2014 HydrogenStudent Design Contest

Drop-in Hydrogen Fueling Station

Washington State University
March 21, 2014

Team Members: lan Richardson
Brian Beleau
Sayonsom Chanda
Simon Guo
Austin Miller

Faculty Advisors: Dr. Jacob Leachman

Jake Fisher
Breanna Bence
Patrick Frome
Mikko McFeely
Ben Smith

Dr. Liv Haselbach



TABLE OF CONTENTS

IS 0 ) =0 [ SRR 2
[ A o) o [N £ PO PP PP ORI PPPPPPRI 2
N0 70 TT o Tox F= LB = PP U PR 2
EXECULIVE SUIMIMANY......eeiiiiiiieiiiiit e rees ettt e e e e e s s nens e e et e e e e e e s s b bbb e s amems s s e e et e e e e e e e e nnnnne e e e ennnnes 3
1. Introduction: Utilizing Liquid H/ArOQEN...........ooviiiiiiieiieeeeeee e 4
2. H; Fuel Station Design and EQUIPIMENL.........oiiuiiiiiiiieieeeree e e eeeme e e e e e e e e e e e 5
2.1 Liquid HYdrogen DeEIIVETY......ccccci i reee e e e e e e e e e e e e e e e e e e e e e e s enenanaaaas 5
2.2 DISPENSING ... i ittt ettt e e e e e e amne e e e e e e e e anneas 5
2.3 Storage, Autognous Pressurization, and COmpression............cccoeeeeeceeevvivvveinneneneenennns 6.
2.4 Wireless Communication and Remote MONItOIING.........cceeriiiiiiiimmmiiiiiiiiiee e e esiiieenaees 8
2.5 Heating, Ventilation, and Air Conditioning (HVAC) System................ccooiiiieeeiinnininnnnnns 9
2.6 Safety EQUIPMENL. ...ttt e e e s 10
P A I - 1 1= 0 c= Lo 11T 10
P2 S T Y/ [0 To 18] = L PP PP PP PPPPPPPPPPPPI 10
P2 N o A O o 1 PP PPURPTRR 11
2.10  MASS PrOQUCTION......ciiiiiiiiiiieee ettt rmmme e e e s sttt a e e e e e e s smmne e s s s nnnan e e e eeaeas 11
2.11 Appearance and AMOSPNEIE. ... it 11
A A o o)1 1] | SRR 12
3. Station Cost and ECONOMIC ANAIYSIS. .....uuuiiiiiieeiiiiieeeiaii et e e e e e res e e e e e e e e ennineeans 13
3.1 Conclusions and SUGQESTIONS. ......uuuuuuuiiiiime e ee e e et e e eer s e e e e e e e e e e e e e e e ammmes 17
4. SATELY ANGISIS. ...eeeiiiiieii ittt e ettt eeene et e e e e e et e et eaan—r et e e e et e e e e e enenr s 18
4.1  Failure Mode and Effect AnalysisS (FMEA)...........uuiiiiiiiiiiieee e seeeeaes 18
4.2 Regulations, Codes, and Standards.............uueiiiiiiieeniee e 20
LTS 1 1] o PP PPPPPP 20
6. Operation and MaAINTENANCE. .........oiiii ittt iree e e e e rena e e e e e e e e e s s bbb s enenssrneeeeeaeeens 23
7. EnVIronMENTal ANGIYSIS........oooiiiiiiiieeeeeeeeee et aaaaaaas 25
7.1 RESOUICE ANAIYSIS. ...ttt e e e rmmme e ettt e e e e e e e s rmmne e e e ne e es 25
7.2 EMISSION ANGIYSIS. . uutiiuiiiiiiiiiiii e e et e e e et e ettt et e e e e e s ee et s s s s aaaeeaseessaeeaeessesmassessssssssnnnrnnes 26
0 T \\ (o 1Y AN F= 1)V T PR 27
8. Interface Design and Customer EAUCAtiQN.................ooiiiceeiiiiiiiiemmr e 27
S T R Y =T =Tt DT [T 27
ST OV 1 o] .4 1= gl Lo (1 o= 11 o 28
O. OPLIONAI FEAIUIES. ....coiiieeieiee ettt eeee ettt ettt bttt mnmeeeeeeeeaaeeaaeaaaaaeeeesanans 29
LR (=] €= o USSP i
Y 0] o 1< T[S RRPR i



LIST OF TABLES

TABLE 1. Itemized list Of Station COMPONENTS.........ciiiiiiiiiirrrr e ree e e e e 14
TABLE 2. Fixed MONTNIY COSES.......uuitiiiiiiiiiiii i eeer et e e e e 15
TABLE 3. Minimum price given required return and demand................ccoovvveeeiiiiiiiiiiiiiec e 15
TABLE 4. Minimum price given required return and demand...............ccooovvveeeeiiiiiiiiiicees e 16
TABLE 5. Percent change in price given required rate of return and demand...................cccee..... 16
TABLE 6. Ranking criteria used for determining the severity and frequency of occurrence for a potential
system failure as well as how quickly the failure wadldetected...............ccoovvvviiiiieeeeiiie . 19
TABLE 7. FMEA for key fuel Station SYSTEIMIS. ........cuiiiiiiiiiiiremeiiieee e res e 19
TABLE 8. Applicable regulations used in the development of the hydrogen fueling station......... 20
TABLE 9. Hydrogen fuel station regulation eXemptiQnS..............uvveviiiiiieee e eeeeeeeeeee e e e e e eeeeinens 20
TABLE 10. Minimum distance (in feet) from liquefidg/drogen systems to exposure from Tabid bif
WAC 296-24-3L505.... .. ciieeiiiiiieee e e e eme e e e e e sttt eeeaaeeessmmmeesesasssesaeeeeeeaeeeasammneeesssssssanneeeeeeeessannns 21
TABLE 11. Estimated emissions associated with a hydrogen fustition in Pullman, WA.............. 27

