drain

& Lowest Rds(on),sp of EM SiC devices

d fast switching / low switching energy

SiC UPDATE




Semi Competitiveness against IGBTs

NPT IGBT VIFET Performance
Critical Parameter FGL40N SJEP120R063 Improvement
Technology Silicon — IGBT Silicon Carbide
Breakdown Voltage Vps 1200V 1400V Higher breakdown margin
. . Reduced losses at low |
On Voltage (conduction) Von 2.5V Unipolar (igher light load EfficD
Input Capacitance Ciss 1700 pF. 1220pF Reduced Gate Power Loss
Effective Output Cap < o >
Energy Related Coer) 260 pF 100 pF 2.5X Lower Switching Losses
Operating Temperature Tj -55°C to 150°C -550C to 175°C Safe Operation at higher Temp
Thermal Impedance Rthj-c 0.25K/W 0.6K/W X2worse l?ut (_)ffset 23 O
lower dissipation losses
Turn-On Losses 550ud 110ud
Turn-Off Losses Joules 1000uJ 70uJ X10 Lower Switching E@
Total Losses 1550ud 180uJ

SS JFETs HAVE 50% LOWER LOSSES

SiC UPDATE




SemiSouth ~ Smallest Switching Energy

* Allows high-frequency, high-efficiency, higher power density solutions!

Half-Bridge Configuration:
-SJEP120R063: 1200V / 63mQ VIFET ~ '®° 1506 !
«SDP20S120: 1200V / 20A SBD 140 :

.
// ont= #25C
/ " EoFF
/‘ 150C .
* -- -4 -- Eon23

“ - 2 ) 9
= o e e 1
5 e 5 i | il
Vi i i ¥
1 i e ]
AR [ i

1 ‘E ---m--- EoffZs B
o — & Eoris0 | |
—m— Eoff1s0
5 10 15 20 25 30
JFET Current, Amps
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Semi Performance Validation

WORLD RECORD Power Conversion Efficiency*

“We now use junction field-effect transistors (JFETs) made of silicon carbide (SiC) manufactured by
SemiSouth Laboratories Inc.. This is the main reason for the improvement”, - Prof. Bruno Burger,
leader of the Power Electronics Group at Fraunhofer ISE, July 2009 press release.

« Single phase Heric®
« Commercial inverters @ 98%
» SemiSouth’s JFET lowers losses ~ 50%

» Three phase full bridge inverter
» SemiSouth JFET boosts efficiency 1.2%
» SemiSouth JFET operates 3X higher freq.
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) o | |
99 — |
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—T |
X 98,5 / = 06 /
-
g 98 E 05 SO ‘r/
0 ;:E ’/ =8~ normally off SIC-JFET{ (48 kHz /
= w94 /
w 97,5 # / =i Si-IGBT Generation 4 ({16 kHz)
93 ~—
o7 [l/
/ —=- 350V HERIC 16kHz 92
96,5 1 01
=d— 350V H4 bipolar 16kHz /
96 . . . . 90
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
AC-Power / W AC Power/W

* Bruno Burger, Dirk Kranzer, “Extreme High Efficiency PV-Power Converters,” EPE, Barcelona, Spain, 8-10 September 2009
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Semi Normally-off JFET Performance

Trench JFET Technology Evolution:

* Initial demonstration in 2007

» Compact design leads to ultra-low specific on-resistance
* Initial product release in 2008
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Semi SJEP120R063 JFET Driver Scheme
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Opto Coupler: This reference design uses the HP “wide body” HCHW4503 high speed opto coupler enabling fast switching speeds
while allowing layout spacing to meet safety isolation requirements.

509 Gate Driver: The IXYS IXDD509 high speed Driver is used to provide a high current Turn-on and Turn-off gate pulse through
Rg(on/off) for very fast switching and low switching losses.

Q1 Conduction Driver: Q1 is a small PNP transistor used to provide the ON-state gate current of 200mA to maintain a low Rds(on)
in the SUEP120R063 or 050 JFET during the conduction period.

15V to 6V DCDC: This step down (85% eff) DCDC converter IC is used as the power source for Q1 and enables a reduction in gate
power loss during the conduction period. (optional).

Timing Logic: The logic / timing circuit generates the required timing signal for the IXDD509 gate Driver and Q1. The timing is set to
achieve a 100nsec turn on high | pulse and then maintain the 200mA conduction pulse.

SiC UPDATE



: Typical Switching Waveforms —
SEMISOUth i S IEP120R063 JFET

25A and 600V
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Comments:

1.  These switching losses are in line with the data sheet and the higher temperature (150C)
switching loses would be similar to the data sheet as well and only 10% higher.
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Semi Demo Module Example

* 600 V /450 A SiC Normally—off JFET module 4 600 V Si IGBT / diode module
« Up to 57% reduction in conduction losses f

possible at 1200 V level (~2.2mQ @ 1V)

500 —
450 £
400 £
350
300 -
250
200 £
150 -
100 -

h \
1200 V SiC JFET / diode module
(SemiSouth enhancement-mode JFET)

Drain Current (A)

VDS (V)

SiC UPDATE




Semi Vertical Trench JFET Roadmap

Part SJEP120R125 SJEP120R100 SJEP120R063 SJEP120R050 SJEP120R025 SJEP170R550
Package

3L TO-247 3L TO-247 3L TO-247 3L TO-247 3L TO-247
Voltage (V) 1200 1200 1200 1200 1700
Rds(on) 100 mQ 63 mQ 50 mQ 25 mQ 550 mQ
Ciss TBD 2 x 576 pF 1168 pF 2320 pF 167 pF
Tr*/Tf* (ns) TBD 50 /50 50 /50 50 /50 50 /50
Die size 4.5 mm?2 2 X 4 mm?2 9 mm?2 15 mma2 2 mm?2
Co-Pak 5A SBD - 10A SBD - -
Options TBD Q309
Samples Now Now Q309 Q110 Q209
Production Now Now Q4 09 Q210 Q4 09

Latest Datasheets at http://www.semisouth.com/products/powersemi.html

Accepting Sample and Production orders
. . UPDATED 11 Aug 2009
30-50 ns typical
SiC UPDATE



http://www.semisouth.com/products/powersemi.html

SDA05S120

SIC Schottky Diode Roadmap

SDP10S120D

SDA10S120

SDP20S120D

2L TO-220
BV (V) 1200
I (A) 5A
VFmin (V) 1.6
Vemax (V) 1.8
Samples Now
Production Q209

3L TO-247
1200

10A
(2 x 5A)

1.6
1.8

Q1 09
Q2 09

2L TO-220
1200
10A

1.6
e

Now

Now

[l Accepting Sample and Production orders

SiC UPDATE

20A
(2 x 10A)

1.6
1L

Now

Now

SDA30S120

«ﬁi!
3
1

2L TO-220
1200
30A

1.6
1.8

Q3 09
Q4 09

SDP30S120

2L TO-247
1200
30A

1.6
1.8

Now
Q209



Semi Summary of SemiSouth JFET

- SIC is maturing, cost declining

100 mm dia wafers now; 150 mm dia wafers soon
SiC FET devices suitable up to 3-4 kV, and being released now
SiC bipolar (BJT, IGBT, ...) for > 3 kV still being developed
MOS controlled devices still challenging

B &5 B O

‘Released first normally-off SIC JFET in 2008
a High reliability, easily paralleled for high power modules
a4 Small die + High Performance + Low process complexity
a4 Low $ for SiC level performance expectations

 World record (> 99%) PV inverter efficiency
« Enables higher power density inverters

SiC UPDATE
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Setting Standards for the Smart Grid:
The NIST Interoperability Framework
- Overview -

Jerry FitzPatrick
Smart Grid Team Member
National Institute of Standards and Technology

December 11, 2009
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Outline

* Introduction
* Why do we need a Smart Grid?

2007 EISA — why NIST Is a key player
Smart Grid

* NIST Interoperability Framework and
Roadmap, Release 1.0

e Smart Grid Interoperability Panel (SGIP)

Mational Institute of
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Why Do We Need Smart Grids?

«Imperatives e The 215t Century Economy
Requires a 21st Electric
« Climate change System
* Energy security « Accommodate rapid
» Sustainable economic growth in renewable
growth energy sources such as

wind and solar

« Empower consumers with
ko tools to manage and
§AVARS . - G reduce energy use
s | « Enhance reliability and
s | security of the electric
system

NIST

4 Mational Institute of
Stendords ond Technology



Current Grid is Inherently Inefficient

PJM Real Time Load Duration

170,000

e 2003
2006
2007
2008

w0 —m=  20% of capacity Is needed to serve
5% of highest usage hours /

150,000

110,000

80,co0

Load (MWh)

70,000

50,000
30,000

10,000
0% 10% 20% 0% 40% 50% 60% 70% B0% 80'% 100%

Percert of hours

Source: PIM 5 NIST

Matienal Institute of
Stendords ond Technology



Integration of Renewables Presents New
Challenges due to Variability

Load MW

PJM Load and Wind Contribution Chicago LMP
August 25, 2009 MD DD August 26,2009
120.000 800 '
700
100,000 - $30.00 |
500 =
-
80,000 =
500 &
g < $20.00 -
s =
300 e
40,000 E $1000 -
200 E
20,000 —PJM Load, MW 8
S0 3 6000
—PJM Total Wind, MW -
0 0
" EEEEXEEEEZE 244 %
2888888888888 -$10.00

Source: PIM



Why Electric Vehicles?

