iiNREL

MATIONAL RENEWAELE ENERGY LABORATORY

Fuel Cell Technology Status:
Degradation

Pl

Jennifer Kurtz (P1), Huyen Dinh, Chris
Ainscough, Genevieve Saur

National Renewable Energy Laboratory
June 8, 2015

Project ID FC-081
NREL/PR-5400-64220

This presentation does not contain any proprietary, confidential, or otherwise restricted information.

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.




Overview

Timeline and Budget Barriers

- Project! start date: July 2009 * Lack of data for current fuel
. cell stack voltage durability
* FY14 DOE funding: $100k

. Application 2020 Durability Target3
* FY152 planned DOE funding: $85k o °
. Light Duty 5,000 Hours
* Total DOE funds received to date: Automotive
SGSOk Public Transit 25,000 Hours
Stationary 0.3%/1,000 Hours
1-10kW
Partners
. . Stationary 80,000 Hours
 U.S. and international fuel cell 100 KW — 3 MW

developers supply data
voluntarily and review published
results

1 Project continuation and direction determined annually by DOE

2FY09-FY13, and FY15 project objective focused on status of fuel cell durability
FY14 project objective focused on fuel cell price

3 Fuel Cell Technologies Office Multi-Year RD&D Plan —Section 3.4



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 developers’

voluntarily supplied data from lab testing FY15 Objectives

. * Receive and analyze new lab
o Obtain independent assessment and status of durability data
state-of-the-art fuel cell technology * Update and publish the

. . durability results
Leverage analysis experience

o Utilize analysis methods, experience, and data
from fuel cell field demonstrations (e.g., DOE’s Barrier/Impact

FCEV Learning Demonstration and early market * Data on fuel cell stack voltage
demonstrations) durability is received at the
_ National Fuel Cell Technology
o Compare lab and field data Evaluation Center (NFCTEC)
* Consistent and independent

Collaborate with key fuel cell developers
source for current and legacy

o Provide feedback to fuel cell developers voltage durability
o Study differences between lab and field
durability

o Benchmark system price
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Approach: NFCTEC Analysis and Reporting of

Real-World Operation

Data Supply
Voluntarily supplied from fuel
cell developers
Durability — voltage, current,
and hours minimum data

ﬂuel Cell* Technology Statux

Data

Internal analysis
completed quarterly in
NFCTEC

needed

53))

Test — time frame, objective,
protocol, application, and type
Market — system price

k\/ailability, and application /

*Fuel cell technologies include Polymer
Electrolyte Membrane (PEM), Solid Oxide

National Fuel Cell
Technology Evaluation Center

%
DDPs

Conﬁdential

Public
» CDPs

(SO), and Direct Methanol (DM)

* Identify individual contribution
 Shared annually only with the

\ who supplied the data

Detailed Data Products (DDPs) N ([ Composite Data Products (CDPs) B

* Individual data analyses * Aggregated data across multiple systems,
to CDPs sites, and teams
partner * Publish analysis results annually without
) \ revealing proprietary data )

www.nrel.gov/hydrogen/proj_tech validation.html
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Approach: Raw Fuel Cell Data Processing example pata

Segme nt fu eI ce I I VO Itage an d Fuel Cell Stack VI Animation for Vehicle19-Stack1

current data o |

Apply polarization fit

2500 data points per curve fit
Record operation hour for s
segment 8 ;
Record voltages from polarization 2 BIREESSRE i O
fit at set currents 50l IR A
Plot polarization fit voltage at a Time{vehicle oper hrs) = 1164 e ,
specific current 20% 50 100 1!',?: u"emzn(':g) %0 300 350
Apply robust segmented linear fit (if
trend suggests non-linear s00- [
degradation trend) 029"___.

280} .

Record fit y-intercept (nominal
voltage drop)

Record operation hour when fit
crosses 10% nominal voltage drop

:
8
|
\

amprat 11000 s
pur mts NE1060 KW
warm-p tms=18 min

3

InVEStIgate flt quallty 2200 MZI%IU 460 660 860 1IJIIJl] 12Il]l] 14IUIJ 16Il]l] 1BIIJl] ZUhﬂ

Op Hours

Cresten 00303 3:01PM
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Approach: CDP and DDP Review

Example Data Initial Final Draft Final Finalized
Results (if needed) /2 Draft CDPs Review CDPs Review CDPs
(~1 week) (<1 week) (<1 week) (<1 week)

~4 weeks excluding data processing and analysis)

