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Overview

Timeline

Project start date: July 2009
Project end date: October 2012*
Percent complete: On-going

Barriers

Durability of state-of-the-art fuel
cell stacks and systems

Budget
Total project funding
DOE share: S300k
Contractor share: SO
Funding received in FY12: S100k

Funding received in FY11: SOk
Funding received FY09-10: $200k

Partners
20 fuel cell developers contacted

10 fuel cell developers shared
data

*Project continuation and direction determined annually by DOE
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Objectives — Relevance

Benchmark state-of-the-art fuel cell durability
o Develop snapshot of state-of-the-art fuel cell durability
o Uniformly apply analysis method to data accumulated in lab

o Obtain independent assessment and status of state-of-the-art
fuel cell technology

Leverage analysis experience

o Utilize analysis methods, experience, and data from fuel cell
field demonstrations (e.g., DOE’s FCV Learning Demonstration
and Early Market demonstrations)

o Compare lab and field data

Collaborate with key fuel cell developers
o Provide feedback to fuel cell developers
o Investigate factors affecting fuel cell durability
o Study differences between lab and field durability
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Milestones — Approach and Accomplishments
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Project milestones are for
annual updates of analysis
results which has been
completed four times. Each
update has had more data,
results, and details than the
previous update.
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Hydrogen Secure Data Center — Approach

Bundled data (operation &
maintenance/safety)
delivered to NREL quarterly

Internal analysis
completed quarterly

HSDC

mme ye @ii

|
NREL's Hydrogen Secure Data Center |‘;__.[

—=

Results

n |
Public \“#

Confidential

CDPs
Detailed Data Products (DDPs) Composite Data Products (CDPs)
* Individual data analyses » Aggregated data across multiple systems,
* |dentify individual contribution to CDPs sites, and teams
* Only shared with partner who supplied * Publish analysis results without revealing
data every 6 months’ proprietary data every 6 months?

1) Data exchange may happen more frequently based on data, analysis, and collaboration
2) Results published via NREL Tech Val website, conferences, and reports
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Analysis — Approach and Accomplishment

+ NREL Fleet Analysis Toolkit (NRELFAT) [RENCRE RIS

NREL Fleet Analysis Toolkit

— Developed first under fuel cell vehicle : --
Learning Demonstration —JIL—
— Restructured architecture and interface to

Application

Company

effectively handle new applications and ETE—
projects and for analysis flexibility T —T

— Leverages durability analysis already created mmi

S ET™
 Data sharing, storing, and processing 7 L S
Utility MASTER:

— Voluntary data sharing e T |
— Data from many different stacks, systems, and test conditions

* Publish results
— Detailed and composite results

— Target key stakeholders such as fuel cell and hydrogen developers
and end users
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New since 05/2011
Lab Fuel Cell Processing — Approach and Accomplishment

o Processing and Analysis
m PR Ion | CompSnv S DIolccl Capabilities in NRELFAT

F‘roiect:_
100171r0... o '
Change Defaults EE )% )% “-&,@

MASTER: N ood, A | W A

| CreateArchive CRUNCH Processing to Perform

| FileTransferPrep @ New CD © Selected Below

Raw data processing
Save For Batch Run CORRELATE

Run Batch

Fuel cell degradation

processing & analysis
Composite Setup

COmposIte Analysls | RUN
Operating data
Interactive CDP Setup . .
processing & analysis
Composite results

Interactive CDP Run
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Raw FC Data Processing — Approach

Store and process voltage and current data

Fuel Cell Stack VI Animation for Vehicle19-Stack1

2500 data points per curve fit

450 v

Segment fuel cell voltage
and current data 400

Apply polarization fit

[43]
n
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Record operation hour
for segment

Voltage (V)
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Record voltages from 250 L]
polarization fit at set R
currents 200 50 100 150 200 250 300 350

Current (A)
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Processed Voltage Degradation Projections — Approach

Voltage versus operation hour

o Plot polarization fit voltage

o Voltage vs. Operation Hours at 300A: Vehicle19-Stack1
at a specific current 300- Stack Weight Factors