Electrification of
transportation could

* Displace half of US oll
Imports
* Reduce CO, 20%

 Reduce urban air
pollutants 40%-90%

 I|dle capacity of the power
grid could supply 70% of
energy needs of today’s
cars and light trucks

Matienal Institute of
Stendords ond Technology



Grid Can Handle PEV Demand — if
Charging is Managed

Load (MW x 1000)
120
110- -
100- — -—
Q0 - PR Charging Energy e
- Capacity Tor 180,000 PEV Vehicles * 33 miles // 4 miles/
80 - 25+ million

PEV Wh =~ 1500 MWh

_ 5 L] L]

60 - If charged over 3 hours in early morning
1~y ~ 500 additional MW over 3 valley hours

40 -

20 | | - |
1 3 5 7 9 11 13 15 17 19 21 23
Hour of Day
8 NIST

Source: PIM Mestineua inajitiste, ok

Stendords ond Technology




Today'’s Electric Grid

Electrical Infrastructure

Power grid/electrification is “the most significant
engineering achievement of the 20th century”
and the most complicated, interconnected
machine on Earth

Graplgs Qoo e



Today'’s Electric Grid

Generation

Distribution

Customer Use

Electrical Infrastructure >

Power grid/electrification is “the most significant
engineering achievement of the 20th century”
and the most complicated, interconnected
machine on Earth

Graplgs Qoo e



“Smart Grid” = Electric Grid + Intelligence

NIST
Graplgs Qoo e



“Smart Grid” = Electric Grid + Intelligence

Electrical Infrastructure

< 2-way flow of electricity and information > —

"
“Intelligence” frastructurel; %ﬁ j P

o8 &
NIST




“Smart Grid” = Electric Grid + Intelligence

Electrical Infrastructure

Combining electrical Interoperability requires s
and information reliable standards and
Infrastructure requires validated performance —
interoperability.... a clear role for NIST

"
“Intelligence” Infrastructure Q&ﬁ \/L @\*
& I

LS _ite

NIST
Graplgs Qoo e




Presidential Priority

“To build an economy that can lead this future, we will
begin to rebuild .. and retrofit America for a global
economy. ..That means updating the way we get our
electricity by starting to build a new smart grid that
will save us money, protect our power sources from
blackout or attack, and deliver clean, alternative forms
of energy to every corner of our nation.”
President-Elect Barack Obama, January 8, 2009

Direct personal involvement of Secretary of Energy
(Steve Chu) and Secretary of Commerce (Gary Locke)

NIST

Matienal Institute of
Stendords ond Technology



Government Roles in Smart Grid

A"3°%\ U.S. DEPARTMENT OF

Federal

N

Federal
Energy
Regulatory
Commission

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

N Public Utility Commissions

State

Matienal Institute of
Stendords ond Technology


http://www.energy.gov/index.htm

Energy Independence and Security Act

Defines ten national policies for the Smart Grid:

1.

Use digital technology to improve reliability, security, and efficiency of the
electric grid

Dynamic optimization of grid operations and resources, with full cyber-
security

Integration of distributed renewable resources
Demand response and demand-side energy-efficiency resources

Automate metering, grid operations and status, and distribution grid
management

Integrate smart' appliances and consumer devices

Integrate electricity storage and peak-shaving technologies, including
plug-in electric vehicles

Provide consumers timely information and control

Interoperability standards for the grid and connected appliances and
equipment

10. Lower barriers to adoption of smart grid technologies, practices, and

services.
NIST

Mational Institute of
Stendords ond Technology



Energy Independence and Security Act

Defines ten national policies for the Smart Grid:

1.

Use digital technology to improve reliability, security, and efficiency of the
electric grid

Dynamic optimization of grid operations and resources, with full cyber-
security

Integration of distributed renewable resources
Demand response and demand-side energy-efficiency resources

Automate metering, grid operations and status, and distribution grid
management

Integrate smart' appliances and consumer devices

Integrate electricity storage and peak-shaving technologies, including
plug-in electric vehicles

Provide consumers timely information and control

Interoperability standards for the grid and connected appliances and
equipment

10. Lower barriers to adoption of smart grid technologies, practices, and

services.
NIST

Mational Institute of
Stendords ond Technology



The NIST Role

Energy Independence and Security Act (EISA) of 2007
Title XIlI, Section 1305.
Smart Grid Interoperability Framework

In cooperation with the DoE, NEMA, IEEE,
GWAC, and other stakeholders, NIST has “primary
responsibility to coordinate development of a
framework that includes protocols and model
standards for information management to achieve
Interoperability of smart grid devices and
systems...”

NIST

Mational Institute of
Stendords ond Technology



Electric Vehicles Require Many Standards

Electnc Liilty
Peowar System
{LAility)

5‘.‘! J2293 (Communication)
ZIQBEE Smart Energy 2.0

Ecr.'i.:.r Drop ' : NFPE : = Electie Vekicle
National Electri¢ Energy Transter Systen i

_ S ods iR o
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Ao | il e o 4 Equipment IEVE 1 : Sterage |
i . e '1 . i 8 Battery !
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o e | —-"""rl i " ::__._..-.‘_:i_-_- .........

Ms,l L j it _”_“_“_“F_?’_ | Iso (Battery)
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4 IEEE 1547 (Distributed energy interconnection)
- |EC | 61850 and 61970/61968 Information models
. OASIS Demand response
& price signalin
" e NIST

Natienal Institute of
19 Standards and Technalogy




NIST Three Phase Plan

PHASE 1
ldentify an initial set of
existing consensus

PHASE 2
Establish public/private
Standards Panel to provide
ongoing recommendations for
new/revised standards

standards and develop
aroadmap to fill gaps

|

|

|

|

: PHASE 3

I Testing and

; Certification

[ Framework

|

|

>
2009 2010
March September NIST



Draft Release 1.0 Framework

SG Vision
Reference Model
77 standards identified

14 priority action plans
to fill gaps

Cyber security strategy
Next steps

NIST Framework and Roadmap for
Smart Grid Interoperability Standards
Release 1.0 (Draft)

ffice of the National Coordinator for Smart

NIST Draft Publication

Grid Interoperability

NIST

Matienal Institute of
Stendords ond Technology



NIST Smart Grid Reference Model

Internet /
e-Business

Services m::: Field Area Distributed
Interface Networks Generaton
! Bes !
Plant Control Collector BEecric
som :
Sy I Sl.f::ﬂbﬂ Substation — Storage
-~ S Controler Device
Generators
\ J Appiiances
Deyvee Dm
O Comain Electric Generation ;
8 Network Storage Thermostat
Actor
) Gotewey Acter Customer
] Sowm Distribution /. )

"< Comms Path Changes Owner / Domain

22 NIST

Natienal Institute of
Standards and Technology



Smart Grid Cyber Security Strategy

DRAFT NISTIR 7628

Smart Grid Cyber Security
Strategy and Requirements

The Cyber Security Coordination Task Group
Annabelle Lee, Lead

Tanya Brewer, Editor

Advanced Security Acceleration Project — Smart
Grid

September 2009

NIST wionst st o

Use Case Analysis

Risk Assessments
— Vulnerabilities

— Threats

— Impacts

Security Architecture

Security
Requirements

— AMI included In draft
Standards
Conformance NIST

Matienal Institute of
Stendords ond Technology



Smart Grid Interoperability Panel

Public-private partnership formed November 2009
Permanent body

Supports NIST In setting standards for U.S. smart grid
Coordinates, does not develop standards

Over 360 member organizations at founding

22 stakeholder categories — utilities, renewable power
suppliers, electric equipment suppliers, ICT, appliance
makers, automation suppliers, standards developers
regulators, venture capital, ...

Open, transparent process SG [] F

International participation welcome T

24 NIST

Matienal Institute of
Stendords ond Technology



NIST Oversight

SGIP Structure

Stakeholder
Category
Members (21)

SGIP
Standing
Committee
Members (3)

At large
Members (3)

Ex Officio
(non-voting)
Members

SGIPGB

/

One Organization,

One Vote
7 w N
Standing \(/Svforﬁmsg
Committees P
\ y € >
SGIP

Smart Grid Interoperability Panel and Governing Board

Smart Grid
Recognized
Standards

Priority

Action

Plans

In Progress
Use II

Cases

rarkets Provider

Generation

Products (IKB)
NIST

Mational Institute of
Stendords ond Technology



Smart Grid Stakeholders

Appliance and consumer electronics
providers

Commercial and industrial equipment
manufacturers and automation vendors
Consumers — Residential, commercial,
and industrial

Electric transportation industry
Stakeholders

Electric utility companies — Investor
Owned Utilities (I0U)

Electric utility companies - Municipal (A Renewable Power Producers
(MUNI)

Electric utility companies - Rural Electric
Association (REA)

Electricity and financial market traders
(includes aggregators)

Power equipment manufacturers and
vendors

Professional societies, users groups,
and industry consortia

=

Z88 R&D organizations and academia

Relevant Federal Government
Agencies

=

= o -

iIWA Retail Service Providers

Standard and specification
development organizations (SDOSs)

(BN State and local regulators
Independent power producers

technologies (ICT) Infrastructure and Transmission Operators and

SEMITS [PIovetErE Independent System Operators

Information technology (IT) application
developers and integrators - Venture Capital

=
o

o
=




Smart Grid Stakeholders

Appliance and consumer electronics 3 Power equipment manufacturers and
providers vendors

Commercial and industrial equipment : —
manufacturers and automation vendors g Professional societies, users groups,
and industry consortia

Consumers — Residential, commercial,
R&D organizations and academia

Electric transportation industry

Electric utility companies — Investor zeleer:lggé el GoYETER
Owned Utilities (I10U) g

Electric utility companies - Municipal Renewable Power Producers
(MUNI) - : : :

Electric utility companies - Rural Electric 17| sl Sehvies Prodess

includes agareogators

BN Independent power producers

Information and communication
technologies (ICT) Infrastructure and
Service Providers

Information technology (IT) application
developers and integrators

Association (REA) )3 Standard and specification
Electricity and financial market traders development organizations (SDOSs)

(BN State and local regulators

Testing and Certification Vendors

21 Transmission Operators and
Independent System Operators

772 \/enture Capital




References

NIST Smart Grid Site

NIST Collaboration Site

EPRI Roadmap Report

Framework 1.0 Draft

Grid-Interop Conference

DOE Smart Grid Site

DOE System Report

28

http://www.nist.gov/smartgrid/

http://collaborate.nist.gov/twiki-

sgagrid/bin/view/SmartGrid/WebHome
http://www.nist.qgov/smartgrid/Report%20t0%20NI|

STIAuUqust10%20(2).pdf
http://www.nist.qov/public affairs/releases/smart
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http://www.oe.energy.gov/smartgrid.htm

http://www.oe.energy.gov/DocumentsandMedia/fi
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Questions?

