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Significant Hydrogen Station Activities.Across the U.S.

www.afdc.energy.gov/fuels/hydrogen locations.html
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Retail Station Types (27 provided.data.through 2017Q2)

Hydrogen Station Type - Retail Stations
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*Recently opened stations (2017Q2 & Q3) shown above but not in current analysis include:
* 1 Pipeline (after upgrade)

* 1 Liquid

* 2 Compressed

**0One station double counted as it is both Onsite Electrolysis and Compressed Delivery
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Competition brings
diversity to stations

Burbank

Costa Mesa
FirstElement Fuel

Torrance Shell | i ¥
(pre- upgrade) West Sacramento
Linde

Photos: NREL Harris Ranch

FirstElement Fuel

H2 Frontier |

Air Products



Multiple Partners Involved with Station.Data

Requirements in contracts (using data templates)
e CEC Grant Funding Opportunities, DOE Technology Validation Projects
Data and analysis feedback through station providers and other organizations

STATION FUNDERS
California Energy Commission STATI 0 N PROVI D E RS

California Air Resources Board Air Liquide

SCAQMD Air Products

California State University Los Angeles
FirstElement Fuel

H2 Frontier
ORGANIZATIONS 1T Power
California Fuel Cell Partnership Proton OnSite
IPHE and HySUT Shell
Gas Technology Institute
H2USA
H2FIRST
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CELLTECHNOLOGY
EVALUATION CENTER

High
Performance
Computing

www.nrel.gov/esif

Golden, Colorado e,
S
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NFCTEC Data/Analysis/Results.Handling

Station data (operation and
maintenance/safety)
delivered to NREL

NREL’s National Fuel Cell
Technology Evaluation Center

Confidential

Detailed Data Products (DDPs) Composite Data Products (CDPs)
» |dentify individual contribution to CDPs » Aggregated data across multiple systems,
* Only shared with partner who supplied sites, and teams

data every 6 months' * Publish analysis results without revealing

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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Number of Retail Statior

Cumulative Stations - Retail Stations
|
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+12 in the North East
At least one station added per quarter since 2015Q3.
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NREL cdpRETAIL_infr_10
Created: Nov-03-17 2:39 PM | Data Range: 201403-201702
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Quantity of Hydrogen Dispensed.to.FCEVs is Accelerating

Hydrogen Dispensed By Quarter - Retail Stations

Cumulative Hydrogen Dispensed = 276,535 kg

By Year

2017 thru Q2 | II I II 169,304 kg,
2016 |I | |I104.891 kg

2015 2,341 kg
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Created: Sep-25-17 4:03 PM | Data Range: 2014Q3-2017Q2 Note: Colors represent individual stations
Close to 100,000 kg dispensed in 2017Q2 alone '
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Amount by Region — Southern.California.on Top

Hydrogen Dispensed By Region - Retail Stations

100 §ENorthern California Cumulative Hydrogen Dispensed
__ISouthern California Northern California = 84,349 kg
90 Southern California = 192,187 kg

LR 2017 thru Q2
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NREL cdpRETAIL _infr_81
Created: Oct-16-17 9:14 AM | Data Range: 2014Q3-201702
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Utilization by Station Increasing.—Still. Room for Growth

Station Capacity Utilization Trends by Quarter - Retail Stations
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! Trendlines connect continuous quarters of opQ‘u‘l)aﬁeli'ﬁle station. Gaps in trendlines represent quarters in which
a station was offline or missing data. Each station is represented by a unique color.
2 Average quarterly utilization only considers quarters when at least one fill occurred.
NREL cdpRETAIL_infr_44 3 Station nameplate capacity is as reported to NREL and reflects a variety of system design considerations including:
Created: Sep-25-17 4:03 PM | Data Range: 2014Q3-2017Q2 system capacity, throughput, system reliability, and maintenance. Actual daily usage may exceed nameplate capacity.
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FCEV Customers Show

Number of Fueling Events per Time of Day - Retail Stations
o IH2 Fueling

- © Gasoline Profile’