LIST OF FIGURES

FIGURE 1. Hydrogen diSpPenSing PrOCEUULE............uuuriiiiieieaateeeeeeeaiitieeeeeeeeessmmmee e e s s asnnnnneeeeeeeees 5.
FIGURE 2. Component layout of the hydrogen station............cccoooiiiiicccriiieieeeceeeceeeeeeee e 6
FIGURE 3. Hydrogen fuel station system diagram. Note that medium and low pressure tanks are shown
here as Single VOIUMES fOF Clarit...........iiiiiiiiiie et e e e e 7
FIGURE 4. Example of the user interface seen by the remote Operatorf.........cccccvvviceeeeeeeeeeeeeeenen. 8
FIGURE 5. Diagram of the data transmission for remote and local contrals...................ccccovnnnns 9
FIGURE 6. Renderingf a dropin hydrogen fueling Station..............coooiiiiiiimemiiiiiieeeee e 12
FIGURE 7. Footprint of hydrogen fueling StatiQn..............cc.vuiiiiiieeeiieieeee e 13
FIGURE 8. Required price given required rate of return and demand................oooivccceeevieerneeenee, 16
FIGURE 9. Percent change in price given required rate of return and demand..................ccce..... 17
FIGURE 10. Site layout on ¢hWSU campus showing setback distances surrounding the hydrogen
LU= 1T o JE=) €= L1 o] o VPP UUUUSROPPRPPNt 22
FIGURE 11. System diagram showing the flowirdbrmation and electrical power......................... 24
FIGURE 12. Hydrogen station energy balance per kg,@ispensed.............cccccveeriiiiiemniiiiinnnnnn. 26
FIGURE 13. Graphical user interface used by CUSIQMEL..................ooiieeeiiiiiiiiiiieceecee e 28
FIGURE 14. Advertisement for a hydrogen fueling Station.............cccccciiiiiiccceiiee i eeeea 29
FIGURE 15. Rendering of a transportable hy@mgueling station..............cccooiiiviieemiiiiieeeeeeennnd il.
FIGURE 16. Graphical usénterface seen by the customer showing the progression of steps through the
TEIUBIING PrOCESS.... oottt ettt rane e e e eeeeeaaeaaaeaaaaeaaesannasnnes lii
FIGURE 17. Advertisement promoting the hydrogen fueling station and educating the public on hydrogen
(103 0] 001 [0 To [ PP PPPPPPPRPPPN iv
NOMENCLATURE

ASTM American Society for Testing and Materials

EPA Environmental Protection Agency

ISO International Organization for Standardization

NEC National Electrical Codes

NFPA National Fire Protection Agency

OSHA Occumtional Safety and Health Administration

SAE Society of Automotive Engineers

UL Underwriters Laboratori€s

WAC Washington Administrative Code


file:///C:/Users/HYPER1/Desktop/H2%20Design%20Contest/Report/2014_HEF_CONTEST_WSU.docx%23_Toc383173024
file:///C:/Users/HYPER1/Desktop/H2%20Design%20Contest/Report/2014_HEF_CONTEST_WSU.docx%23_Toc383173024
file:///C:/Users/HYPER1/Desktop/H2%20Design%20Contest/Report/2014_HEF_CONTEST_WSU.docx%23_Toc383173025
file:///C:/Users/HYPER1/Desktop/H2%20Design%20Contest/Report/2014_HEF_CONTEST_WSU.docx%23_Toc383173025

EXECUTIVE SUMMARY

A drop-in, modular hydrogen fueling station has been designed for under $423,000, |e22%hahthe

cost of current hydrogen fuel stations. Based on current demand, this station can refuel a Fuel Cell
Electric Vehicle (FCEV) in less than 5 minutes for $11.31 per kilogram. If demand increases to 50
vehicles per day, this station can refuel MSHor $9.54 per kilogram, which is roughly $48 for a 5 kg

fuel tank with a range of 300 miles.

Currently, 8890% of all nonpipeline hydrogen distribution is done using cryogenic liquid tanker truck.

This new hydrogen station would utilize the existingas liquid delivery infrastructure to fill a 725 kg
cryogenic storage tank. Liquid hydrogen will allow the station to maximize storage capacity, and through
autogenous pressurization, reduce the amount of energy and equipment that would be requived to de

and compress gaseous hydrogen for fueling vehicles. This system will reduce compressor operational
costs by an estimated 63% per refuel as compared to a 200 bar gaseous delivery system. This modular
design couples crystorage with a two stage compsion system optimized for efficient fuel
dispensation.

The two stage dispensing process will draw hydrogen from the high pressure and medium pressure tanks
within the station. Hydrogen in the medium pressure tanks will first fill the vehicle to 758tabtharge.

Then hydrogen in the high pressure tank will be directed to fill the rest of the vehicle to a total of 5 kg.
Easyto-use fueling nozzles with data interface and breakaway coupling will facilitate fast, simple, and
safe dispensing for users.

The refueling station is contained entirely within afd6t standard ISO container to maximize scalability
and mobility. The fuel station will be mounted on a trailer and delivered viatsatki The station will
then be connected to the main power gnidi @nsite water. Fuel stations can be fully installed or
removed in less than 24 hours to minimize disruption to the public.

Public safety was a primary concern in this design. The system is designed withf-tHiatart fire
suppression, surveillancemergency, and monitoring systems. Each hydrogen storagéstaquipped

with a temperature sensor, pressure sensor, and pressure relief valve with rerrites reahitoring to

ensure tanks do not over pressurize. Bffilfrom the liquid hydrogen storage tank will be used to power
fuel cells which run the remoteanitoring and emergency systems in the event of a shutdown or power
outage. Hydrogen storage tank levels will be maintained to accommodate a minimum of 48 hours of fuel
cell operation in the absence of power from the main grid to ensure the safety aiblizeapd the
integrity of the station.

The hydrogen fueling station presented in this report is designed to be located on the Washington State
University campus in Pullman, WA. The system is designed to meet all required design criteria including
5 minue refueling, dispensing hydrogen-40 °C, fueling 6 vehicles per hour, and accommodating a 48
hour shutdown. The hydrogen fuel station is in accordance with all federal, state, and local regulations.



1. INTRODUCTION: UTILIZING LIQUID HYDROGEN

The cost ofstationaryhydrogen(H,) fueling stationscurrently rangesrom $2 to $4 millionmaking the
addition ofhydrogen fueling capabilitigepossiblefor owners of existingyasolinefuel stationsThus, a
low-cost, transportable hydrogen fueling station is needed for Fuel Cell Electric Vehicles (FCEVS) to
becomewidely adoptedn the U.S.

Drop-in hydrogen fuel statiancan either have hydrogen delivered via tankerktrcgenerate hydrogen
on-site. The two primary ways of generating hydrogen gaie reformingand electrolysisGas reforming

requiresexisting access to a gas pipelineénich cannot beguaranteedn many regions of the country

Electrolysis requires large amounts of electricity andotsatonomical on a small scalehus, the most
economical method for a drap fuel station is having hydrogen delivendd tankerfor $7/kg.