« Contact info:
Jerry FitzPatrick
fitzpa@nist.gov
301-975-8922

* More info, NIST website:
http://www.nist.gov/smartgrid/

NIST

Matienal Institute of
Stendords ond Technology
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Setting Standards for the Smart Grid:
The NIST Interoperability Framework
- Interconnection Standards -

Al Hefner

Smart Grid Team Member
National Institute of Standards and Technology
hefner@nist.gov

October 30, 2009
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Energy Today

e Today’s electric power grid:

» Electricity is generated at large central plants by rotating
machines that produce 60 Hz AC

* Electricity is delivered through a unidirectional, passive grid
where conversion is achieved using 60 Hz transformers

 Not much storage: Generation must instantaneously match
loads using only load shedding at large facilities

o Fault clearing requires large excess grid capacity

 Today’s fossil energy consumption:

 Transportation is large fraction of fossil energy consumption
using low efficiency variable torque combustion engines

« Large central coal plants have lowest energy cost but emit CO2

 Natural Gas (NG) is used at central plants and is delivered

through the existing pipeline infrastructure NIST

National Institute of
Stondards and Technology



U.S. Electricity Production

Including CO2 Concern !l!
EIA/DOE AEO2009
Annual Energy Outlook

2005

Renewables
9%

Natural Gas
14%

33% Growth

Nuclear
21%

Oil
3%

Without CO2 Concern !!!
EIA/DOE AEO2004
Annual Energy Outlook

Table A2
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Trillion KWh/yr

- Coal - Gas

EPRI MERGE Analysis (2008 Revision)

Increase in Real Electricity Prices...2000 to 2050

8

Limited Portfolio Full Portfolio

+260% § +A5%
\\\\\\\\\\\\\\\\\\\\\ Enmaaglt;rid |

5 N

=

P S

4 — 4 %

9

=
3 — 3
s — . 2
Both Scenarios meet the same economy-wide CO, Cap* »

1

: I :

2000 2010 2020 2030 2040 2050 2000 2010 2020 2030 2040 2050

- oil T Lydro Solar === Demand w/ No Policy *Economy-wide CO, emissions capped at 2010
levels until 2020 and then reduced at 3%/yr

] w/CCS w/CCS - Nuclear Wind - Biomass &\\ Demand Reduction



Transportation Accounts for the
Majority of US Oil Consumption

Petroleum Consumption by
End-Use Sector

Industnal
Commercial 24 5%
- 1.8%
Transportation
Electric
Utilities 2.6%
Rail 2.2% /
Marine 4.1 Air 8.7% Transportation Residential

' 66.8% 4.3%
Heavy Duty

Vehicle

21.0%

The transportation sector

Light Duty accounts for 67% of the oil
Vehicle use in the United States and
64.0% is the fastest growing

petroleum consuming sector.



Future Energy Transition

 Renewable and Clean power generation/transportation:

Gasified coal enables higher efficiency and CO2 capture

High-megawatt electric drive compressors enable efficient CO2
sequestration at large central coal and NG plants

Electric power delivery grid is enhanced to enable integration
of dispatchable renewable energy sources

Grid storage is introduced to improve grid stability and larger
amounts of variable/intermittent renewable energy sources

Dispatachable loads and micro-grids enhance grid capacity

Plug-in vehicles increase efficiency, provide additional grid
storage, and use diverse (non petroleum) low CO2 sources

LNG refrigeration enables long distance transport

 This new paradigm requires advanced cost effective

High-Megawatt Power Conditioning Systems (PCS)!




What Will the Smart Grid Look Like?

High use of renewables — 20% — 35% by 2020
Distributed generation and microgrids

“Net” metering — selling local power into the grid
Distributed storage

Smart meters that provide near-real time usage data
Time of use and dynamic pricing

Ubiquitous smart appliances communicating with the grid

Energy management systems in homes as well as
commercial and industrial facilities linked to the grid

Growing use of plug-in electric vehicles
Networked sensors and automated controls throughout
the grid
NIST

Mational Institute of
Stendords ond Technology



Accelerated Standards Process

Executives meeting with Secretaries Locke and Chu in May

Workshops with more than 1500 participants

— April 28-29, 2009

— May 19-20, 2009

— SDO Workshop, August 3-4, 2009
EPRI Report, Priority Action Plans, Standards Organizations
Comments through two Federal Register Notices

On September 24, 2009, Secretary Locke announces
availability of NIST Smart Grid Interoperability Framework
and Roadmap, Release 1.0 (Draft) — GridWeek 2009

* Request for public comment period open

e Final version November 2009

First meeting of Smart Grid Interoperability Panel (SGIP):
November 16-19 at Grid Interop NIST

Mational Institute of
Stendords ond Technology



High Penetration of Renewables and PEVs

- nSmart Grid
\V/

Renewable/Clean Energy Plug-in Vehicle to Grid Energy Storage
(10% by 2012) (Million in US by 2015) (FERC top 4 priority)

Communication

 Power Conditioning Systems (PCS) convert to/from 60 Hz AC for
Interconnection of renewable energy, electric storage, and PEVs

o “Smart Grid Interconnection Standards” required for devices to be
utility controlled operational asset and enable high penetration:
- Dispatchable real and reactive power
- Acceptable ramp-rates to mitigate renewable intermittency
- Accommodate faults faster, without cascading area-wide events
- Voltage/frequency control and utility controlled islanding NIST

National Institute of
Stondards and Technology



Priorities for Standardization

Demand Response and Consumer Energy Efficiency
Wide Area Situational Awareness

Electric Storage

Electric Transportation

Advanced Metering Infrastructure

Distribution Grid Management

Cyber Security

Network Communications

NIST

National Institute of
Stondards and Technology



What are Priority Action Plans (PAPS)

NIST workshops identified priority standards issues
— many standards require revision or enhancement
— and new standards need to be developed to fill gaps

/0 standards gaps and issues were identified

NIST determined which issues require most urgent resolution
and selected top 14 to initiate PAPSs

The August SDO Workshop was used to develop the action
plan for each priority issue.

Current status for each PAP is posted on the NIST website
— broad SDO and stakeholder support and participation
— aggressive milestones in 2009 or early 2010 established

NIST and the Smart Grid Interoperability Panel will guide and
oversee progress on PAPs and development of new PAPs.
NIST

National Institute of
Stondards and Technology



Priority Action Plans Target Date

Smart meter upgradeability standard

Common specification for price and product
definition

Common scheduling mechanism for energy
transactions

Common information model for distribution
grid management

Standard demand response signals
Standard for energy use information

|IEC 61850 Objects / DNP3 Mapping

completed

early 2010

year-end
2009

year-end
2010

January 2010
January 2010
2010

NIST

National Institute of
Stondards and Technology



Priority Action Plans (continued) Target Date

Time synchronization mid-2010

Transmission and distribution power systems  year-end 2010
models mapping

Guidelines for use of IP protocol suite in the mid-year 2010
Smart Grid

Guidelines for use of wireless communications mid-year 2010
in the Smart Grid

Electric storage interconnection guidelines mid-2010

Interoperability standards to support plug-in December 2010
electric vehicles

Standard meter data profiles year-end 2010
NIST

National Institute of
Stondards and Technology



Electric Storage Interconnection Guidelines

SG Standards Need

* |nterconnection and object model standards needed for:
— DER grid operational interface with dispatchable: VAR, V, F, etc.

— support for energy storage devices (ES), including PEV
— and hybrid generation-storage systems (ES-DER)

PAP Major Objectives

e Revised and updated consistent guidelines and standards:
— Involve broad set of Stakeholders: SDOs, utilities, vendor, etc.

— Scoping Document to determine priorities and timeline for
standards development for spectrum of applications (Oct. 09)

— |EEE 1547 revisions for urgent applications (mid-2010)
— Consistent object models for DER, ES, ES-DER in IEC 61850-7-420
— UL, NEC-NFPA70, SAE guidelines for safe, reliable implementation

http://collaborate.nist.gov/twiki-sggrid/bin/view/SmartGrid/PAPO7Storage mﬂﬂ

Stondards and Technology



http://collaborate.nist.gov/twiki-sggrid/bin/view/SmartGrid/PAP07Storage

Renewable/Clean Energy Interconnects
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-

13,800 Velts Distribution System

N
ol |

Industrial
Customer

Distribution Step-down
Substation Tramsmission
Substatbon

220440V

[—I'Ir:l

230 kv 13 kv 69k T-likw

Distribastion
subsstatian

Incdustrial
Customer

Commernclal Residential
Customeer CuStoeer

Dristribution
Substation

Underground Distribution lines
120,240 wolts

Distribution + Consumer

~
PV, small wind, fuel
\L cells, and Plug-in EV




SGiP  Storage PAP Task Interactions

Task 0: Task 2: IEEE 1547.4 for island applications
Scoping Document and IEEE 1547.6 for secondary networks

Task 3: Unified interconnection method with
ES-DER standards multifunctional operational interface for range
- of storage and generation/storage.
Task 3a: IEEE 1547.8.1 — Operational interface
Task 1: Task 3b: IEEE 1547.8.2 — Storage without gen
Use Cases Task 3c: IEEE 1547.8.3 — PV with storage

Define requirements Task 3d: IEEE 1547.8.4 — Wind with storage
for different scenarios Task 3e: IEEE 1547.8.5 — PEV as storage

Task 4: Develop and Harmonize Object Models Task 5: Safe and Reliable

Implementation
IEC61850-7-420 : Expanded to include

multifunctional ES-DER operational Interface; UL, NEC-NFPA70, SAE,
harmonized with SEP, CIM, MultiSpeak and CSA




SGiP Task 0: Scoping Study Document

Ch. 6: Business Issues e 9.2 Business model timeline

Ch. 7: Existing Standards e 9.3 Standards timeline

Ch. 5: Regulatory Issues e 10.x Regulation timeline

e Ch. 3: EPS Applications
SMART GRID e Storage
* Renewable w/ Storage

\_
[

Appendix 2: e Ch. 4: Interconnect
Power Electronics e Functions

Technologies e Capacities, Cycle cost

\_

Appendix 1: g Ch. 8: Storage Types
Storage e Capacities, Cycle cost
Technologies e Availability, Schedule