45000
—25™.75" Percentile
40000| + Max Op Hr *,
B Avg Op Hr
Voltage vs. Operation Hours at 300A: Vehicle19-Stack1 35000 * Max Proj Hr® 47% of data Selsz 20% of data seﬁsz at:
3001 Stack Weight Factors A Avg Proj HP® are short stacks' are short stacks
1 gniactors & =~ DOE Target*
290 £ I.lll 49Y% of data sets
g
2 ¢ E 25000 e Tt

280" Voltage vs. Operation Hours at 300A: Vehicle19-Stack1 y
i 300 Stack Weight Factors

o
T 20000 +
2700 e ' 15000
° - 290 308 "
£ 260L S og 10000 +
S 280} ° S04 * +
i = 02| - - I
250 .
1l | =

270~ o
o‘*‘;‘*"%&%@o& b Proj Hr Op Hr  Proj Hr Op Hr  Proj Hr Op Hr  Proj Hr
tive Forklift Prime
» is will be 2" ed periodically.

2401

3
£ 260
S pe
230+ > hort, il stacks. Data generated from constant load, transier
250 ; same as end-of.ife creria and doss
220 L jen, Fuel Cells, & Infrastructure Technologies Program Plar
“0 200 2401

2301

o
3 e
I T || B
0 200 400 600 800 1000 1200 1400 1600 1800 2000
owtsca 3019 Op Hours

‘ - z- Data Set 1
FY15 Milestone Sam P le

Analysis complete and updated H Q
results published by 04/2015 Op Hr Pr_oj Hr Data SEt 2
Automotive
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Accomplishments: Data Set Count and Operation Hours

Cumulative Lab Data Operation Hours and Dates

600~ 160
Bl Backup Op Hrs
[ JAuto Op Hrs
Egusklf?z grsH 05/2015 CDPs include 140
500/ orklift Op Hrs
ElPrime Op Hrs 145 data sets analyzed
I Active Data Sets 77% retired 120
= 400 WMlinactive Data Sets| 47 oy data sets since 05/2013
S 15 CDPs (updated since 05/2013) 100
= c
® 3
S (&)
2 300~ B
c p (tl)“
2 2 5
o - o 0
2 o ©
& 200- o =
g B
ﬂa o P4
(2] X o
o o s 9o
100 i a3 o 8 g
a Q o (=]
Q & =
3 S X
Q o™ ({=]
5 8 O

2%08 2009 2013 2014

NREL cdp_lab_04
Created: May-11-15 12:19 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.

2010 2011 2012
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Accomplishments: Voltage Degradation Results by Application

The average projected times (hrs) to 10% voltage drop are 2,500, 3,600, 6,200, 14,600, and
11,100 for backup power, automotive, bus, forklift, and stationary applications, respectively.

45 : Data from lab tested, full active area
—25!" _ 75" percentile PEMFC and SOFC short stacks and
40 AAvg. Projected Hours systems with full stacks. Data generated | %
DOE Target from constant load, transient load, and
35| & |nterim DOE Target accelerated testing and include 17 U.S.
pdated since 05/2013 and international fuel cell developers.
30
o
<3
o 25
= T
N
= 20
o
T
15 * DOE Targets Under Review A
10 T
A —
'Y x

Backup Power * Automotive Bus Forklift * Prime Power
10% voltage degradation metric is used for assessing voltage degradation; it may not be the same as end-of-life criteria
and does not address catastrophic failure modes. DMFC included but not enough data was available for publication.
DOE targets are for real-world applications; refer to Fuel Cell Technologies Office Multi-Year RD&D Plan.
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Accomplishments: Voltage Degradation by Configuration and
Test Condition

Grouping by configuration and test condition is important because of influences on
degradation projects. Conclusions are still difficult to identify because of limited data
and many variations in these groups. Further study and additional data are needed.

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

22000~
O Average -Prime
20000 @ Average -Forklift
@ Average -Automotive

% 18000 - A Average -Backup
g ¢ ¢

& 16000

g o

© 14000

(=]

8

S 12000

>

= (]

~ 10000

P O

£ so00-

g 0

g 6000 o

2, ¢ . ¢

S 4000 ® ®

& o ¢ A

A @
2000 A A
0 | | | | | | |
All Short Stack Full Stack System Steady Duty Cycle Accelerated
Configurations, All Test Conditions Test Conditionsa, All Configurations

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

[ﬂﬂ Steady — little or no change to load profile

cones wari . Duty Cycle — load profile mimics real-world operating conditions Updated
Accelerated — test profile is more aggressive than real-world operating conditions and data not corrected
for accelerated conditions
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Approach: Current Status to Complement DOE Fuel Cell System
Cost Based on Models for High Volume

Nate: The information you urauidr.-hen.-will be shared with the NREL National Fuel Cell Evaluation Center far indep analysis
and may be published as composite data produets after a 3 stage review and concurrence process with the data providers, The information will
e treated as confidential.