Hydrogen can be delivered as a ga2Qdt bar and ambient temperatoreas a liquid at 5 baA report by

BMW Hydrogen(Brunner 2011)predicts that liquid hydroge(LH,) delivery would require 5-7 times

less energy than a compressed gaseous systea/00 bar fueling statioifhe reportalsoshows thata
fueling station gingliquid hydrogendelivery would requireas much a3 timesfewerdeliveriesper week

than gaseous deliveryBy utilizing LH, delivery, hydrogen can be crgmmpressd (sealing LH in a

fixed volume and applying heat sxhievehigh pressure gas) to obtain presstneexcess of 1100 bar

This process provides not only the high pressure needed to top off the ft€Ednk above the 75%
point, but much of the medium pressure gas neéatedispenationup to 75%. It is estimated that this
procesgeducescompressoenergyrequirements for obtaining and maintaining dispensation pressure by
63% per refuebver a gaseous delivery and storage systéylrogen must also be cooled #0 °C
before it isdispensedo the FCEVsto meet current fueling requirements of 5 otas/vehicle A major
obstacle withgaseousstorage is cooling the gas after compressing it to 700 bar, which heats the gas to
130 °C When starting with a cryogenic liquid is relatively easy to control the temperature of the
hydrogen delivered to the vele by controlling the amount of heat put into the fllkdrthermore80-

90% of hydrogen fuel currently provided by small merchants is distributed by cryogenic liquid tanker
truck (TTC 2010). Theinfrastructure for liquid hydrogen delivery is well establd and cahe relatively
easilyexpandedo meet hydrogen fueling station demantiserefore, liquid delivery is the only viable
solution of the two options.

The dropin hydrogenfuel stationwill be completely contained in 40-foot ISO standardcontainerand
deliveredto asitevia semitruck The station will usgrid power for daily operation and be refuelaice

a weekwith the current demandin the event afuel stationrequires extensivemaintenance, a replacement
unit will be provided andhie original unit will be hauled away to a service fagilitgherwise routine
maintenance and inspection will be donesdn The end result is a setbntained hydrogen dispensing
service that requires minimal effort by station owners to facilitatd-@#EVs This service approach to
the hydrogen dispensing infrastture challenge relies on a lesest anddurable method to store and
compress the hydrogen fuel.

The most feasible economic approach for such a system would be tdHedseling station o site
owners.By leasing the hydrogen fueling stations, the responsibility and lialofitthe site owner is
minimized. All customer supportremote monitoringand maintenance will be handled by the leasing
company Site ownerswill not need to employ highly trained persontebperatehe fueling stations.

All hydrogen fueling stations must have remote access capabilities, fire suppression systems, and
emergency communication protocols to ensure the safety of the puUibky must be capable of
maintaining system integrity and safety for at least 48 hours in the event of a power failure or emergency
shutdown. The hydrogen fueling syst@nmesented in this report has bedssigned to béocated on the
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Washington State Universi(WSU) campus in Pullman, WA. It meets all required design criteria as well
as local and national regulations.

2.H, FUEL STATION DESIGN AND EQUIPMENT

The mechanical design of the mobile hydrogen fueling station was determined by applying
thermodynamic ryo-storage and two stage compression. A thermodynamic approach was used to
determine a fueling cycle optingd for performance and efficiency. Storage of liquid hydrogen at
cryogenic temperatures requires heat transfer, fluid dynamics, and mechanicdedalsnalesign
considerationsto ensure the assembled components functinder extreme conditions with high
reliability.

2.1 LIQUID HYDROGEN DELIVERY

Hydrogen will be delivered to the fuel station via liquid tanker track bar and296 °C. The statiod s

onboard liquid hydrogen (LPl tank will store 25 kg providing enough hydrogen to service 100 cars for

nearly a week (according to guideline specifications). It will have a liquid hydrogen transfer line with a
Compressed Gas Association (CGA) connectiwriilling from atanker truck. The CGA connection will

be located behind a locking access door and the transfer line will be connected to the bottom ef the LH
storage tank. Deliveries will be schedukedit omat i cal ly by t he nfoduebndst ati o
logic processorverified by aremote operatoand executed by trained tanker drivers.

2.2 DISPENSING

Filling a vehicle tank will becompleted in 2 step$edium pressure storage tankill fill the vehicle
tank to a state of charge (SOC) 6% capacityand a high pressure tanwill fill to the maximum
allowable mass d kgH, as shown irFigure 1.The intermediate 75%0Cis an optimized value chosen
to minimize operational costs as explaime&®ec. 7.Jbelow. STEP 1 will be skipped if ¢hinitial vehicle
SOC is greater than 75%.

STEP 1: Initial SOC to 75% SOC
STEP 2: 75% SOC to 100% SOC

MEDIUM PRESSURE

HYDROGEN STATION VEHICLE TANK
FIGURE 1. Hydrogen dispensing procedure

In STEP 1 hydogenwill be provided bymultiple medium pressure (MP) tasklumbed together to make

a volume of787L. Two separat§g87 L volumes of hydrogen will be held atedium pressure (414 bar)

to support two simultaneous filips as required in the contest guidelin®ben a filkup is requested, the
systemcommand modulevill calculate the needed amount of hydrogen based on thal iIS@C of the
vehicle tank from the data uplink in the nozzle. If the vehicle tank is below 75% SOC the controller will
open an automated valve between the MPgankl vehicle tank. A hydrogen mass flow meter will tell



the system controller to close thalwe when the appropriate amount of hydrogen has been discharged to
bring the vehicle tank to 75% SOC (3kg) completing STEP 1.

In STEP 2asingle62 L high pressure (HP) tank will supply hydrogen to bring the vehicle tank from a
minimum of 75% to 108 SOC (5kg). Three of these tanks will be needed to support two simultaneous

fill -ups; two dispensing and one being refilléte extra HP tank (presumably being refilled) is required

due to the time intensive process of refilling a HP tank (see SecHadng one filling while one (or

two) is dispensing enables the station to meet the fueling demand of 6 cars per hour per nozzle as stated in
the contest guideline§.he system controller will open the automated valve between the HP tank and
vehicle tankonce the SOC is above 75%. The valve will be closed whemmtss flow controller
indicatesenough mass has transferredX60% SOC in th&ehicle tank completing STEP 2.

Because hydrogen heats up as it expamgt,ogen stored in the MP and HP tanksst becooled before

it is dispensedo the vehicle fuel tanks tavoid overheating. The design criteria require a fueling time of

5 minutes or less to fill a 5 kg fuel tank to 700 bar. To achieve this, the MP and HP tanks are stored in a
liquid bath at40°C. By precooling the hydrogen td0 °C,the estimatedueling time ofa typical FCEV

is 3 minutes $chneider 2014)

Hydrogenwill be delivered to FCEVs vid K17 H, 70 MPa Fueling Nozzlesvith data interfacea

product of WEH Technologies, Inc. iBhnozzle only dispensefuel to a vehicle ratedof hydrogen
fueling at 700 barThe nozzles will also be equippedtiwbreakaway coupling and hogesensure safety
and minimize danger if a vehicle drivaway with the fueling unit still attached.