O

rd Number Included
88,973 fills

Number of Fills [% of Total]
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= - H2 peaks around noon vs late afternoon for gasoline

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time of Day [hours]

NREL cdpRETAIL_infr_15

Created: Sep-25-17 3:55 PM | Data Range: 2014Q3-2017Q2 . . . .
1. Friday Chevron profile "Hydrogen Delivery Infrastructure Options Analysis”, T. Chen, 2008.
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Fewer Fills on Weekenc

Dispensed Hydrogen per Day of Week - Retail Stations
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Created: May-08-17 8:50 AM | Data Range: 2014Q3-2016Q4 ) ) ) .
1. Chevron weekly demand profile "Hydrogen Delivery Infrastructure Options Analysis”, T. Chen.
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Daily Fueling by Month — Retail.Stations

Daily Fueling Amounts Over Time - Retall Statlons
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NREL cdpRETAIL_infr_82
Created: Sep-25-17 3:59 PM | Data Range: 2014Q3-2017Q2 *Daily average only includes days with fills.
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Maintenance by Equipment IType —Retail Stations

Most maintenance is now on dispensers instead of compressors.
Chiller maintenance increased (stations now fill at -40 C).

Maintenance by Equipment Type - Retail Stations

Classified Events
Total Events' = 3,227 Total Hours' = 9,541
Idispenser

68% unscheduled 55% unscheduled

5%
1%

compressor

entire
18%
chiller
Ielectrlcal 250,
classified
20%
15%

MISC includes the following failure modes: feedwater, electrolyzer,
multiple thermal management, storage, safety, air, station other, gas mgmt
systems 462 Event Count panel, other

NREL cdpRETAIL _infr_21 1. Total includes classified events (plotted) and unclassified events.

Created: Oct-11-17 11:35 AM | Data Range: 2014Q3-2017Q2
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Dispenser Maintenance with Cause.and Effects

Maintenance Causes and Effects - Retail Stations

Preventative Maintenance accounted for 24% of all events.
Su bsystem: DISPENSER Suppressed in the plot to show detail for other causes.
Component: ENTIRE

30

10 CDPs similar to this one for different components
Preventative Maintenance accounted for 24% (not shown)

25 ;
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% of Events
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0

FAILED PART
OUTOF CALIBRATION
COMMUNICATION ERROR
MAINTENANCE ERROR
OPERATOR ERROR

PRESSURE LOSS FUNCTIONALITY LOST

UNDETERMINED
UPGRADE UNDETERMINED
SOFTWARE BUG
MOISTURE
TIGHT WARNING LOW
DATA ERROR
ENVIRONMENTAL FACTORS
Causes Effects

Q&X NREL cdpRETAIL _infr_67

Created: Sep-25-17 4:03 PM | Data Range: 2014Q3-2017Q2
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Maintenance Labor Hours by Quarter

Maintenance Labor Hours By Quarter - Retail Stations
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NREL cdpRETAIL_infr_28
Created: Oct-24-17 11:57 AM | Data Range: 20140Q3-201702
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Stars represent individual station
maintenance hours in a given quarter.



Maintenance Costs by Quarter

Maintenance Costs Over Time - Retail Stations
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Overall Average: $10,578 per station per quarter.
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Created: Oct-24-17 2:40 PM | Data Range: 2014Q3-2017Q2
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Maintenance Costs per kg Dispensed.by.Quarter

Maintenance Costs Per kg Dispensed Over Time - Retail Stations
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Overall Average: $29 perkg. | jis, overall due to low amount dispensed

and startup issues close to station opening.
Dropping to below $6 on average.
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Created: Oct-19-17 4:14 PM | Data Range: 2014Q3-2017Q2
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Monthly Electricity Cost [$/kWh]
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Electricity Cost per kWh - Retail Stations

