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Overview

Timeline Barriers
Project Start Date: August 2009 Commercialization of fuel cells
Project End Date: October 2011* in key early markets.

Percent Complete: 75%

Budget Partners

Total Project Funding See Collaboration slide
DOE share: $1,000k
Contractor share: $287k

Funding Received in FY09: $260k
Funding Received in FY10: $740k
Funding Received in FY11: $0k

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

Assess the technology status in real world operations,
establish performance baselines, report on fuel cell and

hydrogen technology, and support market growth by
evaluating performance relevant to the markets’ value
proposition for early fuel cell markets.

« Assess Technology
— Independent technology assessment in real world operation conditions

— Focused on fuel cell system and hydrogen infrastructure: performance,
operation, and safety

— Leverage data processing and analysis capabilities developed under the fuel cell
vehicle Learning Demonstration project

« Support Market Growth

— Analyses and results relevant to the markets’ value proposition
— Reporting on technology status to fuel cell and hydrogen communities and other
key stakeholders like end users
« Early Fuel Cell Markets

— Material handling equipment, backup power, portable power, and stationary
power.

— Analysis includes up to 1,000 fuel cell systems deployed with ARRA funds
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Milestones — Approach and Accomplishments

A 14 14
1. Create Early Market FC Analysis website on NREL's
technology validation site

2. Finalize data collection and analysis plans through
communications with DOE and industry partners

3.8 Quarterly deployment composite data products

4.4 Quarterly analysis of operation and maintenance data for
fuel cell systems and hydrogen infrastructure

5.+Bi-annua| technical composite data products

6. Site visits



Hydrogen Secure Data Center - Approach

maintenance/safety)

delivered to NREL quarterly completed quarterly

HSDC

lﬁ[lg re ﬁiﬁ

NREL's Hydrogen Secure Data Center

Bundled data (operation & .
[ Internal analysis ]

CDPs
[Detailed Data Products (DDPs) ) [Composite Data Products (CDPs) )
* Individual data analyses » Aggregated data across multiple systems,
« Identify individual contribution to CDPs sites, and teams
» Only shared with partner who supplied  Publish analysis results without revealing
\_ data every 6 months’ VAN 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 & Accomplishment

 NREL Fleet Analysis Toolkit NREL  HSpc2 85
(N RE L FAT) NREL Fleet Analysis Toolkit

— Developed first under fuel cell vehicle ---- g
Learning Demonstration ---- verce ____

— Expanded to include material handling, Company
backup power, and stationary power praject

— Restructured architecture and interface to
effectively handle new applications and
projects and for analyses flexibility

m THINK CORRELATE PUBLISH
oL/~

* Analysis important to an application
— Leverage Learning Demonstration analyses already created
— Create new application specific analyses

* Publish results

— Detailed and Composite results

— Target key stakeholders such as fuel cell and hydrogen community and
end users
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Deployment CDPs Updated Quarterly -

Accomplishment

DOE ARRA" Funded Early Fuel Cell Markets: Units in Operation

DOE ARRA' Funded Early Fuel Cell Markets: Delivered Units
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FC Urit Locstions - ARRA Units in Operation
@ by Quarter &
Application
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FCMHE 42 CDPs - Accomplishment e

Results include

» Units deployed, operation hours, & fuel cell operation trends

* Hydrogen fill count, amount, time, & rate

» Tank level at fill & downtime from fill

* Fuel cell durability & reliability

» Fuel cell and infrastructure maintenance events & safety reports
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Sites s | COPARRA-
Units in Operation 308* 01
(60 Class 1, 76 Class 2, 172 Class 3)
Hours Accumulated 307,433 hrs* 11
FC Systems > 2360 hrs 25%* 02
Hydrogen Dispensed 18,597 kg* 04
Hydrogen Fills 38,863* 03
Average Fill Amount 0.48 kg/fill* 10
Average Fill Time 1.8 min/fill* 06

FCMHE operating at end user
facilities, accumulating many hours

and hydrogen fills safely, and already
showing productivity improvements.

