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Cummins Power
Generation Supports
New EPA Emissions
Regulations

Leam more about ths g
Click here!

New Product: OTEC
Automatic Transfer Switch
The OTEC Open
Transition Transfer Swilch
provides dependable,
cost-effective load
transfer for emergency
and standby applications.
Features an easy-to-use
microprocessor-based

controd panel. Learn Mare.

http://www.cumminspower.com

Power
Generation

http://www.cummins.com/ .

Abou ‘Cummins
Cummins Products

Global
Citizenship

Investors
And Media

Careers
At Cummins

Distributor

C L3
Assistance Network

United States and Canada
Change Region

Search

Cummins Stock (NYSE:CMI)

Products Last Trade: 110

k orf = '-. o

wme  products & serdees sales & support  power applicallons  |brary  mewsmom

‘http:/Imwvww.funroads.com/

Google |

| [ Search ]

Qurenergy
working for you.

Discovering the best power
solution takes a relationship
with someane who
understands your challenges
the way you do. With
distributors in over 130
counfries, we are close by
and ready to deliver everything from complete project design
and management {o long term plant operation, maintenance and
senvice.

O web @& Funroads.com

HOME | GO SHOPPIN' RV SERVICE RV TRAVEL COMMUNITY RV GUIDE

; ; R
e CLASSIFIED
a ¢tate ﬂf mind
(bvt an RV helps)

* Search for RV’s

* List your RV

* FreeInsurance &
Financing Quotes

click here

Cummins Power Generation matches the right generating,
transfer and control technologies with your power needs. With a

pre-integrated onsite power system, all the power system ?::ﬁriegaﬁ'l_“;tcgror RV Travel Tips
components are designed to work together as a whole. That's Quick Finder Motorhome Top Fall ivals in North America T

Visit foremost.com

The Power of One™. RV Parts & Supplies
Product Showcase
Buy or Sell Rvs

Recognized By Travel Writers
Whether you call it autumn, Indian

Learn how much you can 5
summer, the start of harvest or just

RV Forums save on RV insurance or

Onan Generators financing. Check out two the end of summerts heat, fall
Classifieds great ways to buy or sell an brings with it a welcome change of
RV Loans RV. seasons and a reason to get out

and enjoy the cooler temperatures.
To celebrate the start of fall,
members of the Society of American
Travel Writers have selected the
following Fall Festivals as tops in
North America. Read More

Motorhome Service
Good Sam RV Club
Experience America

Onan RV

Generators

Parts and manuals for every
model in the Onan RV Store.
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GRAND VITARA

suzukioulo.com|
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to the main-drive engines,
Coarch Care RV centars
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Versa Power
\) Systems

CPG/Versa Power Systems (VPS)c®

" Phase 1
— CPG & VPS teaming for 2006 Phase 1 completion

— VPS 3-1 System-based prototype evolves towards mobile
application requirements

— CPG develops and delivers new air flow and power
conditioning sub-systems

" Phase 2
— CPG/VPS develop new system tailored to RV requirements
— VPS: stack, manifolds, hot section components

— CPG: system engineering; fuel processing; BOP and Power
conditioning; packaging and market channel

6 -
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Cummins Power Generation R/ Vepaerer
Versa Power Systems Teaming

= Reformer development = High performance planar cell
= Electronic controls & metallic interconnect
technology

= Planar SOFC stacks
= High temperature thermal

= Power electronics
* Fuel systems
= Air handling systems

= Noise and vibration integration
. . = Experienced SOFC system
= Power system integration integrators

= Manufacturing
= Marketing, sales, distribution

7 -
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Versa Power Systems o

Versa Power
\ Systems

= Focused on SOFC commercialization

= Demonstrated cost-effective SOFC ceramic cell
manufacturing technology

= Highly competitive state-of-the-art SOFC stack
technology

= Multiple generations of complete integrated system
experience
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VPS SOFC e@ Generation
Development Status 2 //ves:;:tzme,

Demonstrated

Stack 8,800 Cell 26,000 Test Duration
(hrs.)

- Demonstrated

Stack 40 Cell 250 Deep Thermal
Cycles (TCs)

Demonstrated

Stack 950 Cell 1,400 Power Density
(mW/cm?)