© Compressed Delivery, Average: 0.35 $/kWh
——Compressed Delivery Average

< Liquid Delivery, Average: 0.23 $/kWh
——Liquid Delivery Average

0

E&NREL odPRETAIL_infr_q: '\b '\6’ '\6 '\b' '\6

Created: Oct-12-17 2:37 PM | Data Range: 20140Q3-2017Q2
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Electrlmty Cost per kg Over Tlme- Retall Stations

e Compressed Delivery, Average 8.36 $/kg
——Compressed Delivery Average

¢ Liquid Delivery, Average: 9.59 $/kg
——Liquid Delivery Average
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NREL cdpRETAIL_infr %5

Created: Oct-12-17 2:45 PM | Data Range: 20140Q3-2017Q2
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Monthly Averages for Fueling Rates, limes.and Amounts
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NREL cdpRETAIL _infr_55
Created: Sep-25-17 4:04 PM | Data Range: 2014Q3-2017Q2 \
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Monthly Averages for All Fills - Retail Stations
| I [

Time to fill is 3.8 minutes on average.
Average amount filled is increasing and at 3 kg.

I [ [
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+ Individual Station Avg o + ‘
o - Avg: 0.83
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| | | | | |
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All Stations not Reaching Required H2 Temperature after 30s

Fuel Temperature at Receptacle (°C) 30 sec after start of fill!

30 -
Measurement is downstream of receptacle instead of

20 - | at breakaway but shows fuel temperature outside ¢
o - limits for type of fill.
2 - o
o
@
o |
£ .10 - :
()]
e 20+ ] o
i 2 i g

* .|
-30 -
* |
8
-40 - —— ' :
T40 T30 T20

Nominal Fuel Delivery Temperature

1. SAE J2601 (2014) defines fuel delivery temperature as measured near the dispenser breakaway. See
paragraph 4.21. Temperature data here are from HyStEP tests measuring fuel temperature just
downstream of the receptacle. SAE J2601 requires that fuel delivery temperature reach the limits shown in
blue above within 30 seconds of the start of fueling.

E& NREL cdp_infr_77

Created: Apr-20-17 11:29 AM | Data Range: 20140Q4-201604
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Not Many Safety Reports from. Retail. Stations

Safety Reports Primary Factors - Retail Stations

Il inadequate Training, Protocol, SOP
[ INot Defined

Incident

Near Miss Items include:

Not following procedures — training needed
Hydrogen leaks - dispenser, thermal mgmt

Severity

Minor H2 Leak

0 5 10 15 20 25 30 35 40 45
Number of Reports

An 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
- any hydrogen release that unintentionally ignites

- release of any volatile, hydrogen containing compound (including the hydrocarbons used as common fuels)
A Near Miss is:

- an event that under slightly different circumstances could have become an incident
- any hydrogen release sufficient to sustain a flame if ignited
A Minor H2 Leak is:

Em - an unplanned hydrogen release insufficient to sustain a flame, and does not accumulate in sufficient quantity to ignite

NREL cdpRETAIL_infr_31
Created: Apr-19-17 4:28 PM | Data Range: 2015Q3-2016Q4
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Retail Stations Highlights (Data through 2017Q2)

Fueling Rate Average 0.83 kg/min -
: Fueling Amount Average 3 kg
Fueling Time Average 3.8 min .

Compressor Energy Average 1.67 kWh/kg
> Total Hydrogen Dispensed 276,535 kg >

5 Electrolyzer Energy Average 62 kWh/kg EZ

I R (non-retail stations)

L R g

HEEL ﬂ Wmmmm ; Maintenance Hours Average 91 hours/quarter e .l

i: ''''''''''' " ) Fueling Final Pressure Average 779 bar

— o — Fills per H2 Leaks Average | 505 Fills per H2 Leak 1
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Thank You!

