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Fuel Cell Vehicle Learning Demonstration
Project Objectives and Targets

* Objectives
— Validate H, FC Vehicles and Infrastructure in Parallel

— ldentify Current Status and Evolution of the Technology

« Assess Progress Toward Technology Readiness
* Provide Feedback to H, Research and Development

Key Targets
P

Performance Measure / 2009* \ 2015**

Fuel Cell Stack Durability / 2000 hours \” 5000 hours

Vehicle Range \ 250+ miles } 300+ miles
Hydrogen Cost at Station $3/99y $2-3/gge
g

* To verify progress toward 2015 targets
** Subsequent projects to validate 2015 targets
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Vehicle Status: All of First Generation Vehicles Deployed,
2" Generation Introduction in 2008 Has Begun
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DOE Learning Demo Fleet Has Surpassed
50,000 Vehicle Hours and 1.1 Million Miles

Vehicle Hours: All OEMs Combined
Through 2007 Q4

Total Vehicle Hours = 52,268

Number of Vehicles

\\) N \\) N \) \)
N I R I N
\) Ny N ;\‘) QQQ

Vehicle Miles: All OEMs Combined
Through 2007 Q4

Total Vehicle Hours
Created: Feb-15-08

Total Miles Traveled = 1,105,440
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Refueling Stations from All Four Teams Test
Vehicle/Infrastructure Performance in Various Climates
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~2/3 of the Project’s Infrastructure to Refuel Vehicles
Has Been Installed — 4 Types (examples)

Infrastructure Hydrogen Production Methods

5
Mobile Refueler Delivered Liquid, 700 bar
Sacramento, CA 4 Irvine, CA
n 31
c
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Delivered Natural Gas On-site Electrolysis Delivered Liquid H2 K
Compressed H2 Reforming 11
Created Feb-15-08 Production Technology

A1 Water Electrolysis [t
Rosemead, CA

Steam Methane Reforming
Oakland, CA

B

Total: 14

Online Stations

Number of Stations
® 3 N
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Created Feb-15.08 Reporting Period
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S ta tl ons O pe n | n g S oon {:}HEL National Renewable Energy Laboratory 7




Extremely Large Data Sets (~3 Years, Every Trip) Have Resulted
in Sophisticated NREL-Developed Data Processing Tools

Through February 2008:
209,000 individual vehicle trips
50 GB of on-road data

On-Road Data Received -- Running Totals
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http://www.barrysclipart.com/barrysclipart.com/showphoto.php?photo=24290&papass=&sort=1&thecat=174

NREL Web Site Provides Direct Access to All Composite
Data Products (47), Reports, and Presentations
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Fuel Cell Stack Durability
| Call Stack Hours Accur od and Projectad Hours to 10% Stack Valtage Degradation,
co #1, 8/23/07 { ) (JBEG 229 KR)
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Presentations and Publications

Some of the following documents are available as Adobe Acrobat PDFs. Download Adobe Reader.

Awards

2007

« FCY Lzarning Demonstration: First-Generation Yehicle Results and Factors Affecting Fuel Cell

Degradation (PDE 1.4 MB)Y, K. Wipke, S. Sprik, 1. Kurtz, H, Thomas, 1. Garbak. Presentation

prepared for the Fuel Cell Seminar, San Antonio, TX. (October 2007) /
Learming Demonstration Intenm Progress Report - Summer 2007 (FDF Wipke, S
Sprik, H. Thomas, C. Welch, J. Kurtz. NREL/TP-500-41848. {June 2007}
Controlled Hydrogen Fleet and Infrastructure Analysis (PRE 3.7 MB), K. Wipke. Presentation
prepared for the 2007 DOE Hydrogen Program Merit Review, Arlington, Virginia, (May 2007)
Fuel Cell Yehicle Learmng Demonstration: Spring 2007 Results (EDF 1 MB), K. Wipke.