SGiP Scoping Study Outline (Page 1)

1. Executive Summary

2. Introduction

NIST Smart Grid Interoperability Framework and Panel
Storage PAP

Goals of this Scoping Study

Discussion

3. EPS Applications for Dispatchable ES-DER
« Domain and Location Specific Requirements
« Applications
« EPS Control Parameters



SGiP Scoping Study Outline (Page 2)

4. Electrical Interconnection of ES-DER

* Role of Mechanical Rotating Machinery as the grid operational
Interface for generation and storage

* Role of Electronic Power Conditioning Systems (PCSs) as the grid
operational interface for generation and storage

» Dispatchable DER generation with multifunctional grid operational
Interface

» Dispatchable ES-DER generation-storage with multifunctional grid
operational interface

5. Regulatory Issues for ES-DER
 Wholesale Regulation
« FERC Wholesale Market Deregulation
 Retail Regulation



SGiP Scoping Study Outline (Page 3)

6. Business Issues for ES-DER
 Wholesale / System Markets
 Renewable Integration
o Utility T&D Grid Support
 Commercial and Industrial
» Distributed Storage near pad mounted transformer sites
» Residential Applications

7. General Standards and Implementation Guidelines for

ES-DER

» Electrical Interconnection Standards

« Standards and guidelines for safe and reliable implementation
» Information/Object Model Standards



SGiP Scoping Study Outline (Page 4)

8. Specific Standards needs for ES-DER

Technologies/Applications

 Summary of Storage Technology Data considered in this Scoping
Study (details in Appendix 1)

 Comparing Technology with Application Requirements
(physical/logical)

» Parameters/Relationships that define capacity/availability/cycle cost
for storage technologies/applications

 Examples of companies providing storage technologies

9. Detailed Timeline and Specifications for High Priority

Standards

* Prioritization of Standards for Development
» Detailed specifications for high Priority Interconnection



SGiP Scoping Study Outline (Page 4)

10.Summary and Recommendations to SDOs/Regulators

Appendix 1. Storage Technology Type Data and

Classification

« Storage Type data used for the Scoping Study
» Classification of Types of Storage
 Examples of Companies providing Storage

Appendlx 2. Types of Power Conditioning Systems

Battery charger for battery bank energy storage system

 Community/residential energy storage

« Battery fast charging (filling) station for electric vehicles

« STATCOM with energy storage

e Storage in wind applications

o Solar parks

 Renewable power plant monitoring and control



SG
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= .
i Use Case Analysis and Other Tasks
2009 2010
Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun July
Task 0 Scoping ™\
Document
Task 1 Use Cases >
Task 2 Complete 1547.4
and 1547.6
| | [
Task 3 PAR for Unified ES-DER
interconnection method
] | ]
Task 4 Develop and Harmonize >
Object Models
| | [
Task 5 Safe and Reliable >

Implementation
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A3

SYSTEMS

Storage,

Storage Interfaces,
Frequency Regulation,
and Beyond

High MW Electronics — Industry Roadmap Meeting
Challenges to Growth of Grid Connected Electronics

National Institute of Standards & Technology

December 11t 2009

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | |fe.
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Storage, Grid Applications A3

Storage Time (minutes)

1000 : 'WIEMS
100
10
Area Control
& Frequency
1
0.1
Power Quality - v
& Reliability | N 14
0.01 = -~ |
100
0.001 £ e
10 100 1 10 100
kw KW MW MW MW
Storage Power Requirements for Electric Power Utility Applications
Source: ESA

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | |fe. 2



Storage, System Characteristics Comparison A 23“3

SYSTEMS
System Rati
Installed systems as of November 2008 (modified)*
100 a
10 Na-5
£ A 2MW — 16MW per system
” 1 Nanophos . . mo s
£ . in-service ‘08-"09
= MiI-_u
& 01
E CAES Compressed air
o EDLC  Dbl-layer capacitors
(=] FW  Flywheels
0.01 UA  Lead-acid
Lisbor  Lithiume=ion
Ma-5  Sodium-sulfur
Mi-Cd  Mickel-cadmium
0.0 Ni-MH Nickel-metal hydride
ESAa: P Rmosd s
i VR Vanadium redox
DElectriaty Storage Assocdalion In-Br Zinc-bromine
0.0001 .
0.0 0.01 0.1 1 10 100 1000 10,000
Rated Power (MW)

Source: ESA, * modified to include A123 in-service and proposed

e
Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | |fe. 3



Frequency Regulation with Storage (SGSS*) A123"

SYSTEMS

Standard Hybridized

power power
plant plant
SGSS provides power (discharges)
‘ SGSS is charged by power plant/grid
2MW ]
()
f::;. % | O pnd o S
. o i Tt "
98 @ Ve 9
MW 100 c | Usage like a hybrid |{ @
(] . .
energy MW > 5 electric vehicle... c
output energy T | 1 5
output c 2 T
o < 102
2 MW o S
S ™)
freq. c A
reg. s g
©
»
£
7-00 AM N B:i]'l{]I AM 9:00 AM 'ID:-D[I] AM

* SGSS is A123's Smart Grid Stabilization System

e
Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | |fe. 4



A1.2.1.2

A1.22

A1.222

A1.223

A

A

SYSTEMS

the Generating Unit power output response (in MW) to a control signal must meet the
minimum performance standards for control and unit response which will be developed
and posted by the ISO on its internet "Home Page.” As indicated by the Generating Unit
power output (in MW), the Generating Unit must respond immediately, without manual
Generating Unit operator intervention, to control signals and must sustain its specified

ramp rate, within specified Regulation limits, for each minute of control response
(MW/minute);

Monitoring:

the Generating Unit must have a standard I1SO direct communication and direct control

system to send signals to the ISO EMS to dynamically monitor, at a minimum the
following:

high limit, low limit and rate limit values as selected by the Generating Unit operator; and

in-service status indication confirming availability of Regulation service.

¢

*+ Point of Delivery Megavars is not required for AGC Regulation Units. However,
it may be required in the future if a voltage market is established.

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. Safetg . | |fe, 5



A @
SYSTEMS
e California ISO Technical Standard E:::i:gz Ezte 2;2?1;%007
ISO Generation Monitoring and Control Requirements for | Print Date 2/26/2007
AGC/Regulation Units Effective Date 11/8/2004

Figure 1 - Timing of Telemetered Data for Generators Providing
AGC through the RIG

What happens when tempo
goes to 2 seconds? CMU

4 second
maximum

4 second maximum

“-IIIIIIIIIIIIIIIIIII..IIIIIII...IIIIIIIIIIIIIIIIIIIIIIIIIIIIll.
* *
*

>

'_-' Unit controls (e.g. ‘
: DCS, RTU, etc. Govemor :
E i Controller .
IS0 EMS :  |Field | ,[ . _,@
=" |RIG Unit .
= |Unit .

-

- -
-
*“l ENIEEEEEEEEEEEEIEEEEEEEEEEEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEET

. ™
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SAYSTEMS
INDICATIVE COST OF PRODUCTION
42 mills CT Production Cost, 12 mills capacity, 30 mills variable cost
22 mills Battery Production Cost, 12 mills capacity, 10 mills variable cost

MARKET PRICE
10 — 50 mills Frequency Regulation average market clearing price

How can the PCS interface impact the “#1 Driver “ for deploying this solution?
Lower cost, increase efficiency, and improve reliability

... and also expand compensable capabilities.
But, barrier is not technology, it's lack of investment recovery mechanisms
See Slide 11

Industry research supports additional potential “drivers”, including emission reduction,
renewable integration, system asset efficiency improvement . Once again, barrier is
lack of investment recovery mechanism, not technology gaps.

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. Safetg . ||fe‘ 7



One Implementation A12?3.:
A123’s Smart Grid Stabilization System """
(SGSS)

s ™
CCCCC ight©2009 A123 Systems, Inc. All rights reserved. p ower. sa fetg ) | Ife ) 3



Grid Deployed SGSS’s, Multi-MW Scale A123“E

SYSTEMS

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | |fe.



Grid Interface, Parker-Hannifin

® e.®

AC890PX Power
Entry Types

TOP POWER
ENTRY/EXIT

BOTTOM POWER
ENTRY/EXIT

Four Operating
Modes

* Volts/Hertz

* Sensorless vector
¢ Full flux vector

* Servo (PMAC)

Four Feedback
Options

* |[ncremental encoder
* Sin/Cos encoder

+* Endat absolute encoder
* Resolver

Runs induction, torque
motors, or PMAC Servo

A23

SYSTEMS

Copyright©2009 A123 Systems, Inc. All rights reserved.

power. safety. life.”

10



Locational Value of Energy Storage E@,

NAS CES
(Substation Baitery) (Commun ity Energy Storage)
765 kV 345 kV 138 kV 69 KV @ aso v @
_Bi — 3 1 3 i 3 ]
4] t——40——1% UL |
Value T
.................... e
------ | Cm—)
e yams to Gustomer Devaluators: e
‘Q: &Eegsneﬁﬁoieg id Constraints - CamM? —
Central Load
Generation
t Service Market
Benefits Benefits

Dynamic VAR support
Improved Service Reliability
1 {site dependent)

Firming & Shifting Renewables
{dependent on the source)
+ Energy Arbitrage

Frequency Regulation and
other Ancillary Values
(large variability)

T Distribution Capital Deferral :
{site dependent) Generation

Capacity

values are based on studies made for an AEP site

Copyright©2009 A123 Systems, Inc. All rights reserved.

A

SYSTEMS

PCS Capabilities
For Full Grid Benefit

Steady State W, power transfer

Plus:
Steady State VAR, voltage reg.
Transient W, a/c stall barrier
Transient VAR, sag mitigation
Dynamic W, damping, inertia
Dynamic VAR, voltage stability
Islanding, reliability

Can this be delivered <$3/watt?