Instructions -

Please fill in applicable reguested information for each available product, with each product entered &3 & new column. Some information may
have been filed in based on an internet dearch of your available product, Please correct as appropriate.

System E ProductName1 El ProductName2 Bl ProductNames2 Bl ProductNamed Bl ProductNames EJ ProductMames [
Current Price {US )
Ruailability

Market

Application

Fuel Cell Type

Fuel

Comments

Pawer Rating (kW)

Other features

¥ systemns sold to date
2010 Price (US $)

2012 Price (US 5}

2014 Price (US $)

Current system cost [US §)

Projected Transportation Fuel Cell System Cost |smmt etk uss

at high-volume (500,000 units per year) seve s
Spec sheet link or Product

5140 +
$124/KW Brochure PDF attached

5120 $106/kW - e
1o $81/KW o
$69/kW
580
SSIKW. g7 kw e .
$55/kW $55/kW $s5/KW  Target o Cost/Price Template
$40/KW
$60 Target
l $30/KW
54 l
o I I
30 ! ! . ! . ! . ! !

2006 2007 2008 2009 2010 2011 2012 2013 2014 2020

FC Systems Cost ($/kW,,)

L]

Record Source: http://www.hydrogen.energy.gov/pdfs/14014 fuel cell_system cost_2014.pdf
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Accomplishments: Low Volume Price of Current Fuel Cell
Systems

Current Fuel Cell System Low Volume Price by Application
$35,000 ‘

—25th and 75th percentile range $
B Median

$30,0001 4 pOE Target®

® Median, Hydrogen Fuel In
® Median, Other Fuel In

$25,000 "
2 $20,000 1
o
o
-
[}
= $15,000
(m]
$10,000

$5,000 *
[

*
yn o X oo\
Backup Power Forklift Prime - Large? Prime - Small 2

1. Data (in 2013 dollars without incentives) sources include public information, ARRA deployments, and fuel cell developers
NREL ocip.ab_15 (voluntarily supplied). Includes over 35 different data points from more than 7 domestic and intemational fuel cell developers.

omed Aor i 1 Ao rime, power data includes multiple system sizes, types, and fuels. Small prime is < 11 kW.
crmte o3 302 o ol I R DD Fuel el soction tables 3.4.5 and 3.4.6.
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Accomplishments and Progress:
Responses to Previous Year Reviewers’ Comments

* This project was not reviewed last year.
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Collaborations

* Multiple fuel cell developers voluntarily supplied data
o 18 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 PEMFC, DMFC, and SOFC datasets
e Data sharing is completely voluntary

* Participation in DOE durability working group and presentation of status
to fuel cell tech team

* 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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Remaining Challenges and Barriers

e Voluntarily supplied data
* Inconsistent availability of data and status reporting
* Reporting on additional information relevant to durability

* Analyzing and reporting on the relationship between
lowering cost and improving durability

* Analyzing factors that influence durability
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Proposed Future Work

* Alternate between a status update on fuel cell durability and
system cost/price — price status update planned for FY16

e Continue cultivating existing collaborations and developing
new collaborations with fuel cell developers

* Publish a report on the durability analysis method (9/2015)
* Add electrolysis data and published updated results (9/2015)
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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 NFCTEC and prioritized industry collaborations.

Accomplishments: Updated sixth annual results for six applications, plus started electrolysis,
and included new details based on metadata and durability trends over time and international
developers. The data are fully integrated into NRELFAT and an online interface provides

information on the project, connection for

interested collaborators, and all publications.

Improved project information material for
details and benefits of participation.