Presentation prepared tor National Hydrogen dssociation Conterence in San antomio, Texas.
(March 2007)
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Report — Spring 2008 Mach 208
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2006
o Controlled Hydrogen Fleet and Infrastructure Demonstration and Yalidation Project—Initial
Fuel Cell Efficiency and Durability Pesults (POF 314 KB), K. Wipks, C. Welch, H. Thomas, S.
Sprik, 5. Gronich, J, Garbak, Paper prepared for the World Electic Yehicle Association
Joyrnal, Yol 1, 2007, (December 2006}
2006 annual Progress Report for NREL's "Controlled Hydrogen Fleet and Infrastructure
Analysis Project,” System Analysis Section VI.G.1 (PDE 1,24 ME), K. Wipke, C. Welch, H.
Thomas, 5. Sprik. (November 2006}
Hydrogen Learning Demonstration Project: Fuel Cell Efficiency and Initial Durability, K, Wipke, 2
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While Most of FC Time is Spent at Idle,
Bulk of Energy is at 20-50% Power

Fuel Cell System' Efficiency’ = ~25% Met Power.
o [+~ DOE Target]
%Time at Power Levels v2: DOE Flee] 50
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45+ ol 52.5% to 58.1%
% Energy by Power
10 All DEMS=s
40 — 1 Girosas s bk powar mins bl cal syskm audlades par DAAFT SGEL6 15,
>50% time ‘Ex‘l_ncumulmmwbmmn\:mlzmnlhlrpulmm.
g 35 at <5% FC
-
= 30 power
60 .o
3 .
® 25 . g
) ° 40 O
E
- 20—
2
20
15
10- R R A R A
Created: Feb-27-08 12:04 PM % Fuel Cell Power (Gross) of Max
5 |
| | | | | | |

Created: Feb-27-08 12:04 PM

% Fuel Cell Power (Gross) of Max




~40% of Learning Demo Trips Require
<0.5 kWh of Fuel Cell Output Energy

Trip Energy: DOE Fleet
40 \ \ \

35—

# of Trips: 150221

a0 Great opportunity for synergy
between fuel cell drivetrain and
« plug-in HEV battery sizing to
251 “electrify” these short trips

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5 >5
Energy Consumed [kWh]
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As More Gen 1 Data Is Accumulated, Some
- Teams Are Demonstrating Long FC Durability

DOE Learning Demonstration Fuel Cell Stack Durability:

Based on Data Through 2007 Q4
2400 oo

2200—- f\ActuaI Operating Hours Accumulated To-Date----+------- {Projected Hours to 10% Degradation --------
2000+ ==mmzens e eeane

1800— -| Multiple stacks havenow | ------- -~~~ -~~~ -~~~
demonstrated >1000
1600 — - hours of operaton (& e

1400 T

1200 -
e e b0 2006 Target e T RLLCe TP

1000 ++==+= _
soo DN @00 (DOE Milestone)

600—
400 —
200—

Time (Hours)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ===Max Projection
=-==Avg Projection

Max Hrs Accumulated (1)(2) Avg Hrs Accumulated (1)(3) Projection to 10% Degradation (4)(5)

(1) Range bars created using one data point for each OEM.

(2) Range (highest and lowest) of the maximum operating hours accumulated to-date of any OEM's individual stack in "real-world" operation.

(3) Range (highest and lowest) of the average operating hours accumulated to-date of all stacks in each OEM's fleet.

(4) Projection using on-road data -- degradation calculated at high stack current. This criterion is used for assessing progress against DOE targets,
may differ from OEM's end-of-life criterion, and does not address "catastrophic" failure modes, such as membrane failure.

(5) Using one nominal projection per OEM: "Max Projection" = highest nominal projection, "Avg Projection" = average nominal projection.
The shaded green bar represents an engineering judgment of the uncertainty due to data and methodology limitations. Projections will change
as additional data are accumulated.