2.3 STORAGE, AUTOGENOUS PRESSURIEZTION, AND COMPRESSION

The previously described LHHP, and MP tanks as well as low pressure (ldPks are part of the
hydrogen storage and compression syst#&rblueprint showing the layout of the station components is
shown inFigure 2.The LH, tank is an 11,924 (3,150 gallon) insulated cryogenic liquid storage
container. For filling specifications of the Lithnk see Se@.1above.

— L | I ﬂ: . Ji L
Compressor Fuel Cell
L High Medium ﬂ L
Liquid Hyrdogen P?:slsure Pressure Pressure P §=§ -
Storage Tank Tanks Tanks Tanks Shlise Sytems Eé 8
Cooling bath
:oel*, . W . . . W . . . .
18’ 12' ‘ 10

FIGURE 2. Componentdyout ofthe hydrogen station

The filling operation fohigh pressure and medium pressure storage will be automated by the command
module described in Sec. 2.4. Afeervehicle tank is fueled a valve between the HP and MP tanks will be
opened and higher pressure hydrogen will flow ofitthe HP tank and into the MP tanKThis
intermediate step reduces the amount of hydrogen processed by the compressor which lowers operating
cost. The remaining hydrogen in the HP tank will then be compressed and sent to the $16r tank
elsewhere. Aftethe pressure in the HP tank is reduced below 5 bar the valve between,ttenkdnd

the HP tank will be opned filling the HP tank with liquid hydrogemhe valve will then be closed sealing



the HP tank The liquid hydrogen will slowly vaporize due tcetlparasitic heat leak into the HP tank.
Additional heat can be added by an electric heater to increase vaporization when there is high fueling
demand. The final pressure in the HP tank after vaporizing and heating th® 40 °C will be in

excess of 110 bar (16,300 psi). This process is known as -Cympression or autogenesis
pressurization.

The MP tank will be charged by a conventionkllydroPacreciprocatingcompressor in addition to the
hydrogen bypass from the HP tank. The maximum output ofdhmpiessor allows the MP tasmto be

charged to 414 bar (6,000 psi). Hydrogen gas processed by the compressor will enter thes MPhtank
excessive thermal energy increasing its temperature. Heat will be dissipated by the cooling system as
describedn Sec 2.5below.

The LH, storage tank wiltontinuou$y be losing hydrogerdue to boHoff at a rate of 0.3% per day. This
amounts to a maximum @f2 kg of hydrogerper daywhen the liquid storage tank is fulthe boiloff is

used to produce electricity ah runs the monitoring system via a 3 kW fuel déefitead of venting
hydrogen to the atmosphefkéhe low pressure tanks supgiydrogen to operate the fuel cell and mitigate
vented hydrogen losseA.system diagram depicting the storage tanks and flow of hydrogen throughout
the system is presented in Figdre