Apply robust segmented
linear fit (if trend suggests

non-linear degradation Z0- el
trend) §260* cogves .° ses, XN

> o N
Record fit y-intercept o

(nominal voltage drop) 2400

o Record operation hour when

220 %

flt Crosses 10% nomlnal o 0 200 400 600 800 0p1lqlg?|rs 1200 1400 1600 1800 2000
voltage drop
e Investigate fit quality Note: 10% voltage drop is a DOE

target/metric, not an indicator of end-of-life
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New since 05/2011
Data Set Count and Operation Hours — Accomplishment

04/2012 CDPs include

82 data sets analyzed, 78% retired
39 new data sets since 05/2011

8 CDPs (5 new since 05/2011)
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L NREL cdp_lab_04
Created: Apr-04-12 5:18 PM 1) Data set count at publication of a CDP set - where a data set represents a short stack, full stack, or system test data.
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eye . New since 05/2011
Data Set Power Capability — Accomplishment

Power Capability of Test Data Sets

100 I I I I I I I I I I I I I I I I I I I I L . I I
Il Backup
90} [ Automotive ||
[_IForklift
50 BlPrime
The power capability illustrates the range of
701 fuel cell power for the data sets by ]
— ol application and that many of the data sets |
X .
= are low power either because of short
o S0r stacks or because high power is not ]
© .
B 0l required. |
301
20
10
0 HI | | | | | | | | | | | | | | | | | | |

| | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50>50
Power Capability? [kW]

NREL cdp_lab_06

Cremed: War30-2 230 1) A data set represents a short stack, full stack, or system test data.
2) The power capability represents the maximum power for a data set, not the load profile
or time at a power level.

NATIONAL RENEWABLE ENERGY LABORATORY



Updated since 05/2011
Voltage Degradation Results by Application — Accomplishment

The average projected times to 10% voltage drop are 2,400, 4,000, 14,600, and 11,200 for

backup power, automotive, forklift, and stationary applications, respectively.

45000
—25th-75th Percentile
40000/ + Max Op Hr S S
(]
AT 47% of data 20% of data 45% of data
35000( * Max Proj Hr
A Av Proj Hr sets are sets are sets are
30000|-+- DOE Target short stacks short stacks short stacks
» 25000 49% of data
3 sets are e
T
200001 short stacks +
15000 A
*
10000 B
* + 1 I
5000 - .
B I == I I
0 =
Op Hr Proj Hr Op Hr Proj Hr Op Hr Proj Hr Op Hr Proj Hr
Backup Automotive Forklift Prime

.
m NREL cdp_lab_01
Created: Mar-30-12 4:20 PM
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PEM & SOFC data from lab tested, full active area short stacks and systems with full stacks. Data
generated from constant load, transient load, and accelerated testing and includes 10 fuel cell

developers.




Data Set Operation Hours and Identification of Data Sets That
Have Passed 10% Voltage Degradation — Accomplishment

Operation Hours and Data Sets Operated Beyond 10% Voltage Degradation
25 I I I I I I I

-Data Sets? > 10% Vdeg
-Data Sets <10% Vdeg

20 Many data sets have not (or did not) pass the

metric of 10% voltage degradation. Data sets
operated beyond 10% voltage degradation

<15 . o

- because end-of-life criteria may be greater than

3 10% voltage degradation or the test is designed

§ 10 to operate until a failure. N

oo B

5000 6000 7000 8000 9000 10000 >10000
Operation Hours
13 1) A data set represents a short stack, full stack, or system test data.
=) e leor 9)  The DOE 10% voltage degradation metric is used for assessing voltage degradation; it

Created: Apr-04-12 5:12 PM
may not be the same as end-of-life criteria and does not address catastrophic failures.
New since 05/2011

13

1000 2000 3000 4000
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Voltage Degradation by Configuration and Test Condition —
Accomplishment

The groups of configurations and test conditions highlight the impact of configuration and test condition
on the projected time to 10% voltage degradation by application. In general, the average projection
decreases with more aggressive test conditions and full systems.
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0

NREL cdp_lab_08

Created: Apr-04-12 5:26 PM

Projected Hours to 10% Voltage Degradation by Configuration and Test Condition

O Average -Prime
- 0 Average -Forklift
@ Average -Automotive
B B A Average -Backup
I~ O
O
L O
A
0 $
. $ .
A ® A
- A A ®
| | | | | | |
All Short Stack Full Stack System Steady Duty Cycle Accelerated
Configurations, All Test Conditions Test Conditions®, All Configurations

Not all applications have data sets in each configuration or test condition group.