Created: Feb-26-08 11:46 AM
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Multivariate Analysis of FC Degradation Factors Continues;
Now Available in Main GUI as “Correlate” Screen

J CorrelateNRELFAT
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Primary Factors Affecting Fuel Cell Degradation are Hard to
Extract, and Different (sometimes opposite) for Each Team

1) On-going fuel cell degradation study using Partial Least Squares {PLS)

1 = | High Voltage Time*:5 High Voltage Time e
Low Current Time Low Current Time
Idle Time
Cold Starts
Warm Ambient Temp
Hot Starts Long Trips
Idle Time
Short Trips
Starts/hour Hot Starts
Starts/hour
High Voltage Time
Low Current Time High Voltage Time
Idle Time High Current Time
Hot Ambient Temp
Low Voltage Time
Cold Starts .
Hot Ambient Temp Short Trips
Short Trips Starts/hour
Starts/hour

regression model for each team.

2) Teams' PLS models have a high percentage of explained decay rate variance,

but the models are not robust and results are scattered.

Created: Feb-27-08 12:17 PM

H*. Factor group associated with high decay rate fuel cell stacks
L™: Factor group associated with low decay rate fuel cell stacks
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Large Number of Short Trips Contribute to a
Lower Daily Distance than National Average

Daily Distance: DOE Fleet

251

20

Frequency (%)

Created: Feb-27-08 11:56 AM
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Trip Length: DOE Fleet
T T

Createc: Feb-27-08 11:56 AM

10 15

Trip Length (miles) 2001 NHTS Data Includes Car, Truck, Van, & SUV day trips
ASClI.csv Source: http:/inhts.oml.gov/download.shimi#2001

* NHTS i

Cumulative Frequency
@ 20 miles

DOE Fleet: 50.9%
NHTS: 27.2%

15 20
Daily Distance (miles)

25

IIDOE Fleet
¢ NHTS

Cumulative Frequency
@ 40 miles

DOE Fleet: 69.9%
NHTS: 52.9%

35 40

2001 NHTS Data Includes Car, Truck, Van, & SUV day trips
ASClIl.csv Source: http://nhts.ornl.gov/download.shtml#2001
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Examining Time Between Trips Shows
Fuel Cells Experiencing Large # Hot Starts

50
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10

Time between Trips: DOE Fleet

0-60 min Breakdown: DOE Fleet

>1/3 trips occur

previous trip

within 10 min of | =&

60% trips occur °
within 1 hour of
previous trip

Created: Feb-27-08 11:56 AM
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700 bar On-Board H2 Storage Systems Demonstrate
Potential for Improved Performance Over 350 bar

Weight Percent Hydrogen
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More Detailed Data Reporting Allows a Comparison of Mass
and Volume of H2, Pressure Vessel, and BOP

Average Breakout of H2 Storage System Mass Average Breakout of H2 Storage System Volume
3.26% 3%
23016 240/6
350 bar
73% 73%

Pressure Vessel and BOP for
700 bar Systems Take Up Larger
3.45% % of Volume, but Allow for a More
Compact Package and Extended
Range

700 bar
DH2 Mass (%) OH2 Volume (%)
D Pressure Vessel Mass (%) o Pressure Vessel Volume (%)
created: Feb-1508 g:53am | O Balance of Plant Mass (%) O Balance of Plant Volume (%)
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Actual Vehicle Refueling Times and Amounts from
8,700 Events: Measured by Stations or by Vehicles

Histogram of Fueling Times
All Light Duty Through 2007Q4
1400 T T T

Number of Fueling Events

10 12
Time (min)

Average fill amount: 2.25 kg

Includes Communication and
Non-Communication Fills

Number of Fueling Events

Average time: 3.43 min
87% of refueling events took <5 min

Histogram of Fueling Amounts
All Light Duty Through 2007Q4
350 T T T

300

250

N

[=3

=]
T

150

-
(=
(=)

25 3
Amount Fueled (kg)
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Actual Vehicle Refueling Rates from >8,700
Events: Measured by Stations or by Vehicles