First U.S. Retail Rate Case

safety. life.” 11



A

SYSTEMS

Transmission

System

ISO Markets

Provide Voltage Support/Grid Stabilization

Reduce Outage Frequency/Duration (islanding)

Reduce Transmission Losses

Reduce Congestion

Relax Reliability Limits (Defer Load Shed/Provide
Generation under N-2 Contingency)

Transmission Access

Defer Transmission Investment

9

Renewable Energy Transmission

Provide System Capacity/Resource Adequacy

10

Renewable Energy Integration (smoothing)

12

Renewable Energy Integration (daily output shifting)

Provide Frequency Regulation

13

Provide Spin/Non-Spin/Replacement Reserves

14

Provide Ramp

15

Provide Black Start

16

Energy Price Arbitrage

Copyright©2009 A123 Systems, Inc. All rights reserved.

safety. life.”

12



A3

SYSTEMS

B. Chino Battery Energy Source Power System Stabilizer

In 1994 an Energy Source Power System Stabilizer
(ESPSS) was designed and bwlt by GE, and added to the
Chino Battery and put into operation by SCE.

...............

H ]
_— I —

+—d i T e e r . ., . . . i ,
[l 1| loop controlled battery output. Within two days of going into
_w SSTVICE, dynamic grid-supportive response by the battery was

11 captured, and validated, through project metering.

s

Seconds

L R ‘-.: i w
o= el #83  PGAE Olinds MW = M

1700. 000 ] fl
1850.000 —

1600, 00— e
b aannANAT

1550.000 ViRFATE A

1600.000 e v LAY,

1450, 000
1400 000 4

o]

1350,
'||1|‘l:ll|lllh'h1l||l+ll LB R RN B M I |

II!-IF;I-FII..IIII'
0.0 100 200 300 400 SO0 600 TOO 800 0.0 000 TTOL

Monhor Location = DITTMER BPA SYSTEM CONTROL CENTER — X-Axis Units = Seconds
Time of First Data Polnd = 08-10-08 15h4 7m05s DOO000 Exhibit 2A

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. Safetg . | |fe, 13



700 |

-

Megawatts
=1
[=]

Each Day is a different color.

Day 29

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Source: CAISO and TEP

50%

A

SYSTEMS

e o
SGSSS 12/3/2006 1 Minute Power Changes for the Full System

40%

30%

20%

10%

0%

-10%

Change in % of Full Qutput

-20%

-30%

-40% 1+—

-50% J

g

. ALTANAR IR,
s T q*& il
# [ET T :

730

5.0

45

40

35

3.0

25

20

0.5

0.0

8:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30

One Minute Period Ending

—+—Delta —=—Total

. ™
Copyright©2009 A123 Systems, Inc. All rights reserved. Safetg . | |fe,

Total Generation in MW
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SYSTEMS

e Cutting your PCS cost in half and doubling efficiency
would be nice, but, wouldn’t be a game changer in
terms of accelerating significant commercial uptake

of advanced-technology grid stabilizing storage;
4,000 MW UK, 10,000 MW US

 Help me map capabilities to grid performance
outcomes relevant to grid-access controlling
stakeholders.

 Help me characterize of renewable penetration
impacts and solutions. Adamant voices want
‘business as usual’ to 20% penetration. OK, but then

what? Stop, or accept higher outage exposure?
safety. life.”
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BACKUP SLIDES

10/1/2008 Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | ife.m 16



Al123 Core Competencies &g%%

DAIMLER
THINIKK

Vertical
integration Industry-
from battery leading

High-quality,
volume
manufacturing
facilities and
proprietary
process
technologies

Battery
Materials systems
science and Battery design engineering
development capabilities and
expertise integration
expertise

chemistry to partners in
battery focused
system design markets
services

Copyright©2009 A123 Systems, Inc. All rights reserved. p ower. Safetg . | ife .TM 17
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Circa: sometime in 1800s...the moment when they thought of digging for oil... SIEMENS

Corporate Research, Siemens Corporation



Agenda

Introduction

Marketplace Drivers
Evolution to a Smart Grid
Smart Grid

Picture of the Future

page 3

SIEMENS

Corporate Research, Siemens Corporation



SIEMENS

Electrical Energy has been the backbone of our society

Corporate Research, Siemens Corporation
page 4



SIEMENS

Energy Portfolio

Turnkey projects, switchgears and Power transformers, distribution Solutions, switchgears and
components for power transmission transformers with oil or cast-resin components for power transmission
> 52 kV (AC and DC) insulation. =52 kV (AC and DC)

Network control systems, protection Network planning & consulting, asset
and substation automation, telecontrol maintenance and maintenance management
systems, power quality. for grids and networks, metering services.

Corporate Research, Siemens Corporation
page 5
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Current Marketplace Drivers

Corporate Research, Siemens Corporation




Evolution to a Smart Grid

From

Central generation and
central control

Load flow by Kirchoff’s law

Manual switching,
trouble response

Periodic maintenance

page 7

SIEMENS

Corporate Research, Siemens Corporation



SIEMENS

Evolution to a Smart Grid

Central generation and
central control

Trading

increased fluctuations
reverse power flow

intelligent
residential devices

increased horizontal communication
_'{__. }-

= 1ens Corporation




SIEMENS

Evolution to a Smart Grid — penetration of renewables




SIEMENS

Evolution to a Smart Grid — inclusion of energy storage

Power capacity [MW]

NaS-Sodium Sulphur

Centralized

SMES-Super Conductive
Magnetic Energy Storage

1.000

CAES-Compressed Air
Energy Storage

Decentralized

8 Thermal SuperCaps-Super Capacitor
Storage
Primary Control:
Batteries, Flywheels, SMES

remark: all values approximated

0,1 1 10 100 1.000

Storage capacity [MWh]

payc 1u
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Evolution to a Smart Grid

unlil“""“

=yl South System
ey 80 Hz

yration




Project Neptune: |

with HVDC into
load centers

|
82 km sea cable

23 km earth cable
660 MW monopolar

Completion
07/2007

Longlaénd

S
*

Zmpuily AvenuelConverterStat
e i s
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Evolution to a Smart Grid

Manual switching,
trouble response

Control
Center

Parameter
Database
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Evolution to a Smart Grid — built-in intelligence

2000 MW
Pump Load

OFF




SIEMENS

Evolution to a Smart Grid

Periodic maintenance

,l
= ll
: i
tl-Ti i
Importance
&7
j S E.
| = \
= a L
— ' R s -«
importance
Prioritisation and
; § Strategy development
4

Boundary conditions Business strategy

Rules

Reliability Centered Asset
Management Strategy Comoraton



...s0 what is a Smart Grid??? SIEMENS
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If one asks the SMART Grid - people...e.qg. IBM

Integration

Analytics &
Business
Intelligence

(Real time event analysis,
system performance metrics
financial tracking, usage
system diagnostics)

Business Optimization
(Asset mgt, utilization
replacement and upgrade
reliabilitv 2nd guality)
Infio
Business Ops
& Advanced Operations Future Operations
Strategic Planning

Replacement

Intelligence

page 17

Conventional Control
Grid

Corporate Research, Siemens Corporation
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If one asks the Smart GRID - people...e.g. NYISO

Distribution
NYISO Control Center

-
-------- - G
Load

Serving Entity
I
[}

Distribution

r
Electronics

Distributed
Resource

Transmission
Substation

Distribution
Substation

T Industrial
Consumer

Residential
Consumer

< - - Communications
] Sensors

Commaercial

Consumer

Corporate Research, Siemens Corporation
page 18
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Scope of Smart Grid

Energy Delivery Energy Consumption

Corporate Research, Siemens Corporation
page 19
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Smart Grid Portfolio

Corporate Research, Siemens Corporation
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Intelligence v/s Operability

Intelligence

Advanced Metering |

Levels of Energy Intelligence
INnte lhgn;'m;e No power conversion flexibility

© controls No controls or optimization
No flexibility : '
Na antimizatian

Operability

Corporate Research, Siemens Corporation

page 21



Picture of the Future

power plant

Grid
condition
monitoring

(red)

- e

SIEMENS

SIEMENS
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Thank you very much!

Name: Dr. Madhav D. Manjrekar
Organization: Corporate Research, Siemens
Address: 755, College Road East
Princeton, NJ 08540, USA
Phone: +1 (609) 734 — 6566

Mail: madhav.manjrekar@siemens.com







Le Tang, ABB Inc.
High MW Electronics — Industry Roadmap Meeting at NIST, Dec. 11, 2009

© ABB Group
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Smart electricity — efficient power for a sustainable world

A smart grid is the evolved system

that manages the electricity demand
N a
sustainable, reliable and economic manner
built on

advanced infrastructure
and tuned to facilitate

July 20, 2016 | Sice 2 FRAIpmw



The visionary smart grid
Summing up the major requirements

Upgrade/install capacity economically

CapaCIty Provide additional infrastructure (e-cars)

. “r- Stabilize the system and avoid outages
Re“abl | |ty Provide high quality power all the time

= Improve efficiency of power generation
Eﬂ:ICIGnCy Reduce losses in transport and consumption

Connect renewable energy to the grid
Manage intermittent generation

Sustainability

July 20, 2016 | Sie 3 FRAIpmw



Smart Grid Requirements
Integration from supply to demand — 4 pillars

Demand
response

Integration ,
of of electric

renewables B vehicles

. Smart Grid is more than only smart meters.
- Smart Grid includes both transmission and distribution.
- Smart Grid includes both automation/IT and power devices.