*Through December 2010
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Summary of the ARRA MHE Sites - i
Accomplishment

MHE Deployment - ARRA

| Units Deployed vs Facility Size

| 468 Units | 8 Sites o,
@0 ©
90+
80
& e ® Greenfield
E 80| o & Retrofit
= #® Future
S 80 Delivered - Liquid
] L On-Site Reforming
g % (A A)
30+
I classi (A)
| class i 20r o
I Class i 10y
Do.tted lines are future sites as of 2011 00 260 460 660 B(IJU 10‘00
Height proportional to units deployed. Facility Size {thousand sq.ft)
Marker size proportional to number of units.
Forklift Units (1,11,111) 0,26,72 0,14,0 35,0,0 25,0,0 45,14,2 0,36,100 40,0,0 0,25,70
Operation
Shifts per Day 2 2 3 1-2 3 2 2 3
Hours per Shift 8-10 9.5 8 10 8 8-10 8 8
Days per Week 6 N/A N/A 7 7 6 6 6
A’J NREL cdparra_mhe_40 .
Created: Mar-30-11 9:27 AM Of the 8 S|tes

* Most use delivered liquid hydrogen
» Mix of greenfield and retrofit sites

 Some utilize more than one class of truck
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Study of Site Specific Operation Trends -
Accomplishment

FORKLIFTS

Average Daily Fuel Cell Operation Hours per System - ARRA
10

1

_25th and 75th Percentile
9L ® Median

] 1
T .

Hours

» Range of average daily operation hours per system per fleet is 2-8

» Average demonstrated operation time between fills is 5 hours (Ref:
CDPARRA-MHE-08)
» Average daily fills per system per fleet is 0.5 — 0.9 (Ref: COPARRA-MHE-22)
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Method for Calculating Projected Time to 10% Voltage

Drop for Stack and Fleet -

Approach

Fuel Cell Stack VI Animation for Vehicle19-Stack1
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1. FC Stack voltage & current polarization fit

FC Stack voltage decay estimate using an
adaptable segmented linear fit instead of
linear fit (follows non-linear decay trends &
early voltage decay)

‘ Fleet weighted average using FC Stack
operating hour projections and weights (based
on data and confidence in fit)

Note, 10% voltage drop is a DOE metric, not an
indicator of end-of-life

Consistent analysis method applied to all data

Voltage
N
-3
(=]

ack Weight Factors

Voltage vs. Operation Hours at 300A: Vehicle19-Stack1
300
1

290}

280

270

240

47
goo\ O7T 1)
9

230

warm-up time=10 min

il

1 |
00 600 800

1
1200 140

% I ! ! |
2200 1000 1600 1800 2000

Op Hours
EcoCars: Stack OpHr Projectiors

EcoCars: Stack Weights

EcoCars
Vehicle16 Sta
Vehicle19 Stack1
“emcle17 Stack1
Vehicle15 Stack1
Vehicle12 Stack1

Vehicle16 Stack2

Vehicle19 Stack1

0.2 0.4 0.6 0.8

Vehicle17 Stack1 Weight
Vehicle15 Stack1
R@'J‘ @
[l stack
Vehicle12 Stack1 I FleetWgtAve
© OpTime
L L L L L L L L L 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Stacks sorted by Stack Weight op HTS
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Analysis of Voltage Durability - Accomplishment

Operation Hours and Projected Hours to 10% Voltage Drop(2'4)

10000

'“ """"""""""""""""""" Max of Site Projections5 """"""""""""""""""""""""

8000

6000

Hours

4000

5

“Ave of Site Projections

2000

Site Max Op Hours(1) Site Ave Op Hours(1)

(1) Range bars created using one data point for each fleet. Some stacks have accumulated hours beyond 10% voltage degradation.
(2) 10% voltage drop level is a DOE metric for assessing fuel cell performance.

(3) Projections using field data and calculated at a high stack current.

(4) 10% voltage drop is NOT an indication of an OEM's end-of-life criteria and projections do not address catastrophic stack failure.
(5) Each site has one voltage projection value that is the weighted average of the site's fuel cell stack projections.

ﬂ Each site has a weight average time to 10% voltage drop
o  Average of the sites is 3002 hours
* Maximum of the sites is 9519 hours
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Fuel Cell System Reliability Analysis - Approach

Failure events (i.e. unscheduled maintenance records) are tracked per
unit and per fleet
Crow-AMSAA analysis method’+?