Steady — little of no change to load profile

Duty Cycle — load profile mimics real-world operating conditions

Accelerated — test profile is more aggressive than real-world operating conditions New since 05/2011
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Lab and Field Voltage Degradation Comparisons —

Comparison of Fuel Cell Vehicle Field Comparison of Fuel Cell Material Handling
and Lab Durability Projections Equipment Field and Lab Durability Projections

14000 : 25000
2 A Average Projection3 o A Average Projection3
= 12000/ ® Max Projection® ¢ De € Max Projection® ¢
o o 20000
= o
= 10000 =
5 o
> >
S 8000 g 15000 A
8 8
Q ()]
5 6000 5 10000 ¢
[e) 2020 Target: o
T T
< 4000 A o
2 3
_3 ¢ S 5000
§‘ 2000 ¢ 2009 Target: §‘ A
o A A 2006 Target: o

0 Gen1 Auto (1) Gen2 Auto (1) Lab Auto (2) 0 MHE Field (1) Lab MHE (2)

e Eld L

Comparisons in the automotive and material handling applications indicate there are
gaps between field and lab voltage durability performance. Possible reasons include
different data providers, technology generations, operating conditions, and test
procedures. Additional comparisons to investigate are projections by configuration
and test condition with field performance. Updated since 05/2011
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Website for Fuel Cell Technology Status — Accomplishment

http://www.nrel.gov/hydrogen/proj_fc_analysis.html

NREL HOME

]

MATHO!

ENERGY ANA SCIENCE & TECHNOLOGY
Hydrogen & Fuel Cells Research

THENEWASLE ENERGY LABORATORY

APPLYING TECHNOLOGIES

Site Map

1Hydrogen & Fuel Cells i Printable Wersion
Research Home
Capabilities Fuel Cell Technology Status
Projacts MREL's analysis of fuel cell tachnology p! bjective and
1 cradible information about new fuel call & ogies vith a forus | Get Involved . F u el Cel I Tech n o I O Stat u S
H\"C!WQE“ Production & on performance and durability. As demand for fuel cells grows, Fuel cell d.eve|c.| =sted in
Delivery U.5. manufacturers are developing these technologies for a :ullﬁbc}lratmgtw;th i alr f'—':' CI'E”
Hyd St wvariety of applications. NREL helps the development community ecnnolody status analysis shou L]
U SRES understand the current status of fuel cell technologies and send an email FU N_RELS We Slte
Fuel Cells identify areas for improvement. Technology Validation Team at

- c techval@nrel.gov.
T vali .
SR Technology Analysis Process

~Fuel Cell Vehicle g Participating fuel cell developers securely share raw fusl cell test I | d d d t h I
Diemonstration data with NREL via the Hydrogen Secure Data Center (HSDC]. n C u e u n e r ec n 0 Ogy

~Fuel Cell Bus Evaluations MREL engineers perform uniform durability analyses on these detailed data and then report on their | . d .

findings, providing proprietary data analysis results to individual developers and aggregated results to

~Early Fuel Cell Market the public.

Dremonstrations
~Fuel Cell Technology HSD@

Status Analysis
s i e ﬁ i Provides a project overview

NHEL's Hydrogen Secure Data Centar

Analysis :

Education FUEL CELL (FC) STACK . . .