© ABB Group
July 20, 2010 | Slide 4




Power Electronics in Smart Grids
A key technology In at least 3 of the 4 pillars

Demand

= ./ ' response
: | e g sl i A Tget
=4 Integration g

=

i




Power Electronics in Smart Grids ——
Integration of renewables park conneciion ]

Ocean energy harvesting
Wind turbine converters ] converters

H

f -':_
Integration of
renewables

Residential Distributed
Generation (e.g small wind
turbines, solar panel)

Micro-hydro power converters

At wind farm point of connection to grid: Solar converters ]
= SVC/STATCOM for grid code compliance
= Synchronous condenser
= Energy storage e.g. Dynapow for improving stability and
\ decrease power fluctuations

S




Wind turbine trends

Growth of rotor diameter

and rated power |BWE Wind Energy 2004, pa

26

5,000

— Diameter
4,000 = =  Power
3,000

Tt 2

Rated power in kW

P=75kW
H=25m H=30m
2,000
2)
,000-=+% \

1987 1992 1997 2002

© ABB Group
July 20, 2010 | Slide 7

Rotor diameter in m



Wind Turbine Converters

Wi U
20 kV 50 Hz
3 3
PMG
A O VLU b
c| _ A

INU DC link ARU

d] e 0
ﬂ Permanant magnet synchronolls generator H NG link brake chopper
B Loadbreaker H svw grid converter
B av/dt fiiter B Grid fiter
El 5 mw generator converter EY Circutt breaker transformer

= Fit inside the mast of the turbine

- Convert the generated power to the desired frequency and
voltage

- Help support weak grid by supplying or absorbing reactive
power

July 20, 2016 | Sie 8 FRAIpmw



HVDC Light for Offshore Wind Park Connection (1)

P

offshore wind park

WW

= Transistor-based HVDC

= No compensation needed as reactive power is produced
by the converter stations

= Can be connected to weak grids

BBBBBBBBBB




NORD E.ON 1, 400MW off-shore windpark connection

-—|.|J _.:|.| [=an I1r'l'l-r|-

© ABB Group
July 20, 2010 | Slide 10



NORD E.ON 1

Customer
E.ON Netz GmbH, Germany

Scope
400 MW HVDC Light System

- Two HVDC Light converter stations
- DC Cable system

= DC cable submarine to onshore connection
(2x128km)

= DC cable on land (2x75km)

= 200 MW Submarine AC cable 170kV
(1x1200 m)

- Fiber optic cable (203 km)

170 kV GIS on platform
Offshore platform structure - jacket and topside

... and all Auxiliary Systems needed to operate and maintain
the Offshore station.

- Sea Water System, HVAC, Dieselgenerators,
Fire Protection, etc




Layout platform

- —

Future shunt =

reactor(s) maxl
40 MVar E]

2

7\

N\

|
ﬂﬁ-ﬁ : : (5

= 4@‘ T

© ABB Group
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Overview, 400 MW HVDC Light System Nord
E.ON1

On-shore converter rating Offshore rating conditions
line-to-line voltage .
s ased on Grid Code: - No tap-changer
440 283 127 = W|nd park Q
o e + CablegrdQ
\ - Fault ride through
w0 1oa o6 Future scenarios
(Pre-Eng. ABB)
O.IQD und:f:d ; :’f;:g% power fakior 1km ) Bard
\ platform
Scope
400 kv Offshorel | 0
.......... Dielel ... eeeeemy HVDC Light | R S T i | 2kmp, OWP |
s iRl Py piiviy g, Xy XX [\ Future 1|
- T : _
: g% Converter r =" | : { '< > —
<& Valve _ _|G ! : — = i€
oS 2 | 1 4 _—— =1
55 —IG =3 == = —IG > I owp
25 Phase 5T 2 (] X X X 2 k| '
— <o Reactor G O | 4l ) 4 Future 2
o I (@] | iR s 4 I
Ay §‘||‘D} I 1 E : —_—— -
i Power O | | :
Transformer ;: i i X % >
AC Filter 4 | !
! I
} I

||
i
Ly
2}
m 7

: i HVDC Light}
s s e s e e e Cable -150 kV ~=""""""

SLD March 2008
JL

Future HVDC Transmission Link 1

vYvYyvyY

Future HVDC Transmission Link 2

L\ A A4
=)
=
.

L J
=
=

© ABB Group
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Integrating renewable power
Intermittent power generation

- Electricity from wind and solar
plants is intermittent

- Spinning reserves between 5
and 18 percent of installed wind

energy are required?!

- Plant interconnections and a
wide range of storage
technologies could reduce the
need for reserves

1 Wind impact on power system, Bremen 2009

© ABB Group " l'l.
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Optimizing supply and demand
Adjusting the energy mix

8 = Power consumption varies over
Demand

the year and during the day and

-
night

GW

- To satisfy demand all the time
reserve capacity is required.
For environmental reasons
reserves should be minimal.

- The challenge of reliability
grows with more intermittent
renewable energy

- A wide range of electrical
storage technologies could
mitigate the problem

00 h 12h 00 h 12 h 00 h
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Energy Storage - Options

- UPS ] GridSupport =~ | Energy Management
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Power Electronics in Energy Storage — Examples

From AC Grid
or DC Bus

—»

<«—
To DC Bus

Power
Electronics

Housing ( Vacuum)

Motor/
Generator

(Critical Load)

Simplified view of a flywheel energy storage system

© ABB Group
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Ref:

PAULO F. RIBEIRO, BRIAN K. JOHNSON, MARIESA L. CROW, AYSEN ARSOQY, “Energy Storage Systems for Advanced Power Applications”

Edward Furlong, Marco Piemontesi, Prasad P, Sukumar De, “Advances in energy storage techniques for critical power systems”.

Flyweel
Rotor

3-ph AC
from grid

AC/DC

DC/DC

A

Fast charging system for a car battery

s Transforme Power Conv B Bl
r]—“{]j T OWeEr Lonyv &.I’SLDH S\),}l)f;h I{,‘«l
= — or " k]
N — | | | VSC +dc-de |( vg,-.T %
N — = i
Cryogeric
System
. Controller Col Prodoction]
Components of a typical SMES system
Car
AC/DC
1-ph Battery
On-board charger



Power Electronics in Energy Storage — Regensys
Battery Energy Storage System (BESS)

The main elements of the Regenesys
storage system

Main elements of the Regenesys system

System view of Regensys BESS plant

?u@Bz%,Gzrgfg | Slide 18 AP



Storage
Project example: Battery Energy Storage for GVEA

Golden Valley Electric Association BESS Project
- 40 MW Rating
- 10 MWH Battery Capacity

© ABB Group
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ABB FACTS: Dynamic Energy Storage

. Pload Qload I A
generator line —_— P+
I—- load -
@—I P inject
1 El
Pinj ~, energy charge
Qinj ? — =g storage 1’30 1 FN\_ L/
VSC (Ti) < Le >
- Energy storage connected on DC-side of converter < A
(SVC Light) period time

- Size depends on power level and duration

- Charge energy equal to load energy

- Focus on “dynamic”, manages:
- High number charge and discharge cycles
- High Power at medium duration

= Chosen high performance battery as energy storage

© ABB Group
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Storage
FACTS pilot project with active & reactive power comp.

High frequency _
Line 1 —| midpoint grounding  battery-string
— .I

'

NN

(Line 2 = = = =

bbb~

Battery: Li-lon (Saft)
* Pilot: 8 stacks x 13 cells
e Customer: EDF UK
 Per stack: 720V, 400 kg
 Total: 200kW for 1h,
or 600kW short time
» Factory acceptance
test: 6/2009
* Target installation: Q4/2009

© ABB Group
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Installation of Field Demonstrator

ABB UK has a contract on an installation of a
fleld demonstrator installation in distribution network

Customer is EDF Energy, UK

11 kV Energy Storage and Voltage Control

Data:

- System Voltage: 11 kV 6%

- Reactive Power: 600 kVAr inductive
to 600 kVAr capacitive
- Active Power: 600 kW (short time),

200 kW during 1 hour

© ABB Group
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Dynamic Power Compensation Markets

Central
Generation

Rapid Reserve, Security, Area Control

>50 MW, 1-30 min

DPC @_L

380 kV Overhead line

20 kV 380 kV

Distributed |
Generation Wind Farm Power
DPC Compensator
10-30 MW,
10-30 min
—( )
—()—

Investment Deferral
Peak shaving
10-50 MW,

0.1-1 h

DPC

110 kV

20 kV

I —

20kV 110 kV

© ABB Group
July 20, 2010 | Slide 23

Growing Cities




Power Electronics in Smart Grids
Reliability and efficiency

[ Efficient long-distance transmission with HVDC

in industrial plants hydro stations

Variable speed drives ] [ Variable speed drives in pumped

Reliability and
Efficiency

Converter and Machine Power flow control Power quality solutions for industry:
with higher efficiency converters for " SVC
transmission = SVC Light

= LV & MV STATCOMs

Suly 20, 2010 | e 24 rFRpmw



Reduced losses with HYDC

- HVDC is especially beneficial for
long distance transmission with low

losses

= Lower cost for infrastructure (fewer
and smaller pylons, fewer lines)
compensate higher investment in
converter stations

- ABB will save 30 percent
transmission losses by installing an
ultra-high voltage direct current
(UHVDC) connection more than
2,000 km long in China

= One of the world’s longest and
powerful transmission systems from
ABB operates at + 800 kV,
transporting 6,400 MW

South China

ABB has delivered most of the world’s installed HVYDC systems

© ABB Group
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MV Drives
Why variable speed drives?

- 60 - 65% of industrial electrical energy is consumed by
electric motors

- For each 1 USD spent to purchase a motor, 100 USD are
spent for energy cost during its lifetime

- Today, only 5% of these motors are controlled by variable
speed drives

= 30% of existing motors can be retrofitted with variable
speed drives

4 = The installed base of ABB drives saves h

more than 120 TWh of energy per yeatr,
the equivalent of 15 nuclear power plants

- ABB drives reduce CO, emissions by
approx. 60 million tons per year

July 20, 2010 | i 26 FRAIpmw



MV Drives
Benefits of variable speed control

Speed progyction rise - Energy savings

Best quality * Improved product quality through better
process control

- Reduced process equipment wear and

Energy saving longer lifetime of equipment

> - Soft start and stop reduce waste and
Soft Start Time save raw material

= Noise reduction

- Improved process efficiency

July 20, 2010 | Side 27 FRAIpmw



MV Drives
Medium voltage AC drives for...