+ ©
— H2 Flow
. Liquid H
—— Cooling Water = Sto?age Tank
~~~~~~~~~~~~~~~~~ Electrical Power Liquid H ,
Pressure Sensor Delivery Tanker

Prankem5 bar
Tranke=-201°C

H, Boil Off

Pressure Relief

®  Temperature Sensor
>
Valve

= Automated Flow
Valve

—- Mass Flow Meter vy
g2 Dispense to
B2 ; Vehicles
o |
HydroPac A | P.o=700bar
Monitoring Compressor ] I Tea=-40°C
SyStems - == Pressure - 10 kg |n 5 m|n
v T e S 30kg/hr
> .
H Budzar\ Dynalene HE50
Fuel | == Low - | Chiller Cooling Bath
Cell — Pressure w
|
Main Main Water
Power Grid Supply

FIGURE 3. Hydrogen fuel station system diagram. Nihtat medium and low pressure tarde® shown here as
single volumes for clarity.

The HP and MPRsolumesare optimized for the assumed average vehicle tank initial SOC of 25%. The
amount remaining in the HP tank aftee system chargesvehicle tank from 25% to 100% SOC is equal
to the amant discharged from the MP task here is no excess hydrogen in the system nor is the system
deficient of hydrogen during an average-@ip; the amount of hydrogen remaining in the HP tank
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replaces that which has left the MP tankor situations that déate from the assumed average the low
pressure (LP) tarskwill provide a volume source or sink for hydrogen. For example, if a vehicle tank
initial SOC is 75% the HP tank will discharge but the MP sawil remain full. In this case the
remaining hydroge in the HP tank must be removed to prepare for thefllHbut the MP tank are
already at capacityn this casehe excess hydrogengsimpednto the LP tankby the compressor. If the

LP tanks and MP tanks all reacapacity hydrogen is vented. Hydgen deficiency in the system occurs
when the initial vehicle tank SOC is below 25%. In that event the remaining hydrogen in the HP tank will
not fully charge the MP taskand hydrogen will be drawn from the LP tank the LPtanks reacha
minimum pressure hydrogen vapor from the,ltehk will be used. The LP tank is not actively cooled
because its contents do not go directly into the vehicle tank.

2.4 WIRELESSCOMMUNICATION AND REMOTE MONITORING

Autonomous operation relies ancontrols and information system that will orchestratensors and
plumbing components duringank charging, fueling, and emergency situation&. command module
consisting of two workstation computers, a Cisco secure router, and a logic bloacomtituously
monitor the system. All system inforation will be sent wirelesslyo a remote operator to lamalyzel
and monitored A logic block will controlthe routine operations in the station includitigpensing
hydrogen, pressurizifidispensing storage tanks, andctm&nical equipmeniThe logic blockconsists of
signal processin@nd hard limiter sectionsA signal process sectiowill filter out noises as well as
possible digit flips which occur during data tremssion. Hard limiter sections wiltompare the
measuement data against safdityits and operational needs

Every storage tank is outfitted withtemperature sens@ressure sensor, and pressure relief valve. A
series of higkpressure automated flow valves control the flow and dispensing of hydrogass fidw
meters track how much hydrogen has been dispensed to each vehicle. All of thesewilhpgs
processed autonomously by the logic block and eeat a secure routéo an operator. Figure4 shows

an example of what the user interface for the remote operator will looK likelogic blockwill provide
reaktime feed back to theperator interfacan order toallow immediate monitoring ancbntrol

Administrator: 5. Gug  Remote Access: ON = 4:20PM 03/21/14 Frday

Control Panel: ‘ e Status Monitor:

mval . Pressure:

Tank #1: 5 bar Tank #2: 1100 bar
Tank #3: 1100 bar Tank #4: 5 bar
Tank #5: 400 bar Tank #6: 100 bar

Temperature:

Hy Bod O

Tank #1: -261 °C Tank #2: 40 °C
Tank #3: 40 °C Tank #4: 40 *C [WARNING)|
Tank #5: 40 °C Tank #6: 10°C

Valve Status:

#1 ON #2 OFF

#3 OFF #4 ON

#5 OFF #6 OFF

#7 OFF #8 OFF

#9 OFF #10 OFF
#11 ON #12 ON

Backup Power System: OFF
L Standby

FIGURE 4. Exampleof the user interface seen by the remote operator.



This system is capable of being accessed by an operator remotely or locally from thelstatider. to
maintain the integrity of the fueling station, all communications must be sésuseen in Figurg, data
transmission will be encrypted between firewalls andecure routerFirewalls are needed for the
protection of possible virus transmission. The communication between remote control and local control
will be further protected by the firewatin thelocal control side The local control system has the
primary authority tacut off remote access. The telecommunication with@local control system will be

an isolated systemTelecommunicatiomn within the local system will not be encrypted for the
consideration of its cost and effect.

|:|é “ Controllers

o) | A
i . Firewall  Secure Router Firewall Firewall Local
Control System
Remote
accesspont — Remote Control Local Control

FIGURE 5. Diagram of the data transmission for remote and local controls.

A tablet computetthat is wirelessly connected to the commitation module will provide the ser
interface for the customeFhe communication module has been desigimetransmit large quantities of

data to handle multiple video chats and transmission of system data simultaneously without loss of
quality. Details of the user interface can be found in Sec. 8.1 below.

A Fire-Lite fire control panel will monitor all emergency systems. It is equipped with a communicator to
contact local police and fire departments as well as the remote operator in the event of an enférgency.
control panel also contains an annunciator panelddwatprovide audio voice commands to the public
during emergenciesA cryogenic liquid level gauge on the liquid hydrogen storage tank will warn the
command module when it is low. The command module thi#h send a message togdrogen
distributor toschedulea deliveryof hydrogeno ensure the system never runs out of fuel.

2.5 HEATING, VENTILATION, AND AIR CONDITIONING (HVAC) SYSTEM

The ambient condition of the air inside the fueling station will not be a critical factor in system operation
based onpecified operating ranges of all components. The design of the station will promote ventilation
by using natural buoyancy of hot air to ducts on the ceiling of the contaiddmwo ventilation fansThis

will remove waste heat generated by the fuel céilller unit, and compressofwo gark proof fans will

be located in the ceiling ducts for added ventilatidhe ventilation fangare capable aéxchaning all of

the air within the fuektationevery minuteto ensure sufficient ventilation during ped&mand Active
ventilation also ensures that concentrations of hydrogen cannot build up in the container creating a
potential fire risk.

Conditioning of the storage tank environment will be an important provision of the station design. A
cooling system wi maintain the HP and MP tanks at the required fueling conditicd®fC (-40 °F).
Compressiorwill add excess thermal energy raising the temperature dattred hydrogenThe thermal
energy will be dissipatetty submerging the MP and HP storage taimksa liquid bath filled with
Dynalene HG50 heat transfer fluid. The fluid will be circulated and its temperature maintained by a
Budzar LTW40 industrial chiller which has a cooling capacity of 33.4 kW (114 Btu/R4CtC.



2.6 SAFETY EQUIPMENT

The fuel station is equippewvith fire suppression anémergency warning systs. A Cease Fire
suppressant system that disperses a noncorrosive, honhazardous ge8@d @HFe usedo extinguish
flames.A Fire-Lite fire alarm control panehill integrate the fire qupressant and emergency sysem
The control panel is equipped witbmmunicationso automatically contact locaimergencyispatchers
andtheremote opgator in the event of an alarmhe control panel will also be integrated witlsdent
Night annunciator to provide audiblearningsto the publicas well adrigger emergency warning lights.
The stationwill contain multisensor ife detectorand hydrogen detectots trigger emergency systems