Collaborations and
Future Work:

Continue expanding
analyzed data sets,
included fuel cell
developers, and results

Application 2020 Durability Lab Status - Ave
Target Hrs to 10% Voltage
Degradation
Light Duty 5,000 Hours 3,600
Automotive
Public Transit 25,000 Hours 6,200
Stationary 0.3%/1,000 Hours 11,100
1-10kW
Stationary 80,000 Hours
100 kW -3 MW
Forklift 20,000 Hours 14,600
Target Under Review
Backup 10,000 Hours 2,500

Target Under Review
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Technical Back-Up Slides



Annual CDP Updates — Durability Benchmark

FY09 FY10 FY11 FY12 FY13 FY15
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Pamphlet with Participation Details and
Benefits

Average Projected Hours to 10% Valtage Drop

How does it work?

icipating fuelcedl o i i ) T
thir el coll proclucts and/or e fuel coll test data rebated to
operations, maintenance, and safety with NREL via the National

Fued Cell 1y Bvalusation Center (NFCTEC).

Fuel Cell Technology Status Analysis Project: accist ofthutowork HECTIEC Hoseas e dats 4 3valyiisvaol
Partnership Opportunities s protect proprhetary informator
The U5. Department of Energy’s (DOE) National Renewable What type of data? =
Energy Laboratory (NAEL) is seeking fuel call industry = Market data on pricing, product ion, and * = L
rtreers from the United Stat d abroad to participate i i .~ o

e L .m " r,‘m, ::n st P ::lu: Voltage Degradation Results by Application uantitytype of units sold i e Wi% velingr drop rested

v N te of « Lahb data, i | voltage, current, and operath fued oell A fenen 20102003,

ate of the
sty o fuel cell ul — * hours for fuel cell systems, full stacks, shart stacks, ancor
developers should contact NREL's Technology Validation Team il | - singla cals Current Fual Cell System Price Estimates by Application
at techvalimneel gov. | | msmEatuga = Tiest data i obpective, I
i proteced, application, iuelullwpe and reasen for end of test e —
“H s e

) i - « Fleible data format frg., xbs, o, b} bl

Project Features and Beneﬁts - + Mot restriceed to DOE-funded testing i »
¥ support - NREL supports cont y W o -l
growth by providing an independent, credible, and il ¥ I I 5 =
...... of fuel cell voltag 4 £ More Information "
and productpricing. O ] [ ——— e . —— -
This COP shows al the Iab data sets to date for voltag
Uniform analysks - Analyses are applied uniformly to the d,:,_,d.,n-,:zwi:,;,u e relteas mueabomﬂuspmjeaand loseerhetl]?spublrshedlodam * - W
supplied data sets. Contact NREL's z o —
Datailed data produ NREL shares individualized Lo This 1P shiows fuel exll system pricing (in dollars per kilowart)
analysis resadts. as detailed data products (DDPs] with the Tor varionn applications.
partners who supplied the data. The DDPs also identify specific o200 Dagrad.
ge Degradation by Configuration and Test Condition
it - ’ A SR (& t Fuel Cell Price by Applicath nd Production Rat
partner contributions to the aggregated data, Peer Review Feedback from May 2012 ument Fuel Cell Price by Application and Production Rate
Composite data products - Aggregated results are published l -
a5 compasite data prodllm l(DFs]. whkh showthetechnology & m -
status without i jies. Before » * * “NREL i uniquely set up fo compare data sers
publication, the COPs undergo a two-stage review cycle with uf * : i from a varlety of fuel cell developers for a range
participating partners. “ & M- mfappfxurmt Without this project, sch
" " 2
Technology status - The COPs are a primary benchmarking £ = e ] o lysis would not be available”
ool for DOE and other stakeheolders interested in tracking E . - :
the status of fuel cell technalogies, They highlight durability B g : - n : . “This project Iz essential to benchmarking the
whvancementy identfy srwes for continuad development. and i a H progress of fuel cell systerms over time and
halp sat realistic price exp at gmallvol TN et mima e ey Diyod b across industries.”
F— e ot M o Tk e, ) ontepa e
P Prof o [p— This C0F previdies an example of a foue dam see thar shows

walidation experience analyzing proprietary bydrogen and fuel for variens lab. mplmm"ﬁnumlm“mmmm\ nd Tuel cell system pricing n dullars per kilowatt) for varous
cell systems and companents since 2004, spplications. apphcwions snd prduction n

MREL is a national labor th- U b llepmmnl of Enen“
NPRca &F Caamas CERALanss s Banassahls D avabad bus tha Alliansa fn vinakla Crases 117

The U. S Department of Energy’s National Renewable Energy Laboratory is
seeking fuel cell industry partners from the United States and abroad to
participate in an objective and credible analysis of commercially available fuel
cell product cost/price and durability data to benchmark the current state of
the technology and support industry growth.
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