Chemical, Oil & Gas

Special applicati'ons,

Pulp & Paper e.g. wind tunnels

p
July 20, 2010 | Slide 28
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US Fuel Mix for Electricity
By Energy Delivered

* Net Generation, by Energy Source
(2006 GWh)

Coal (1,990,926)
Petroleum (64,364)
Natural Gas (813,044)
Other Gases (16,060)

» Blast Furnace gas
* Propane gas

» Other manufactured and waste gasses
derived from fossil fuels

Nuclear (787,219)

Hydroelectric (289,246)

Other Renewables (96,423)
Hydroelectric Pumped Storage (-6,558)
Other (13,977)

US Fuel Mix Net
Generation by Energy
Source

¥ Coal

¥ Petroleum
Natural Gas

B Other Gases
Nuclear

® Hydroelectric
Other Renewables

¥ Pumped Storage
Other
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Some First Observations/Opinions

 Biggest contributors to CO, emissions are
transportation and electricity

 Easiest ways to reduce CO, emissions

» Reduce coal usage in electric power systems where
alternatives can be found

« Shift some transportation load to electric power grid
» Greater use of electricity waste heat (CHP)

* Increase use of petroleum alternatives in transportation
(ethanol, biodiesel, methane, etc.)

e[ JNIVERSITYof TENNESSEE |




US Alternative Energy Production

° By Source (2005, GWh) US Alternative Energy
* Biomass (54,160) Production

e Geothermal (14,691)
| ®Geothermal

 Solar/PV (550)

e Wind (17,811)
Solar/PV

® Wind

me JNIVERSITYof TENNESSEE |



Some More Observations / Opinions

e Considering cost, availability of sites, development
of technology, medium term (5-10 years); carbon
limited generation will be dominated by

* Wind - both on-shore and off-shore

» Solar —to a lesser extent but depends on ability to
compete at retail level

 Problems with wind and solar

« Wind highly stochastic (variable)
« Seasonal variations
 Solar diurnal cycle does not match load

e[ JNIVERSITYof TENNESSEE |




US Wind Resources

Annual & Cumulative (MW)

U.S. Wind Power Capacity,

16000

14000

ONet Annual

12000

10000
8000
6000
4000
2000

http://www.awea.org/Projects/growth.xls
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US Wind Resources

UNITED STATES ANNUAL AVERAGE WIND POWER

S TP, -0

CLASSES DF WIND POWER DENSITY
e u n st

pa

PRINCIPAL
HAWAILAN
ISLANDS.

PUERTD RICO

http://rredc.nrel.gov/wind/pubs/atlas/maps/chap2/2-01m.html
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US Solar Resources

Figura 1Z. Concantratad Solar Powar {(C5P) Resource Potential
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Challenges
Assume 50% Renewables is Desired Level

Many alternative sources are:

 less predictable than traditional fuel-based power plants;

 tend to be far from load centers so power may have to flow
through congested transmission paths;

 do not generally match the daily cycle of load variation;

o suffer from unusual operating constraints, such as, rapid
variation or complicated weather dependence;

* need to be tightly coupled to storage, which may be
mobile.

e[ JNIVERSITYof TENNESSEE |




Recent Experience with Wind

Texas — Feb 2008.

1700 MW dropped to 300 MW over several hours. Required drop of
non-firm load. Press tended to blame wind but both forecasted load
and dispatched generation were in error.

California

California ISO requiring significant new reserves to meet ramp rate
constraints brought on by wind units

Washington State and Spain

 Both report events of losing up to 1 GW in under a minute

Major Issue Is cost — either new reserves or new
transmission

e[ JNIVERSITYof TENNESSEE |




Existing Power System Control

« Connected system built upon rotating machines with high
Inertia and relies on dependable patterns of consumption

« Very little load is controllable, instead generation tracks
daily load curve

o System engineered to meet peak demands
* Numerous centralized controls acting largely independent

» Localized control schemes primarily for protection

=>» Driven by reliability and fuel costs. Current system does
have many advantages including high efficiency (from
electrical viewpoint) and high reliability.

e[ JNIVERSITYof TENNESSEE |




Overall Control and Communication

Structure
Largely hierarchical and centralized

Controls separated by time frame and reach (day
ahead scheduling, load frequency, voltage, real-
time economic dispatch, static security, transient
stability, etc.)

Most communication flows up to control center
(little from substation to substation)

Pricing driven mostly by generation scheduling
considerations

Little customer choice in level of reliability

e[ JNIVERSITYof TENNESSEE |




More Comments on EXxisting System

A system solution is mandated mostly by reliability:

- completely distributed options tend to fail in terms of reliability and
affordability,

- existing system tends to fail in terms of adaptability and sustainability.

Can existing systems be adjusted incrementally? No, because of
scalability

Existing overall control is a “frozen accident” (a patchwork of
controls - transient stability, load frequency, voltage, power
quality, protection), largely uncoordinated

Controlled entities (generators) are assumed to be in the
hundreds, not millions

e[ JNIVERSITYof TENNESSEE |



Needed System Changes

a broader electric grid to include end energy use.

Increased scheduling capability through load management for
existing loads and the addition of new load

new and reconfigurable transmission to improve source diversity

provide effective storage through a combination of fast start
units, PHEVs, low-level UPS, and utility scale storage

a “flattening” of the control structure that replaces the traditional
control strategies with simpler local controls operating within a
more global context for the system

e[ JNIVERSITYof TENNESSEE |




Some Potential Research Issues
Control Challenges

Speed of response
« Milliseconds (power quality)
e Seconds (transient stability)
 10s of seconds (small signal stability)
e Minutes (voltage stability and system viability)
e Days
e Seasonal
Amount of response

Need for new transmission
Determining transmission limits in real time

e[ JNIVERSITYof TENNESSEE |




Example Control Issues
New Load Controls

With 50% renewables at 40% capacity factor

* Need 600 GW nationwide and can easily have 100 GW of
variation to manage (expensive to do with reserve gas units)
 How much load is controllable in the US?
» Heating/Cooling (35.2 aGW assuming 20% controllable)
 Lighting (20 aGW assuming up to 50% controllable)
 Industrial (23 aGW assuming up to 15% controllable)
» Light electronic load (12.9 aGw assuming up to 15% controllable)

=» This would be a massive change but probably still doesn’t
get you far enough if you want to avoid increasing reserves

e[ JNIVERSITYof TENNESSEE |




Possible Solutions
New Controllable Load

« PHEV’s
e Plug in hybrid vehicles
e Use as storage

e Use as controllable
load — peak shaving,
load leveling

* Hydrogen production

« Could couple with
wind units

Example

6kWh load

« Average 5 hour charge time
20 million in US

24 aGW of controllable load

Potential huge but market for
hydrogen probably some time
off

e[ JNIVERSITYof TENNESSEE |




Possible Solutions
Flatness as a Control Structure

Our proposed control scheme combines:

 |ocal control for speed and robustness (corrects for
uncertainty),

 global (area) control that selects one of finitely
many modes for each local controller, e.g.,
efficiency maximization, cost minimization,
stabilization, network recovery. This level
compensates for possible myopic actions of
uncoordinated local controls.

e[ JNIVERSITYof TENNESSEE |




Divide and Conquer...

Flatness should allow the system operator to
systematically generate feasible plans in a
relatively simple way by employing a two-
degree-of-freedom approach that separates
overall scheduling into:

1. Nominal generation plan (performed on a
global level),

2. Local (typically fast) tracking and
stabilization.

=» Cost Is some loss of overall efficiency
e[ UNIVERSITYof TENNESSEE |




Possible Solutions

Transmission System Enhancement with FACTS Controllers

Conventional methods of transmission planning is linked to large coal/nuclear
generation sites — no longer the case with renewables and in restructured
power markets.

Flexible AC Transmission Systems (FACTS) controllers can be strategically
located to strengthen flow paths for renewable sources at a much lower cost
than new transmission lines. Voltage-sourced converter based controllers are
versatile and reconfigurable — for example, the Marcy Convertible Static
Compensator (CSC).

Local (flat) control and coordination of FACTS controllers for active flow
control and voltage support need to be investigated — new dispatch and
coordination schemes for steady-state and transient operations.

Use of high-sampling rate synchrophasor data can further improve the
response of FACTS controllers to counteract disturbances.

Need for computer simulation tools and test systems to other researchers in
renewable energy community.

e[ JNIVERSITYof TENNESSEE |



Conclusions

Wide area interconnected electricity grid central to
solving energy problems

Wind has perhaps the greatest potential — problems of
variability may have been overstated by media BUT a
new control structure Is needed to address greater
demand side response and new storage

Need for storage has been overstated

Shifting of greater load to grid has benefits both for
reduced emissions and for ease of control

Need for new transmission flexibility and
reconfigurability

Must get the economic incentives right

e[ JNIVERSITYof TENNESSEE |




Discussion
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MV Drives
Products

© ABB Group
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ACS 1000, ACS 1000i

= Cooling: air / water

- Power range: 315 kW — 5 MW

- QOutput voltage: 2.3 —4.16 kV

= Air-cooled ACS 1000 available with

integrated input transformer and input
contactor (ACS 1000i)

ACS 5000

- Cooling: air / water

- Power range: 2 — 22 MW

- QOutput voltage: 6.0 — 6.9 kV

= Air-cooled ACS 5000 available with

integrated input transformer



Power Electronics in Smart Grids
Integration of electric vehicles

Residential inverters for energy storage, renewables, and
PHEV/EV -

Centralized energy storage (Dynapow) to absorbe peaks
due to simultaneous (fast) charging of multiple electric
vehicles

© ABB Group
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Power Electronics for Battery Fast Charging Station

© ABB Group
July 20, 2010 | Slide 31

What is ‘Battery charqging station’?

A battery charging station is a place supplying electricity for the recharging of electric
vehicles including plug-in hybrid electric vehicles. Charging stations can be found on the

road (fast), in parking lots (slow), and in garages at home (slow).

What is ‘Fast charqging’?

Fast charging is expected to charge batteries within 10 minutes or less for complete
replenishment, which is equivalent to existing ‘Fuel Stop'.

Why is ‘Charging station and Fast charging’ needed?

All major automobile manufacturers are actively developing alternative fuel vehicles.
All major automobile manufacturers have PHEV & BEV on their short-mid term

planning horizon.

Substantial EV market growth worldwide by 2030.