Approach to e Generation

Commercialization W
= Develop stack technology

— Performance ($/kW)

— Sulfur tolerance

— Degradation

— Redox tolerance

= Address system challenges to commercialization in
mobile markets
— Reformer operation on ULSD
— Start-up and shut-down transient conditions
— Shock and vibration tolerance (robustness)
— Compact system integration (packaging)

= Demonstrate capability to incorporate technology Iin
context of product development program

’ -
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Approach to Development e Generation
= Phase 1 Prototype

— Evolved from Versa Power Systems 3-1 system

— Natural gas fueled, steam reformed

— Reduced Direct Internal Reforming (DIR)

— Internal stack clamping design

— Cost reduced air supply

— Simplified DC output (boost)

= Phase 2 Prototype
— ULSD fueled
— Start-up and shut-down w/o supplementary gases
— Sulfur and redox tolerance
— Packaging and system integration
— Shock and vibration tolerance (robustness)

’ -



— Phase 1 Performance Test at CPG

Plans Balance of Phase 1 e

= CPG/VP Phase 1 Proto Development and Testing
— System Pre-test at VPS completed 09/05/2006

Power
Generation

Phase 1 Performance Test af CPG
Commissioning Test Cell - 09/2012006
Commissioning of System - 10/05/2006
First Steady State Test - 112202006
Transient Testing - 11/30/2006
Performance Test Completion - 12/29/2006

Task Name September QOctober November December Janu
8/20|8/27ﬁ3 910 | 917 | 924 [ 101 | 10/8 11015110/22110/28 | 11/5 (1142 111/419(11/26| 1243 [121101217 11212412/
System Test at VPS q |
Completed 09/05/72006 E '

12
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Phase 2 Plan Overview e eneration

= CPG/VP Phase 2 Development and Testing \ Coreme

Task Name [2007 [2008 [2009

Qtr 4 Ofr 1 Qtr 2 Qtr 3 Otr 4 Otr 1 Otr 2 Otr 3 Otr 4 Otr 1
Proposed Phase 2

Phase 2 starts & "

System Design Complete Prototype #1 & a0

Controls & Power Electronics Ready for Integration e e

Diesel Reformer Development Ready for Integration 1| | e

Assemble and Commission System Prototype #1 oz | s

System Prototype #1 test [

System Prototype #2 Design Refinement Complete s |1;2m

Assemble and Commission System Prototype #2 108 | | an2

Phase 2 Test @ CPG s [ e

Phase 2 Testing and Reports Complete & =

; -
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Phase 1 Evolution e Generation
Reduced Direct Internal VesaPorer
Reforming (DIR)

= Low levels of DIR provide flexibility to operate with a
wide variety of fuels, reforming technologies and
operating conditions

= Reduced DIR shifts stack heat rejection to other
cooling means

= VPS integrating low DIR capability into the latest
stack technology

’ -
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Phase 1 Evolution e Generation
Reduced Direct Internal 2\ Vepzporer
Reforming (DIR)

= Stack testing with no methane slip is the new
baseline for stack testing in test stands

= Stack design modified to reduce thermal gradients
In VPS’ baseline platform for operation with low DIR
reformate

= System reformer modifications completed to
Increase natural gas conversion to H, and CO

— Increased heat transfer in the afterburner / reformer design

; -
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Phase 1 Evolution e Generation

Internal Stack Compression A\ Voo

= Internal compression replaces cold
external system components with
Integrated in-stack clamping (hot)

" Internal compression

— Reduces system volume and weight Early generation
: Internal compression in
— Reduces system part count and complexity VPS stacks
— Is more suited to mobile applications with i ﬁ j
shock and vibration environment e

" Internal compression utilizes differing  Frame mounted
thermal expansions between the stack g;gtm‘ compression
and compression member design

’ -
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Phase 1 Evolution e Generation
Internal Compression

= Internal compression materials selected and parts
fabricated and implemented in test stacks at 6 cell
and 28-cell level

= Thermal cycle testing of external and internal
compression 6-cell stacks found no distinguishable
performance difference

= Phase 1 SECA test will run with external clamping,
system will be converted to internal clamping post-
test

’ -
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Phase 1 Evolution e Generation
Internal CompreSSion v/ VersaPower
stems

¥

ﬁ

= Test Results (121 cm? active area):

6-cell GT055296-0020 (PCI2) TC Comparison
March 20-April 10, 2006, Stand 20, 725degC furnace temp