Fe sAGkur omen Link for more information
Research Staff Fscaffsﬁ
Facitis FO PRINE PONER about the HSDC
Working with Us The off-network Hydrogen Secure Data Center plays a crucial role in NREL's independent, third-party

Energy Analysis & Tools analysis of fuel cell techneologj

M= Composite Data Products . .
Awards & Honors By aggregsating data from num elopers, NREL creates composite data products (CDPs) that O n ta Ct I n O r CO a O rat I 0 n
News provide relevant data results on nology status without revealing proprietary data or specific

companies. The following COPs focus on fuel cell usage and operation behavior:

* Voltage Durability of Lab Data Sets, CDP LAB 01, 8/2/2011: PowerPoint £ | JBEG %] .
* Voltage Durability of Lab Data Sets at Various Voltage Drop Levels, COP LAE 02, 8/2/2011: C p t d t p d t
Pt dl | e omposite data proaucts
* Comparison of Automotive Field and Lab Data Voltage Durability, COF LAB 03, 10/11/2011:
BowerPoint ] | JPG [w]
+ Lab Data Operation Hours and Number of Data Sets, COP LAE 04, 8/2/2011: PowerPoint (& [IBG |%]

« Comparison of MHE Field and Lab Data Voltage Durability, COP LAB 05, 8/2/2011: PowerPoint £ | P b I 1 t
06 uplications
Publications
The following pu provide more information about NREL's fuel cell technology status analysis
afforts.

s fnalysis of Laboratory Fuel Cell Technology Status — Voltage Degradation /4. Jennifer Kurtz.
Excerpt from the 2011 Annual Progress Report. (November 2011)

s Fusl Cell Technology Status — Woltage Degradation /. Jennifer Kurtz. Presented at the 2011
Annual Merit Review and Peer Evaluation Meeting, Washington, DC. (May 2011)

Learn sbout NREL's other tachnology validation sfforts. N eW Si nce 05/201 1
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Collaborations

* Working with multiple fuel cell developers

o 10 of 22 fuel cell developers contacted have supplied at least one
dataset

o Reasons for developers not providing data include concerns over
voluntary proprietary data sharing, availability of data sets with high
operation time that are a good fit to include in the analysis, and
readily accessible data in the requested format.

o Data contributors are not identified yet because of limited data sets by
application category.

e Gathering PEM and SOFC datasets
* Data sharing is completely voluntary
* Ongoing effort with fuel cell developers to:
o Include new data sets (particularly in the stationary category)

o Update datasets already included if applicable

o Include new fuel cell developers
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Future Work

* Continue cultivating existing collaborations and
developing new collaborations with fuel cell
developers.

* Expand the type of testing to include single cell or
short stack testing that is early in the development
stage and may not have a clear path to a commercial
product.

* |dentify results from DOE protocol testing.

* |nvestigate the difference between field and lab
projections and data sets.

* Expand results aimed at improving data comparability
and statistical confidence.

* |nvestigate other aging parameters for fuel cell
durability (e.g., start/stops, soak time).
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Summary

Relevance: Independent assessment of state-of-the-art fuel
cell technology provides one location for fuel cell durability
status from leading fuel cell developers with a uniform
analysis and reporting method on a variety of proprietary
data.

Approach: Leverage capabilities established under other
technology validation activities (NRELFAT) and industry
collaborations.

Accomplishments: Fourth annual results were updated for 4
applications and include new details based on data set
configuration and test condition. The data are fully integrated
into NRELFAT and an online interface provides information on
the project, connection for interested collaborators, and all
publications.

Collaborations and Future Work: Continue expanding
analyzed data sets, included fuel cell developers, and results.
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Technical Backup
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Durability Lab Data Projection Sensitivity to Voltage
Degradation Levels

Durability Lab Data Sets' - Average projected Hour Sensitivity to Voltage Degradation Levels
22000 T T T T

20000 .
18000 N
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14000 .
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12000 —— Average -Prime
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Projected Hours?
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Voltage Degradation Levels®®

(1) PEM & SOFC data from lab tested, full active area short stacks and systems with full stacks. Data generated from constant load,
transient load, and accelerated testing between 2004 and 2011.
(2) 10% Voltage degradation is a DOE metric for assessing fuel cell performance.
(3) Curves generated using the average of each application at various voltage degradation levels.
(4) The projection curves display the sensitivity to percentage of voltage degradation,
E but the projections do not imply that all stacks will (or do) operate at these voltage degradation levels.
o (5) Projections may be limited by demonstrated operation hours to minimize extrapolations.
BJ NREL cdp_lab_02 (6) The voltage degradation levels are not an indication of an OEM's end-of-life criteria and do not address catastrophic stack
Created: Mar-30-12 2:00 PM failures such as membrane failure.
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