DPs available at
www.nrel.gov/hydrogen/proj_tech_validation

AENT | ENIW

Hydrogen & Fuel Cell Research

4 Hydrogen & Fud Cells
Reszarch Home

Projects.
Fudl Calls

Hydvogen Production &
Delivery

Hydrogen Storage
Manufac

ring
Market Transfesmatian
Safery, Codes, & Standards
Systems Analysis
Technalagy Vaidation

Fusi Cell Vehizle Learning
Demanstration

Fusl Call s Bvalustions

~Early Fusl Coll Marint
[T

Fusl el Technology Statas
Analyzis

Mydragen Fudling
Irdrattrisctare anabes

Stabonary Fusl Cell Systems
ysis

Success Slories
Resmarch Suafl
Facilitios

Working with Us
Lnergy Analysis & Tools
Fublications

News

Fuel Cell and Hydrogen Technology Validation
Technalogy validation is defined as
ifl i that a
systém technical targes have been
met under realistic operating
conditions. The NREL technalogy
validation team works on validating
trydragen fuel cell electric vehicles;
Mrydrogen fusling Infrastructura; and
fuod coll usé In eardy market 1
applications such a5 material 1 !
handiing, backup pewer, and prime
power applications. The team also
analyzes the current status of state-
of -the-an laboratory fuel cell
technologies, with a facus on
purformance and durability, This
Werk SUpports the Department of
Energy's hydrogen and fus! cell
technology validation activity.

Map C Fuel Cell usage for Backup
Power with Grid Outages

Leamn how NREL
developad the

geegraphical
lizant

L= or view the
animation, whi
covers Janual
2010 to Da
203,

Technaloqy validation projects invelve gathering extensive data from the systems ai
world conditions, analyzing this detailed data, and then comparing results to techay
data ks protected by NREL, analysis results are aggregated into public results cal
These public results show the status and progress of the technalogy, but don't

Emponents under real
targets. While the raw
omposite data products,
tify Individual companies.

www.nrel.gov

NREL
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Click on the application type to see project highlights, analysis results, an

iled reports and presontations
from the hydragen and fuel cell technology validation efforts underway ai ]

vehicles Buses Backup Power

BACKUP POWER

operated by the Alliance for Sustainable Energy, LLC

Office of Energy Efficiency and Renew



Data Templates

Data Templates

e Aggregation requires multiple partners providing the same type of data

* NREL templates in the latest California Energy Commissions Grant Funding
Opportunity GFO-15-605

o Proposed awards announced in Feb 2017
o $33 million, 16 stations (1 Air Liquide, 8 First Element, 7 Shell)
e Stations also reporting through DOE contracts
* NOT static

o Updated as needed (station downtime, fueling performance)
o Modified for other uses (ex. Mobile Fueler)

. 1
Maintenance

Template last updated on May 4, 2016 [WREL])

f

Data should be from reporting quarter

Calendar Quarter [ex. 2

snant adadar qeianior

r

Eootnotes:

[ Recard all zcheduled and unschedule maintenance for the infrastructure and provide notes!comments regarding observations made during maintenance.

(2]

Pick anitem fram the supplied list. Add new items as needed

Fields designated with a purple color are optional under GFO-15-605.

Site Marme At A TS replaces Categary [ew replaces Maintenance Tup replaces Failure Mode W / [ew [Mew

Date of IF =till available,

Repair, station unavailability | station performance
i Replacement Cormnponent Marmne Subsystern® Component? Action? Causze’ EFrect? N [hours] affected [hours] 4 Categary®

MATERIAL
Example: Main Coolant THERMAL DEFORMIDEGRADEF& thermal
1 0IS/Z004 Pump MANAGEMENT PLME REFLACE TIGLE FUMCTIOMNALITY LOST 12 a management
z
3
q
5
3
ns Site Summa Site Log Storage & Delve Compression .~ Dispensing Fuel Log Fil Performance | Maintenance ~H2 Cost . Safe|| 4 il
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Analysis Categories

Deployment

Performance

Reliability
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Fueling Final Pressures

- Fueling Final Pressures - Retail Stations
8 350 bar Fills (200 to 450 bar) 700 bar Fills ( > 450 bar)