11
60A, 27%Uf, 36%Ua i
3%H20 humidified fuel |
725degC furnace |
1.0 - |
2 I
cu <+— External Compression 4>:<—Internal Compression —»
()]
£ 09 ,
o
| |
@ Q—/‘\—O—N\A | e o o o
8 T ——+—+—
508 m——= === » » » »ls o o o o o .
S |
()
> |
< /‘ |
0.7 |
47A, 70%Uf, 35%Ua |
3%H20 humidified fuel | —¢=60AAVgV
725degC furnace | —8—70/35 Avg V
0.6 T T T
QS & A x S o0 A DH O QO N A4 D X » O A\

Thermal Cycle
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Initial Phase 1 System Testing:

Stack Current & Voltage vs. Time Peak Power
) @80 A (450 mW/cm?2) B
110 @100 A (500 mW/cm?) 110
100 - ’-_\‘L—\‘_" X 1100
90 + -+ 90
80 + -+ 80
= 70 - + 70
(]
(@]
8
E 60 - /‘ -+ 60
~ < System characterization NOC Hold NOC Hold
& 50 50
7 V N
Ic
2 40 - + 40
|_
30 + 30
20 20
10 10
O I T T T T O
0 120 240 360 480 600 720 840
Time Since Start [Hours] === Stack Tower Voltage, to Boost

August 4 - September 5, 2006

e=EQOL Voltage Limit
Stack Current

Power
Generation
®
Versa Power
\ Systems

Current [A]
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Initial Phase 1 System Testing: c
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Peak Power v/ VersaPower
W/  Systems

7000 55%
4
i ?
6000 - $ b W ' 4 50%
8 .
? i s 5.5kWn DC @ 100ADC (1.5hrs)
]
5000 1 o ha\ g { 45%
5.4 kW net DC @ 80ADC (22 hrs) %
3 PGy,
g 4000 b 40% £
g i >
— (&)
S : ’ 5
o L (&)
£ 3000 - . i T 35% &
° LLl
At 42 ADC ) §9¥., | At42ADC
Steady-state . s 'J Steady-state
2000 ° u . T 30%
i Two hard transitions
e 80ADC to e-stop due '
1000 - to test errors ¢ 1 250
b [ ]
0 ‘ - ‘ ‘ ‘ ‘ ‘ 20%
625 631 637 643 649 655 661 667 673

Time Since Start (Hours)

‘ e Gross DC Power e Net DC Output Power e Gross DC Efficiency e Net DC Output Efficiency ‘
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Phase 2 Preparation o
ULSD - Fuel for Mobile SOFC
Commercialization

=" CPG’'s SECA work to date based on LPG and
Natural Gas

= Market studies strongly indicate ULSD (< 15
ppmw sulfur) is critical to successful
commercialization of CPG Target Markets

= US EPA on Highway Emission requirements
mandate transition to ULSD beginning in 2007
(some regions have already begun transition).

’ -
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“Zero Net Water” for Mobile c Generation
SOFC Commercialization

= Water simplifies fuel reformation
— Source of additional hydrogen
— Reduces carbon formation

= Higher S/C ratios mean water requirement can exceed the
fuel requirement

= Carrying significant amounts of water on mobile
applications undesirable
— Space
— Weight
— Availability
= Mobile system water requirement = Zero Net Water

= Other factors favor desirability of waterless system
— Cost
— Complexity
— Storage requirements

; -
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Diesel Reforming Generation
Technologies Compared )

Increasing Mobility

A

Efficiency
Weight & Size

Cost & Complexity

23
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Diesel Reforming Technology

Preliminary View for Mobile Products

O

O

O o | O |O

© e | O |O

o
O

O

O
O
O

O
O
O
o

@

Steam Reforming

Autothermal Reforming

Supplemental water

Anode Gas Recycle

Water Condensation

Oxidation Reforming

Catalytic Partial

Plasma Reforming (dry)
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Evolution of SOFC Fuel System
Form Mobile Applications

ﬂ DC Power ‘ AC Power
l SECA Phase 2

Exhaust
ATR of ULSD using
supplementary water

25
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®

Evolution of SOFC Fuel System
Form Mobile Applications

l Commercialization Objective

Exhaust
CPOX of ULSD using NO
water

26
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®

Evolution of SOFC Fuel System
Form Mobile Applications

DC Power ‘ AC Power
‘l Commercialization Fallback

ATR of ULSD using
recovered water

Water

lExhaust
27
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Parallel Reformer c Generation
Development Paths