in the event of a fire or release ofdnogen These detectors can provide the remote operator and local
police andfire departmergtan idea of what triggered the emergency system before they anrisiee A
manual pull handle and main powell switch will be located near the hydrogen @ispers to manually
activate the emergency systems.

The roof of the container has a Hsefe explosion relief panel to direct any explosion up through the roof
and away from people and equipmefitwireless outdoo four-camera video surveillance systemilwi
continuously monitor the statiohED lighting will provide artificial light for the station after sunset.

WEH® TK17 hydrogenfueling nozzleswith data interface have been selected for fuel dispenshage
nozzles only allow hydrogen to be dispahséen the nozzle is connected to a FCEV rated for 700 bar
hydrogenand are in accordance wWiBAE J2600 and SAE TIR J279bhe nozzles will also be equipped
with breakaws coupling and hoses, to ensure pubagety and minimize danger.

2.7 TRANSPORTABILITY

The hydrogen fuel station will be completely contained inside one modifte2l m 40 ft) long ISO
shipping container. The container will be secured to a stad@a?dn (40 ftlong gooseneck chassis. The
addition of a peaked roof to the standard airdr will not breach the height limit set by the DOfT4.3

m (14 ft). All hydrogen storage tanks will be empty during transport nullifying special precautions for
moving hazardous materials. The container will remain on the chassis when deliveredifp satyp

and minimize setup timeThe towing hitch will be removed and the station will ibemobilized to

prevent unauthorized persons from attempting to move the syste@mconnections for electricity and

water will be accessible from the outside of dontainer to ease connecting to the power grid and city
water. The side panel on the dispensing side of the container will hinge open revealing the fill nozzles and
doubling as an awning. In athe hydrogen station will not take more than a dagetiop or take down.

The station in its consolidated state will be ready for shipping by sea or rail because it can be separated
from the chassis and the original ISO containedte/n eyelets will remain intact. All components will

be fixed to the containefiavvibration dampening pads thereby eliminating damage during transport. The
stationis designed to be operated outdoors so it will be inherently weather proof for shipping.

2.8 MODULARITY

The fuel station is currently designed to store 725 Kgydfogen, fuel two FCEVs simultaneoushdaup

to six vehicles per houAdditional high pressure and medium pressure cylinders can be added to this
system to increase the vehicle fueling rate with minimal redesign. If the demand inceetasgsnal
dispensing units can be added so that bothssidiehe station can dispense fuelar additional station

can be brought in to double the fueling capabilities. If the station has access to a natural gas line, a
modular gas reforming unit can be connectedéoftieling station to provide additional hydrogen for the
medium pressure tankghich provide the majority of the fuel to the vehicl&kis will allow for more of

the LH,to be used for crygompression, extending the time required betweenddhveries.
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2.9 LOW COST

The estimatedotal cost of the fueling statiaa approximately$422,600. This is less than 22% of the cost

of stationary hydrogen fueling stations in part by using smaller capacity equipment and other cost saving
strategiesLiquid hydroge delivery was chosen to reduce the amount of energy required to compress and

cool the hydrogen. However, this requires a large liquid hydrogen storage tank which is the most
expensive component of the fueling station. There is a large market for usesflabished cryogenic

tanks that can be utilized to reduce costs further.

The size, and thus the cosf,the compressor and refrigerator required for this sybtmm beemeduced

by taking advantage of the properties of liquid hydrodém to 34% of the vehicle tank charge will be
provided by cryecompressionduring the assumed average-iipp leaving 66% to be charged by a
medium pressure range (414 bar) compresHoe required compressor is much less costly than a high
pressure range (880 bar) hydemgcompressor needed in fueling stations with gasdeligery and
storage The 414 bar medium pressure range compressor used in this system requires 63% lgss power
fill -upthan compressors usadtypical 880 bar gaseous storage stations.

The coolirg requirement of the system can be significantly redugediding the heat absorbend
vaporizing the liquid charge in thegh pressure tanks to cool the medium pressure tanks. This allows for
a smaller chiller to maiain the gaseous hydrogen-40 °C and also reduces the electricity required by
the HP tank heaters for vaporization

The boitoff rate of the liquid hydrogen in ¢hcryogenic storage tank is @3per daycorresponding to a
maximum of 2.2 kg per dayThis boil off vapor will be converteinto electricity viafuel cellto run the
station monitoring equipmentThis saveselectricity and vented hydrogen that would otherwise
unrecoverable

2.10 MASS PRODUCTION

All of the fuel stationcomponentsare currentlyin production andavailablein the U.S However, some
products have large lead times due to low demand. Specialty items such as the bulk cryogenic storage
tank, hydrogen compressdrigh pressure composite tanksd industrial chiller have a lead time of
several weeks or evenmontts because the manufacturers only producdewa each year and
manufacturing is labor intensivéf a large contract foseveralhundred or thousands of units was
established manufacturersvould developan assembly linend automdng production using robet

which expedites the manufacturing time and reduces c8sédardsystemcomponentssuch as the
electronics, sensors, and plumbiag readily availableff the shelfor have a lead time afne to two
weeks.In general, manufacturing processes thahaghbly labor intensive such as welding may only see a
reduction in price by 10% per component.miinufacturing processes can be highly automated and
conducted by robots, components may see a price reduction of as much as 50% by mass production
(Schultz D14). The actual price reduction seen per unit will greatly depend on the manufacturing process
of each component.

2.11 APPEARANCE AND ATMOSHERE
A primary selling point of hydrogen fued vehicles is that they haveero emissios and are
environmentallyfriendly. Customers expect the new technolafy-CEVs and the associatbgidrogen

fuel stationdo have a sleeknodern design anclean,inviting atmosphereThe hydrogen fueling station
has beerarefully designedb be aesthetically pleasing to the jaland local communities.
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Madifications will be maddo the standard shipping containerenhance the appeararafethe portable
fueling station The side wall of the container will be outfitted wittpentective panel that folds out to
expose the diensing stationandact as an awning to shield customers ftbeweather An additional

panel will drop down to cover the wheels of the fuel station to make it aesthetically pleasing to the public.
The dispensing units consist of a hydrogen nottmé¢ works similar toa regular gasolin@ozzleanda

tablet computer thaprovides the user interface and instructioMsnual emergency controls will be
located in the center of the station between the two dispensingtargtdivate the emergency control
sygems A curved guardrail will run the length of the station and extend out past the end of the container
to protect againstollisions withthe dispensing urstor fuel stationFigure6 shows a rendering of what
hydrogen fueling station will look like.

FIGURE 6. Rendering of a drem hydrogen fueling station.

The system will bevisually inspected weekly to check for damage and remove any trash or détais.
four surveillance camerdhat are installed around the fuel statiomill deter vandalism. Six industrial
LED lights will be installed on the awning to providenplelighting after sundownThese components