Study failure rates (e.g Shape Parameter > 1 is an increasing failure rate)
Highlight common failures per category and unit
Tracks progress and reliability predictions

Crow-AMSAA plot

for failed systems

| [for illustration only, not real data. | . ... ... . .. .. . .|

Cumulative number of failures

p=0.542 ; 8 @ F ouE gl
0 : : : : LoEow o : :
10 1 1 i i i I i i I 1 i i i PR
10’ 10° 10°
Created: Dec-07-10° 3:50 PM Cumulative hours

1. The New Weibull Handbook, 5" ed., Robert Abernethy, (2007)
2. IEC 61164:2004, Reliability Growth — Statistical Estimation Methods, International Electrotechnical Commission, (2004)
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Site Reliability Growth - Accomplishment A

Overall Fleet Reliability Growth
3 T T T T T T

[ Entire history
[ lLast 20% of events

Instantaneous MTBF improved for 4 of 8 fleets. ‘
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» 5 Fleets have a steady or decreasing failure rate overall, but 2 of those fleets
have experienced an increasing failure rate for the last 20% of events.

* Failure rate is also studied by failure category (Ref: CDP-MHE-29)
» 25% of the systems have a MTBF of <= 100 hours (Ref: CDP-MHE-30)
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Tracking Safety Reports - Accomplishment

FORKLIFTS

« 308 systems, 307,433 operation
hours with 54 safety reports

Fuel Cell System Safety Reports by Quarter - ARRA

T T T
50 -Incident2 b
45 Near miss” | categorized as Near Miss and 1
e . Incident
8 apl B 0 .
- * 94% of safety reports are classified
Q 30 —~ .
5 . as Minor Hydrogen Release (Ref:
5 25¢ |
] CDPARRA-MHE-27)
S
= . . . .
15t . * 1 Incident classified as Significant
10 1 Hydrogen Release — No Ignition
5 - .
2010 Q1 2010 Q2 2010 Q3 2010 Q4
1) Near Miss is an event that under slightly different circumstances could have become an incident Infrastructure Safety Reports By Quarter
-unplanned H2 release insufficient to sustain a flame T T
2) Incident is an event that results in:
-a lost time accident and/or injury to personnel
-damage/unplanned downtime for project equipment, facilities or property —
‘ﬂ impact to the public or environment
NREL cdparra_mhe_26 -any hydrogen release that unintentionally ignites or is sufficient to sustain a flame if ignited
Created: Mar-29-11 2:34 PM -release of any volatile, hydrogen containing compound (other than the hydrocarbons uses as common fuels)

« 75,364 fills (ARRA & DLA
projects) with 18 safety reports
categorized as Near Miss

4 safety incidents are classified o
as Non-Hydrogen Release (Ref:
CDP-MHE-41)

Number of Repor
@
T
|

-
(=]
T
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1) Near Miss is an event that under slightly different circumstances could have become an incident
-unplanned H2 release insufficient to sustain a flame

2) Incident is an event that results in:
-a lost time accident and/or injury to personnel
-damage/unplanned downtime for project equipment, facilities or property

& impact to the public or environment
NREL cdp_mhe_25 -any hydrogen release that unintentionally ignites or is sufficient to sustain a flame if ignited
Created: Mar-10-11 2:09 PM -release of any volatile, hydrogen containing compound (other than the hydrocarbons uses as common fuels)
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Demonstrated Refueling Downtime per Month and 5
100 Hours of Operation - Accomplishment '

» Studied refueling downtime per month and per 100 hours of operation

» Average 2.3 hours each month or 2.5 hours per 100 op hrs
* Downtime represents time from “drive-up” to “drive-away”

Refueling Downtime Per Material Handling Unit
I I I I I I I I I I I I

, : : :
| V Fleet Averages

Average of 2.3 hours of downtime
from refueling each month

Frequency [Months]
i N
o

N
o

| | | | | | | |
6 7 8 9 10 11 12 13 14 15 16 17 18

Refueling Downtime' (in hours) per Month

1

1 Refueling downtime represents total refueling time from "drive-up" to "drive-away" not only hydrogen gas dispensing time