Histogram of Fueling Rates
All Light Duty Through 2007Q4

600 ‘ ‘ ‘ ‘ ‘
2006 Tech Val Milestone
== 2010 MYPP Adv Storage Materials Target

500 -
L 5 minute fill of |
§ 5 kg at 350 bar
w :
o
k=
S 300 i
(T
[T
(<)
S
Q
-g 3 minute fill of

B minute fill of | : B

> 200 5 kg at 350 bar| :

100

Average rate: 0.79 kg/min
24% of refueling events exceeded 1 kg/min

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Avg Fuel Rate (kg/min)

Created: Feb-15-08 1:44 PM

Includes Communication and N
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Communication H2 Fills Achieving
Higher Fill Rate than Non-Communication

Histogram of Fueling Rates
Comm vs Non-Comm Fills - All Light Duty Through 2007Q4

400

= Comm
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Number of Fueling Events
S
T

3 minute fill of | :
5 kg at 350 bar| 4

Comm Fills Can
Achieve Higher :

100~ | Non-Comm Has a
Peak at ~0.2 kg/min

Fill Type Avg (kg/min) %>1

Comm 0.94
Non-Comm 0.66

50~ Fill Rates
0 | | | | | | ! e [
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Avg Fuel Rate (kg/min)

Created: Feb-27-08 11:26 AM
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Examining Refueling Data by Year Shows
0.2 kg/min Rate Phased Out

Histogram of Fueling Rates
All Light Duty by Year Through 2007Q4

350~
= 2005
= 2006
- 2007
300 === 2006 Tech Val Milestone
==== 2010 MYPP Adv Storage Materials Target
250
2 5 minute fill of
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g’ 200~
©
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2 150
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e}
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100
2006 0.72 20%
50 28%
0 \ : Ly
0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2

.Avg Fuel Rate (kg/min)

Created: Feb-27-08 11:39 AM
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Large Spread in H2 Tank Level at Refueling
Peak at ~1/4 Full, Median at ~3/8 Full

Tank Levels: DOE Fleet

Total refuelings1 = 13085

1. Some refueling events not recorded/detected due to data noise or incompleteness.

2. The outer arc is set at 20% total refuelings.
3. If tank level at fill was not available, a complete fill up was assumed.

Created: Feb-27-08 10:51 AM
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Minimal Vehicle Safety Reports Continue
to Demonstrate a Strong Safety Record

Number of Reports

Safety Reports - Vehicle Operation

3
O Tank Scratch
B Traffic Accident
B H2 Leak - During Fueling
0 H2 Alarm - Stack
B H2 Alarm - Fuel System
2 B H2 Alarm - Passenger Compartment
1 I I
0 | T |
4] D N % ) D N 1% ) D
¥ et e e o el e e
N N N i i i Ni S S S N
Q Q Q N N N Q N Q Q Q
Vv v v Vv Vv Vv v Vv v v v

Created: 2/15/08 9:00 AM

{:}HEL National Renewable Energy Laboratory

24




Summary

More than half of project completed

— 92 vehicles and 14 stations deployed

— 1.1 million miles traveled, 40,000 kg H, produced or dispensed
— 209,000 individual vehicle trips analyzed

— Project to continue through 2009

Examination of Factors Affecting FC Degradation
Continues

— NREL collaborating with each team to understand results and refine
inputs and analysis

— Triggered more thorough analysis of vehicle/stack duty cycles, such
as time between trips, trip length, FC power levels

Total of 47 composite data products published to date
— This presentation only covered some of the new/updated results
— Web site allows direct web access to all CDPs
Roll-out of 2" generation vehicles has begun
— Most of remaining vehicles to be deployed this year
— Additional 700 bar stations coming online soon
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Questions and Discussion

Basic Research & Applied R&D

/ DELIVERY \
PRODUCTION > FUEL CELLS

\ STORAGE /

Manufacturing R&D
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Education

Project Contact: Keith Wipke, National Renewable Energy Lab
303.275.4451 keith_wipke@nrel.gov

All public Learning Demo CDPs, papers, and presentations are available
online at http://www.nrel.gov/hydrogen/proj_tech_validation.html
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