help to provide a safe, positive fueling experience for every customer.

2.12 FOOTPRNT
A site for the hydrogen fueling statiatesignwas selected on the Washington State University campus

Pullman, WA The site is located ia large parking lotfor an industrial steam planDistances in this
section are reported in feet to be consistent with local regulafibieslocation of the fueling station was
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determined by adhering to all required safety setback distamchsoviding a minimumturning radius
for cryogenic liquiddeliverytankes. The turning radius of a typical tankieuck was determined to be 42
ft. A typical passenger cdurning radius of 18t was used foFCEVs. Figure7 shows theootprint of
fuel station withtypical turning radii and setback distanciesaccaodance with local regulationghe
station will be placed towards one side of the parking lot to minimize disruptions to the existimesite
station placemerdllows delivery tankers and customer trafficutdize existing driving pathwaysT his
approach leads tthe integration of the hydrogen fuel station without disruptimgmal site operations
Additional details on the fuel station site can be found in Sec

Setback Distance

—  5ft.
—  25ft.
——  50ft.
—  75ft.
— 100ft.

Turning Radius

Tanker 42 ft.
FCEV 18ft.

" H, Fuel Station |

Property Line

Symbols
X Lamp Post
&—=> Delivery Tanker
(| FCEV

—ZZ Driving Lane

FIGURE 7. Footprint ofhydrogen fueling station.

3. STATION COST AND ECONOMICANALYSIS

For the fudhg station to be viable, it must be profitable for the owfidr.e owner 6canbdeci si o
modeledmathematicallyby

Re = —-1, (1)

where he owner has a requdeate ofreturn Ry, they incur a startup codt, monthly costsf,,., and per

unit costsC. The owner takes both the level of demahdnd the priceP as givenin the competition
guidelines The other variables ikEqn. 1are the number of months singestallatiort , the number of
months the station is usabte the discount rate, andthe proportion of the product sold For the
owner to consider the installation of this device, it must be the casBdhatgreater than or equal to the

individual 6s (or c¢ o mpEguatiod §dan be sirgplifiedte d r at e of retu
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Table 1 provides an itemized list of all the system components which represents the fixed cost for a single
station The estimated cost of eastationis predicted to be approximately $422,600.

TABLE 1. ltemized list of tationcomponents.

Equipment Manufacturer Qty. Cost*(ea.) Total
Cryogenic Storage Tank Chart Industries 1 72,907.00 72,907.00
117 r Composit HyPerCom

Cyligdbear compostte Eﬁgineering 3 8,800.00 26,400.00
41 r Composi HyPerCom

Cyﬁnbdae R Eﬁgineering 13 3,000.00  50,700.00
Semi Trailer Chassis King 1 13,500.00 13,500.00
Container Port Containers LLC 1 4,900.00 4,900.00
Compressor HydroPac 1 25,000.00 25,000.00
Climessel Soriie HydroPac 1 29,000.00  29,000.00
Package

Chiller Budzar 1 42,824.00 42,824.00
Refrigerant (5 gallons) Dynalene 24 350.00 8,400.00
Coolant Tank Bailiff Enterprises Inc 1 1,380.00 1,380.00
MassFlow Meter Bronkhorst 2 3,222.00 6,444.00
Automated Flow Valves Autoclave 16 3,018.00 48,288.00
Temperature Sensors Omega 7 33.00 231.00
Heaters Omega 3 1,375.00 4,125.00
Pressure Sensors Omega 7 250.00 1,750.00
Pressure Relief Valves Swagelok 7 155.00 1,085.00
S.S. Tubing (feet) Swagelok 100 22.80 2,280.00
H2 Dispensing Nozzle WEH 2 10,947.00 21,894.00
Dispensing hose (3m) WEH 2 1,948.00 3,896.00
Breakaway Connection WEH 2 3,953.00 7,906.00
Ventilation Fans Industrial Fans Direct 2 399.00 798.00
pre Mesistant Interior USG 36 17.28 622.08
Fire Resistant Roof Panels USG 10 19.52 195.20
Explosion Relief Roof HazSafe 1 9,000.00 9,000.00
Fire Control Panel Fire-Lite 1 608.56 608.56
Remote Annunciator Silent Knight 1 179.95 179.95
Multi -Sensor Detector Fire-Lite 3 59.00 177.00
SpeakerStrobe Fire Alarm Wheelock 6 75.00 450.00
Fire Suppressant System Cease Fire 5 1,095.00 5,475.00
Eli;e Suppressant Actuator Metron 5 132.00 660.00
Manual Pull Station Potter 1 45.00 45.00
Hydrogen Sensors Honeywell 3 240.43 721.29
3 kW Fuel Cell Horizon Fuel Cell 2 10,500.00 21,000.00




Technologies

Workstation Computer Xi Computer Corp 2 1,499.00 2,998.00
Secure Router Cisco 1 597.84 597.84
Video Surveillance VideoSurveillance.con 1 3,499.00 3,499.00
Lighting Utilitech Pro 6 69.98 419.88
Sound Masking Generator Atlas Sound 1 373.00 373.00
8" Soundmasking Speaker Atlas Sound 1 180.00 180.00
Miscellaneous Electonics N/A 1 1,000.00 1,000.00
Fees and Permits iy OfV'T/‘é"S"a” e 1 650.00 650.00
Total 422,559.80

*Costs are approximate or estimated when actual values are unavailable

The monthly operating costs associated with the fueling station based on the specified demand are
provided in Table 2.

TABLE 2. Fixed monthly osts

Expense Item Monthly Cost*
Power 521.64
Water 160.78
Maintenance 53.01
Total 735.43

*Costs are approximate based on estimated usag

Using the above fixed and monthly costs, and assuming-getnlife span and a very conservative

discount rate of 6.25% (Small Business Administration), we can simplify our model and solve for the

minimum price in dollars per kilogram that must be charged at the pub®

:10125.9+ 7.777M8 + 4695. 1}, 3)
D

For a given demand and required rate of retdgm. 3provides the minimum price per kilogram required

to make the station economically viablhe required price schedu@own in Table3 can be generated

assuming the specified demand gd@ kilogramsper month A 5 kg tank with a 300 mile range has

fueling price of $5735based on 0% return Considering thenost recenhational average gas price of

$3.55 per gallondonsumerreports.org014) and the average vehicle feglbbnomy rating of 25.2 mige

per gallon imich.edw2014), a typical gas powered vehicle would consume only $42.26 worth of fuel for

a similar range.

P

TABLE 3. Minimum price given requiredreturn anddemand
Required Return Monthly Demand Price (|D

10% 3000 1131
20% 3000 1147
30% 3000 1162
40% 3000 1178
50% 3000 1193

However, f the demandfor hydrogenis doubled to 50 vehicles per dathe price becomes more
reasonabl@s shown in Tabld. The cost per tank becon®$8.10 for a 20% return which isonly 12%
higher than the averagmsoline poweredehicle
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TABLE 4. Minimum price given requiredreturn anddemand
Required Return Monthly Demand Price (|)

10% 6000 954
20% 6000 9.62
30% 6000 9.70
40% 6000 9.78
50% 6000 9.86

Consider, for example, the growth of the pure electric car industry: 441e88&Msession.co2014)year
over yearSimilar early growth rates were seen with Hybrid adoptidallagheret al.2011). As an infant
industry, it is notunusual to experience dramatic increases in deniBnerefore it is reasonable to
consider the impact of increasing demaRijure 8 summarizes this relationshietween the monthly
demand and required rate of return.

Required Rate of Return

04
0.2
0.0 S
167 il Rt
14"»
Price 12 ‘
[
10 |

2000
3000 4n00™

Demand per MonalOOO
FIGURE 8. Required price given required rate of return and demand.

The minimum market price is not particularly sensitive to the required rate of return, but is quite sensitive
to the demands shownin Figure8 and Tables3 and4. The main determinant of price Wbe demand,
not operating costs or even the profit expectations of the station owner.

The sensitivity of the required price the assumedemandis integral to this analysidhe following
relationships found by &amining the comparative stati€ rice with respect to demand,

qP _C-IP fe- €"(F(€ 1)(R 3 fr{ﬁcé).

(4)

(ID DI Dz(enr+r _ 1)
This can be convertddto percent terms as follows (as well as inasdgumed/calculated values),
%qP _ P, D _ - 2.15663 -R, (5)

%D @d@ P 2. 145663 D @RY
Table 5 is provided to contextualize tmiesult. The final column shows the allowable change in price
with each percent increase in demand.

TABLE 5. Percenthange inprice gvenrequiredrate ofreturn and dmand

I

Required Return Monthly Demand

-
10% 3000 -31
20% 3000 -.32
30% 3000 -.33