PHEV/BEV/EV require charging infrastructure, especially fast charging station
equivalent to existing ‘gas station’.

Power Electronics for Fast Charging

Fast charging requires dedicated AC/DC & DC/DC power conversion

1

3-ph AC

from grid AC/DC

DC/DC

AC/DC
1-ph
On-board charger

Car

Battery




Infrastructure of Battery Fast Charging Station

= Assumption:

= A fleet of all electric vehicles with battery packs in the range of 25-50kWh
(driving range of 100 — 200km)

= Scenario:

= A ten-minute quick charge from 10% to 90% capacity for 25kWh battery
pack would require a power draw of about 120kW from the grid.

= If average charging station is capable of serving 10 cars simultaneously, a
ten-minute quick charge for all 10 vehicles refers to 1.2MW load. Charging
station load would continuously fluctuate in the range of 0-1.2MW.

« If there are 20 fast charging stations in a city, there will be continuous load
fluctuation in the range of 0-24MW from a grid perspective.

P&Q

)

© ABB Group “ I. ..
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Opportunities for Power Electronics in Charging Station

= High efficient 3-ph DC-AC and DC-DC converters
« Grid side active rectifier for large fast charging station

= Integration of renewable energy source into fast charging station with bulk
electrical energy storage.

« Island mode of fast charging station with electrical energy storage +
renewable energy source

=« Protection from various situations such as lightening.

Solar Panel

‘ P&Q
O

a1 v
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Conclusion: Smart Grid Needs High MW Electronics

~

« Current switching

- Current interrupting . — Solid-state

- substation
« Current limiting
= Transformer D
- Main Challenges:
_ o silicon 2008 .
= High reliability % — s ““::EE;J’::E‘;:
- Low losses = ot ’
) C_L_U’ Bipolar ,
- Thermal Management/Cooling o / Transistor IGBT R
igh switchi i i
= High switching frequency > sicf:

- High blocking voltage for direct M.

- High power density/Footprint
= Low cost
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US Fuel Mix for Electricity
By Energy Delivered

* Net Generation, by Energy Source
(2006 GWh)

Coal (1,990,926)
Petroleum (64,364)
Natural Gas (813,044)
Other Gases (16,060)

» Blast Furnace gas
* Propane gas

» Other manufactured and waste gasses
derived from fossil fuels

Nuclear (787,219)

Hydroelectric (289,246)

Other Renewables (96,423)
Hydroelectric Pumped Storage (-6,558)
Other (13,977)

US Fuel Mix Net
Generation by Energy
Source

¥ Coal

¥ Petroleum
Natural Gas

B Other Gases
Nuclear

® Hydroelectric
Other Renewables

¥ Pumped Storage
Other
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Some First Observations/Opinions

 Biggest contributors to CO, emissions are
transportation and electricity

 Easiest ways to reduce CO, emissions

» Reduce coal usage in electric power systems where
alternatives can be found

« Shift some transportation load to electric power grid
» Greater use of electricity waste heat (CHP)

* Increase use of petroleum alternatives in transportation
(ethanol, biodiesel, methane, etc.)
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US Alternative Energy Production

° By Source (2005, GWh) US Alternative Energy
* Biomass (54,160) Production

e Geothermal (14,691)
| ®Geothermal

 Solar/PV (550)

e Wind (17,811)
Solar/PV

® Wind
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Some More Observations / Opinions

e Considering cost, availability of sites, development
of technology, medium term (5-10 years); carbon
limited generation will be dominated by

* Wind - both on-shore and off-shore

» Solar —to a lesser extent but depends on ability to
compete at retail level

 Problems with wind and solar

« Wind highly stochastic (variable)
« Seasonal variations
 Solar diurnal cycle does not match load
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US Wind Resources

Annual & Cumulative (MW)

U.S. Wind Power Capacity,

16000

14000

ONet Annual

12000

10000
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http://www.awea.org/Projects/growth.xls
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US Wind Resources

UNITED STATES ANNUAL AVERAGE WIND POWER

S TP, -0

CLASSES DF WIND POWER DENSITY
e u n st

pa

PRINCIPAL
HAWAILAN
ISLANDS.

PUERTD RICO

http://rredc.nrel.gov/wind/pubs/atlas/maps/chap2/2-01m.html

e UNIVERSITYof TENNESSEE |




US Solar Resources

Figura 1Z. Concantratad Solar Powar {(C5P) Resource Potential
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Challenges
Assume 50% Renewables is Desired Level

Many alternative sources are:

 less predictable than traditional fuel-based power plants;

 tend to be far from load centers so power may have to flow
through congested transmission paths;

 do not generally match the daily cycle of load variation;

o suffer from unusual operating constraints, such as, rapid
variation or complicated weather dependence;

* need to be tightly coupled to storage, which may be
mobile.

e[ JNIVERSITYof TENNESSEE |




Recent Experience with Wind

Texas — Feb 2008.

1700 MW dropped to 300 MW over several hours. Required drop of
non-firm load. Press tended to blame wind but both forecasted load
and dispatched generation were in error.

California

California ISO requiring significant new reserves to meet ramp rate
constraints brought on by wind units

Washington State and Spain

 Both report events of losing up to 1 GW in under a minute

Major Issue Is cost — either new reserves or new
transmission

e[ JNIVERSITYof TENNESSEE |




Existing Power System Control

« Connected system built upon rotating machines with high
Inertia and relies on dependable patterns of consumption

« Very little load is controllable, instead generation tracks
daily load curve

o System engineered to meet peak demands
* Numerous centralized controls acting largely independent

» Localized control schemes primarily for protection

=>» Driven by reliability and fuel costs. Current system does
have many advantages including high efficiency (from
electrical viewpoint) and high reliability.

e[ JNIVERSITYof TENNESSEE |




Overall Control and Communication

Structure
Largely hierarchical and centralized

Controls separated by time frame and reach (day
ahead scheduling, load frequency, voltage, real-
time economic dispatch, static security, transient
stability, etc.)

Most communication flows up to control center
(little from substation to substation)

Pricing driven mostly by generation scheduling
considerations

Little customer choice in level of reliability

e[ JNIVERSITYof TENNESSEE |




More Comments on EXxisting System

A system solution is mandated mostly by reliability:

- completely distributed options tend to fail in terms of reliability and
affordability,

- existing system tends to fail in terms of adaptability and sustainability.

Can existing systems be adjusted incrementally? No, because of
scalability

Existing overall control is a “frozen accident” (a patchwork of
controls - transient stability, load frequency, voltage, power
quality, protection), largely uncoordinated

Controlled entities (generators) are assumed to be in the
hundreds, not millions
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Needed System Changes

a broader electric grid to include end energy use.

Increased scheduling capability through load management for
existing loads and the addition of new load

new and reconfigurable transmission to improve source diversity

provide effective storage through a combination of fast start
units, PHEVs, low-level UPS, and utility scale storage

a “flattening” of the control structure that replaces the traditional
control strategies with simpler local controls operating within a
more global context for the system

e[ JNIVERSITYof TENNESSEE |




Some Potential Research Issues
Control Challenges

Speed of response
« Milliseconds (power quality)
e Seconds (transient stability)
 10s of seconds (small signal stability)
e Minutes (voltage stability and system viability)
e Days
e Seasonal
Amount of response

Need for new transmission
Determining transmission limits in real time
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Example Control Issues
New Load Controls

With 50% renewables at 40% capacity factor

* Need 600 GW nationwide and can easily have 100 GW of
variation to manage (expensive to do with reserve gas units)
 How much load is controllable in the US?
» Heating/Cooling (35.2 aGW assuming 20% controllable)
 Lighting (20 aGW assuming up to 50% controllable)
 Industrial (23 aGW assuming up to 15% controllable)
» Light electronic load (12.9 aGw assuming up to 15% controllable)

=» This would be a massive change but probably still doesn’t
get you far enough if you want to avoid increasing reserves
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Possible Solutions
New Controllable Load

« PHEV’s
e Plug in hybrid vehicles
e Use as storage

e Use as controllable
load — peak shaving,
load leveling

* Hydrogen production

« Could couple with
wind units

Example

6kWh load

« Average 5 hour charge time
20 million in US

24 aGW of controllable load

Potential huge but market for
hydrogen probably some time
off
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Possible Solutions
Flatness as a Control Structure

Our proposed control scheme combines:

 |ocal control for speed and robustness (corrects for
uncertainty),

 global (area) control that selects one of finitely
many modes for each local controller, e.g.,
efficiency maximization, cost minimization,
stabilization, network recovery. This level
compensates for possible myopic actions of
uncoordinated local controls.
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Divide and Conquer...

Flatness should allow the system operator to
systematically generate feasible plans in a
relatively simple way by employing a two-
degree-of-freedom approach that separates
overall scheduling into:

1. Nominal generation plan (performed on a
global level),

2. Local (typically fast) tracking and
stabilization.

=» Cost Is some loss of overall efficiency
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Possible Solutions

Transmission System Enhancement with FACTS Controllers

Conventional methods of transmission planning is linked to large coal/nuclear
generation sites — no longer the case with renewables and in restructured
power markets.

Flexible AC Transmission Systems (FACTS) controllers can be strategically
located to strengthen flow paths for renewable sources at a much lower cost
than new transmission lines. Voltage-sourced converter based controllers are
versatile and reconfigurable — for example, the Marcy Convertible Static
Compensator (CSC).

Local (flat) control and coordination of FACTS controllers for active flow
control and voltage support need to be investigated — new dispatch and
coordination schemes for steady-state and transient operations.

Use of high-sampling rate synchrophasor data can further improve the
response of FACTS controllers to counteract disturbances.

Need for computer simulation tools and test systems to other researchers in
renewable energy community.

e[ JNIVERSITYof TENNESSEE |



Conclusions

Wide area interconnected electricity grid central to
solving energy problems

Wind has perhaps the greatest potential — problems of
variability may have been overstated by media BUT a
new control structure Is needed to address greater
demand side response and new storage

Need for storage has been overstated

Shifting of greater load to grid has benefits both for
reduced emissions and for ease of control

Need for new transmission flexibility and
reconfigurability

Must get the economic incentives right
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Discussion
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