 ATR for SECA Phase 2
« CPOX Primary Path for commercialization
« ATR w/H20O Recovery Fallback

Phase 1
Natural Gas SR SECA Phase 1
Phase 2
ATR Supplemental H20 SECA Phase 2
ATR Water Recovery Fallback Plan
o Ol
Waterless CPOX Primary Path to Commercialization
QL n Q2 Q3 Q4 Q1 Q2 Q3 04 Q1 Q2 Q3 4
2006 2007 2008

; -
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Optimizing Air Supply e Generation
System Cost

= Low Cost Air Supply Subsystem Design -- Primary Tasks
» Optimize flow levels and pressure losses
* Minimize the number of control elements/streams
» Avoid hot side valving

* Incorporate low cost (industrial / automotive) sensors and
actuators

» Design with components derived from production supplier
base and consumer product experience.

» Achieve costs consistent with high volume production
components

» Develop robust control algorithms derived from system
characterization

29 -
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Reduced cost air supply e Generation

Butterfly Control Actuator Assembly
with Integrated:

* Mass Flow Meter

 DC Servo Actuator

» Butterfly Valve Assembly
* Mechanical Linearization

Components Included in
previous Prototype:

» Mass Flow Meters from
Cummins 2007 B Series
» Stepper Motor Actuator
* Low Cost, ~40% Eff.,
Cathode Blower

30
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Air Supply

CPG Designed Field
Replaceable Unit
(FRU)
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Fuel Cell Power Electronics

Fuel Cell DC Bus High Voltage DC
(70-112Vdc) Bus (200-220Vdc)

DC/AC Inverter

Control Signals,
for Boost Enable
and Current Limit.

Load Control >
Handshake Signals v v
1Y 120Vac 60Hz
12V Lead Acid Battery. | 12y Battery | 10kW Output @
Voltage Range 10.5- Bank
13.8Vdc

32
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Phase 1 Fuel Cell Boost c Generation

" Fuel Cell Boost

— Boosts and Regulates Fuel Cell Voltage
* Input Voltage Range 57-200Vdc
* 6kW output power.
» Output Voltage 200Vdc

— Current Limit Control for Stack Protection

 Limits Stack Current During Transients
— Soft-Start and Enable Feature

—Very Low Cost Design
* 6kW for <$200 Total manufacturing cost

; -
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The Fuel Cell Boost c Generation




Power

The Fuel Cell Boost c Generation

Control
Board

Inductor
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Fuel Cell Boost Efficiency vs Load

Fuel Cell Boost Efficiency

/

o0
ol

Efficiency (%)
(@)
o

00)
o
e —

0 1000 2000 3000 4000 5000 6000
Power Out (Watts)
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Boost Heat Sink
Modeling with Sauna

IGBT Temperatures with New Fan

Power
Generation

&

60 % 8

0> 120
50 & -~ )
o 45 £ —
R 2100
40 & o
935 1 —IGBT Inductor Side o
£30 & _ o 80
& o5 i —IGBT Board Side GE)

20 F ‘ ‘ ; ~ 60

800 900 1000 1100 1200
Time (Sec.)

!

37 )
Heat Sink

| IGB'i' Module Base Plate

Base Plate

IGBT Heat Sink Temperature

IGBT baseplate temp
—|GBT heatsink temp

5

 Thermal Modeling
« Sauna Modeling
Package, low
cost heat sink
modeling.
* Measured Values
within 3°C of model

Temp °C
114.19
108.07
102.95
49882
93.70
8358
8348
7833
TN
6309
6287

Heat Sink Base Plate

10

\-\‘—-’

IGBT Module Base Plate
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Phase 2 Packaging e Generation

* Thermal Integration
« Compact
* Close Coupling

Cold

Air Exhaust

; -
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= Target for Phase 2 system: 400-450 L
= Replaces Diesel engine powered genset in hybrid system

39
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Common System Architecture c

High Voltage DC
Bus (200-220Vdc)

DC/AC Inverter

Load Control >
Handshake Signals v v
1Y 120Vac 60Hz
12V Lead Acid Battery. | 12y Battery | 10kW Output @
Voltage Range 10.5- Bank
13.8Vdc

40
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Dynamic Output for a e Generation
Specific Input Condition

RV Daily Load Curve Generated by Monte Carlo Method
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b T - 1 45
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Sample System Model Run ew Generation

Battery SOC
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