80 I I I I I I I I I I I

] WV Fleet Averages

[<2]
o
I

Average of 2.5 hours of downtime
from refueling per 100 hours of operation

Frequency [Units]
N
=

N
o

| | | I 1_4______‘_1—
3 4 5 6 7 8 9 10 11 12 13 14 15

00 1 2
4@ NREL cdparra_mhe_37 Refueling Downtime (in hours) per 100 Operational Hours

Created: Mar-10-11 10:21 AM Note: Some refueling events not recorded/included due to data noise or incompleteness
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Refueling Trends by Day of Week and Site - 15
Accomplishment '

Dispensed Hydrogen per Day of Week
20
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Created: Mar-29-11 4:19 PM

» Most of the dispensed hydrogen is Monday — Friday

« Individual site dispensing is fairly consistent Monday - Friday
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FC Backup Power 10 CDPs - Accomplishment

BACKUP POWER
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Results include

» Units deployed & deployed kW capacity
Starts, hours, & continuous runtime
Reasons for unsuccessful starts

Hydrogen consumed
Start trends by day of week & time of day



Summary of Backup Power System Operation -
Accomplishment o e

Sites 85 CDP-BU-#
| Deployed Systems 189* 01
| 8 Total Successful Starts | 408 (99.8%)* 04
; Total Run Time 218 hours* 05
Total Hydrogen 32.3 kg* 06

Key Performance o e
Metrics 7ol o ponditoning | %0 " So% Conditioning Starts
Reliability

Low Emissions
Low Noise

Ease of Use

Remote Monitoring

Starts
'S
o
N
o
Reporting FC Systems

) Hﬂmﬂﬂ |

o o ‘b o ‘b \J Q J \J

- Q Q \Q Q Q Q \d \ O \'\ \'\ N \d N\ S O \'\ W

NREL cdp_bu_04 6\\ 6%\ ) Q\ \\ ® \\ '1) ’5\ N b\ '\\ Q’\ g\ Q\ N ¥
FCytmc nditio lmtdpral f gI

* Through December 2010 Calendar Month systom checks; actvialedafter long perods of o oper
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Site Location and Capacity - Accomplishment

9 states with backup power sites

Backup Power Deployments

State Ky Capacity Sites _
Arizona 40 9 *100L -
Califomia 146 23
Colorado 24 5 _annl
Florida 6 i 91-100
linois 4 7
Indiana 24 10 81-90
Michigan 102 25
South Caraling 50 1 71-80F 1
Ltah 36 g 6170
51-60} -
41-50
31-40
l 21-30
~ Y
N 11-20
\“ - 1410
R Sites i1 State
NREL adp_bu_ i3

| site Capacity (line height proporational to installed site KW capacity)

Creged; MaHIr-11 132 AN
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Demonstrated Continuous Run Time -

Accomplishment
Continous System Run Time
100 I I I I I I I I I I
90 50 N

80 X 40 i
e
70 € 30 |
% 20
\'A
— 60 g -
% > 10
2 50 8
S 0
(7] 10 20 30 40 50 60
40 Continuous Run Time [Mins] .
30 >90% start operations last <60 minutes .
2 Most of the starts are 20 minutes or less & 59% of |
the starts are for conditioning (Ref: CDP-BU-04)
10 —
0 ! —— ) } ! ) )
) 0 1 2 3 4 5 6 7 8 9 10
NREL cdp_bu_09 Continuous Run Time [hours]

Created: Mar-16-11 1:01 PM
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Collaborations

-

Data Sharing & Analysis Partners

AY#

Safety, Codes, and Standards

* Air Products

* FedEx

« GENCO

* Nuvera Fuel Cells
* Plug Power

* ReliOn

» Sprint

» Sysco Houston

Other collaboration activities
include site visits and detalil

analysis discussions

N\ _/
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 Technical Monitor of Hydrogen
Safety Panel reviews of ARRA
projects
— Review of safety plans for
each site

— Conduct safety review site
visits for up to 6 sites (2 MHE
site visits completed)

» Quantitative Risk Assessment
Data Input

— Carl Rivkin (NREL)

— Jeff LaChance (Sandia
National Lab)

\




Future Work

Remaining FY11 tasks:
* Quarterly deployment composite data products (2 cycles)