450 bar*

[=2]
T

Avg Final Pressure = 339 bar
% of Fills > 350 bar = 40%
Number of Fills = 2739

(5]
|

Average pressure at end of fill:
Low pressure fills: 339 bar
High pressure fills: 779 bar

w

% of Fueling Events
E

N
T

0 —1

200 250 300 350 400 450 500 550 600 650 700

_ Final Pressure [bar]
NREL cdpRETAIL_infr_09

Created: Sep-25-17 4:00 PM | Data Range: 2014Q3-2017Q2 *The line at 450 bar separates 350 bar fills from 700 bar fills. It is slightly over
the allowable 125% of nominal pressure (437.5 bar) from SAE J2601.
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Average
A Nominal

Avg Final Pressure = 779 bar
% of Fills > 700 bar = 94%
Number of Fills = 62107

800 850 900



Station Capacity Utilization

120

100

60

40

Capacity Utilization? [%]

20

80 -

Station Capacity Utilization - Retail Stations

& @ Maximum Daily Utilization
B Maximum Quarterly Utilization?
. . . .Average Daily Utilization?
Stations are dispensing well &
below their stated capacity Note: The focus for early stations
is geographic coverage
. IS
3 *s -
u
50.4% ’ ’ ‘ ’

1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

TStation nam eplate capacity reflects a variety of system design consderations including system capacity, throughput,

::&k Station (Sorted By Increasing Station Capacity)

Created: Sep-25-17 3:58 PM | Data Range: 2014Q3-2017Q2

system reliability and durability, and maintenance. Actual daily usage may exceed nameplate capacity.
ZMaximum quarterly utilization considers all days; average daily utilization considers only days when at least one filling occurred
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Failure Rates by kg Dispensed.(bathtub curve)

Historical Failure Rate (bathtub curve) by kg H2 Dispensed - Retail Stations

0.5~
¢ Station Data
. == Least Squares Fit
0.45 - { sample Point for Mean
= _ y -1)
o p=A B kgH Drspense.ﬂ(JB
$ 04 1=0.646 -
G $=0.678
& 0.35 - 36 Mean kg H, Dispensed per Failure
(=] / at 5000 kg H, Dispensed
o~
L 03, ] . .
g . Failure rates going down as more hydrogen dispensed
7] .
o 0257
2 .
L 02
2 .
2 045°%
2 L ]
=
= 0.1
L.
0.05
0 .:"zk J..... ...' I]. e .-.‘ LI (') | - e | = ° |
1 1.5 2 2.5
bR [ e G kg H, Dispensed x10%
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Hydrogen Quality Example

Carbon Monoxide Measurements — Retail Stations

Impurities (Retail Stations) - Carbon Monoxide
I I

4 [ | I |
Ml Delivered Compressed
Bl Delivered Liquid
M Delivered Pipeline
[ ]Onsite Electrolysis
[ IDelivered Compressed; Onsite Electrolysis
[ |Onsite SMR
3 I .
Ne]
o
; 2
s K]
o o &
g g— n
vt
7] = £
B2 I - .
g £ @
- " 3
[}
= o w
Z o <L
= w
I 1
1 10 Total Samples e
--Not Detected Summary--
Delivered Compressed; Onsite Electrolysis 1 Sample(s)
--Not Measured Summary--
Delivered Compressed; Onsite Electrolysis 2 Sample(s)
0 | | | | | I |
c& nd 0-0.5 0.5-2 2-10 10-50 50100 100-150 150-200 > 200
NREL cdpRETAIL_infr_79

Measured Impurity [ppb]

Created: Sep-25-17 4:01 PM | Data Range: 2014Q3-20170Q2

Individual constituent CDPs show range of values at stations. Here CO is well below limits but is
useful for fuel cell developers to see what their equipment will be exposed to at these stations.
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_Electricity Cost per kWh by Utility - Retail Stations

1.6 - -
s O PG&E, Average: 0.34 $/kWh
—PG&E Average
1.4 | | < SCE, Average: 0.32 $/kWh
. o] 0 ——SCE Average
¥ SDG&E, Average: 0.37 $/kWh

— ——SDG&E Average
é 1.2+ : . . .
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= 0.4

0.2

0

E&NREL odPRETAIL_infr_QT '\b '\6’ '\6 '\b' '\6

Created: Oct-25-17 5:02 PM | Data Range: 20140Q3-2017Q2
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