* Quarterly analysis of operation and maintenance data for fuel
cell systems and hydrogen infrastructure (2 cycles)

« Bi-annual technical composite data products for data through

June 2011

— Update existing set of 42 existing CDPs

— Add to the CDPs pertaining to the market value proposition
performance metrics

« Conduct 2 hydrogen safety panel site visits

Beyond FY11:

« Continue quarterly analysis, quarterly deployment CDPs, and
bi-annual technical CDPs

« Close collaboration with key stakeholders to identify valuable
analyses for technology status updates and metrics important
to the value proposition

NATIONAL RENEWABLE ENERGY LABORATORY



Summary

- Deployment CDPs (3) MBE sites 85 CDP-BU-#
updated quarterly

Deployed Systems 189* 01
y ]:[)V‘r’?n %){glr?gl ?]‘;tne&ri‘n”écgg]gDPS Total Successful Starts | 408 (99.8%)* 04
backup power Total Run Time 218 hrs* 05
— 42 MHE specific CDPs Total Hydrogen 32.3 kg* 06

— g: OD IBagckup Power specific B sites 5 CDNI:’:II:-I;A-
+ Conducted 2 safety panel site . gis omes oomss | u

visits, 3 site visits, and 2
partner facility Visits Hours Accumulated 307,433 hrs* 11
. New, application specific FC Systems > 2360 hrs 25%* 02
?L:]rﬂlﬁrl’r?le? :’gﬁlaugﬁtiogg\r,‘v%?llr{r?e’ Hydrogen Dispensed 18,597 kg* 04
and durability Hydrogen Fills 38,863* 03
« All of the published results Average Fill Amount 0.48 kgffill* 10
can be found at: Average Fill Time 1.8 min/fill* 06
http://www.nrel.gov/hydrogen/proj_fc_market_demo.html * Through December 2010
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Contact Information & Website

Jennifer Kurtz
jennifer.kurtz@nrel.gov
303-275-4061

SDC ..

FC BACKUP POWER

FC PRIME POWER

I o R

http://www.nrel.gov/hydrogen/proj_fc_market _demo.html
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Early Fuel Cell Market Demonstrations

Early fuel cell market demonstrations are focusad primarily on using fuel cell
tednwologies for material handling, badasp power, and prime-power
applications. The Department of Energy-sponsored demonstration projects
support fuel cell market transformation activities and help foster the growth of
fuel c2ll markets. In addition, the Depariment of Defense funds early fusl cell
demonsiration projects.

b |

NREL receives operational data from these early market fusl call
demonsirations, analyzes, and reports on these data. By aggregating data e 3
across numerous indusiry teams and sites, NREL develops composite data #ycrogen FEM fusl cells are leading
products (CDPs), which provide relevant data results on the technology status candidates for use in fuel cell
and fuel cell performance without revealing propristary data. These publicly vehicles. Today's commercizlly
available COPs will help the development community understand the siate of available PEM fuel cells are
fuel cell technologies, identify areas for continued improvement, and provide particulary appropaate for

data metrics that are important to the business case for these fuel c2ll Jow-power appications requing
markeis. nitermittent backup.

This page provides the following resources:

Composite Data Products

The public tednical analysis results are generated in the form of composite data procducis. The Tollowing
CCPs can be sorted by title, category, CDP number, and date updated. Download the COPs as PowerPoint or
212G files using the links in the two columns on the right. Download the curent presentation containing all

CDPs (PowerPoint 2.7 MB) or see the archived presentations containing il CDPs.

Sort by Sort by Sort by Sort by -
CDP No. Date ted PowerPoint JPG
Tite « Category ¥ - li:da
Operzsing Hours beween Fusing ;‘E'gnﬁec';fy&”"“mf Range g 2003-11-08 & 26
Accumulzted Foridft Operafing Hours Foel Cel Usage and Opersion. 2003-11.08 & iy
Forkiits Deployed by Quarter Fuel Cel Usage and Operaion g gy 2003-11-08 & Rty
Fus C2il Urits Defiversd 1o Site FueiCelUsage and Operaion  apRapl 20100219 & PG
Fusl Cell Units in Operation—Current and Fuel Cel Usage and Operztion 2ERATR 2010.02-18 g PG

Proiected Quantides Behavior
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