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10% 6000 -.19
20% 6000 -.19
30% 6000 -.20

The reduction in price for each percemtreasein demand is still very largas seen in Table. Shis
indicates that even relatively small changes in demand (when consideringraimitdistry) will result in
amuchlower required priceHHowever, the rate is diminishiras demand increasas shown in Figure.

Required Rate of Return
0.2

1-03
| % Change in Price
1-04

]
~4-0.5

500 6000

~“2000 Demand per Month

FIGURE 9. Percent change in price given required rate of return and demand.

The production cost afach unit is expected to dease with an increase in demahtbwever, predicting
the cost of 100 units or 500 units was possible without considerable researctitgmanufacturersis
discussed in Section 2.1Met most expensive components of thislfstation are the liquid and gaseous
hydrogen storage tanks, compressor lehiand automated flow valvel$.a contract forseveral hundred
or thousandcomponentsvas establishedthe manufacturer would set up a separate productiorotine
automated mduction procest expedite production and reduce labor caganufacturing components
that are highly labor intensive such as welding may only experience a price reduction of 10% by mass
production. Manufacturing processed that can be largely autorpgatibe use ofobotic machinery can
see price reductionas high a$0% (Schultz 2014)1t is certain that therice per unit would deease
with an increased demanidowever, stimating this reductiomould requiremaking gross assumptions
or extensive esearch oautomating thenanufacturingorocesof each component.

3.1 CONCLUSIONS AND SUGE&STIONS

The planned design of the fueling station is economically vidlile.required market price is within a
reasonable leveNonethelesssome may be concerndldat the required price is too high. As discussed

above, manypricing concerns can be alleviated wittgher demand.l t i snoét unreasonabl
rapid growth rate for a nascent indusife required price decreases dramatically with each increshent
demanddue to the cost structure of the desigmis is clearly an advantage over designs where the
marginal costs might be higheks seen by thé@Prius premiurd (Sextonet al. 2013) some consumers

may bewilling to pay even more for thesocial benefits of adoptinggreen technologyWhen one
considersthe source of battery powenydrogenpoweris nowt h e @ g r eabdematigset edergy f
technologiesCalculating this exact premiuoostumers are willing to payould require gublic survey

Refleling units can beenkd to the stationowners that worry about the uncertainty of demand
maintenance operationd a major energy producer owm fleet of H, refueling stations, thecompany
caninherently redue the risk associated with local marKetces and have a longtrm profit horizon.
Further, they would benore qualified to managend operatean additional station than an individual
owner and they would havegher returns to scale.
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4. SAFETY ANALYSIS

The fuel station has been designed to be intrinsically safe. All taitikse continuously monitored with
temperature and presswgensors by a remote operatdhey will be outfitted with pressure relief valves
to ensure tanks do not ovpressurize All system monitoring equipmesan be powered by a 3 kW
Horizon fuel cellso it is not affected by power grid failur&s a safety precaution, the station will have a
backup 3 kW fuel cell to monitor the system in case the main fuel cell fails. This backwaelf will also

be used to power all emergency and fire systems in case of a power outage.

Hydrogen is flammable imir concentratias ranging fromd% to 73%. To ensure that ther@annot be
significant concentrations of hydrogen in the contaitven,ventilation fans will continuoug pull air out
of the container and disperse any hydrogen that may be in the container to the atmdbhpkerfansan
exchange all of the airithin the trailer every minuteélThe fans are made of fiberglass to prevant a
sparking which could potentially start a fire.

The fueling station is fully equipped with a fire suppression system and emergency warning agstem
discussed in Se@.6. The fire suppression system will coat the interior of the container in a ravdbas

fire suppressant gel. The gel can simply be vacuumed up withrmduhaffectsto equipment or people
after being release.The emergency warning system is equipped with mseftisor fire dtectors and
hydrogen sensordt is capable of calling lo¢aauthorities and providing audible warning instruction to
the public along with warning lights. A mandak alarmpull andelectricalkill switch will be located
near the dispensing nozzles to manually activate fire and emergmtogols The fuel stdion includes

fire resistant materials to improve fire saféyaddition tobeing completely enclosdd a steel cargo
container The interior walls of the containarill be lined with fire walls constructed oflmperial®
Gypsum Base FirecoleC core panelsto provide a 2 hour fire rate wall in accordance with
Underwriters Laboratorie@JL) testnumberU454 The roof is outfitted with SECUROCKCement Roof
Board that has a Flame Spread 0 and Smoke Developed 0 in accordance to ASTM E84 anbh E136
addition, the roof will have a Hasafe explosion relief panel in accordance with NFPA 68 to direct any
explosion or gas release out through the roof and away from people and equipment.

4.1 FAILURE MODE AND EFFECT ANALYSIS (FMEA)

A FailureMode andeffect Analysis(FMEA) has beeronducted on the key syste of the hydrogen fuel
station to identify significant safety risk8ll key systems were analyzed based on the severity of the
failure, frequency of failure, and how fast/easily the failure vélldetected. The criteria used to rahé
importancelikelihood, and ability to detedailures is reported in Table

A Risk Priority Number (RPN) is assigned to each systemnalyze the most important failure mode.
The RPN is determined by multipphg the rankings from the severity (SEV), occurrence (OCC), and
detection (DET). The highest RPN is given the highest priority. The FMEA analysis showing the RPN of
each system is reported in Table 7.

The dispensing system has the highest RBMNexpectedSince the dispensing system is dependent on
nearly all other systems, it is the most likely to fail. If the station is unable to dispense fuel it will provide
an inconvenience for the customer but does not exhibit any safety concerns. It is estim#tedstaabn

would be unable to dispense fuel no more frequently than every six months. The primary cause for a
dispensing system failure is due to a power outage. The two boxes in red under SEV in Table 7 represent
a loss of system integrity if either $gm fails. However, the probability of either of these systems failing

is extremely low and would be detected immediately.
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TABLE 6. Ranking criteria used for determining the severity and frequency of occufeerecpotential systa
failure as well as how quickly the failure will be detected.

Severity (SEV) Occurrence (OCC) Detection (DET)
Criteria:
Criteria: A ) Probabili ) ! - . ) Likelihood the .
Effect ) Ranking . vy Time Period | Probability |Ranking Detection | __. . Ranking
failure could... of Failure failure will be
detected
Hazardous: | | . ’
Without Injure a custome 10 Almost Certain More than once >30% 10 AIm;t Ver_y unlkely of 10
: or employee per day Impossible being detected
Warning
Hazardous: | Risk customer : Once every 3-4 Detectectable or]
Very high % Very R
With Warning safety o ey hg days <30% K ery Remote yearly inspectiong K
. Damage system| . Detectable on
Very High High K % R
‘ery Hig integrity 8 ig Once per weel <5% 8 emote monthly inspection 8
. . " Detectable on
0,
High Damage equipment 7 Moderate High Once per month <1 % 7 Very Low weekly nspection) 7
Easily detectable K
Moderate Rer.1der unable g 6 Moderate Once every 3 <0.03 % 6 Low visual/manual 6
dispense fuel months ) .
inspection
Cause a loss of]
Low pe@rmnce 5 Low Once every 6 <1 per 10,00 5 Moderate Detected by dai 5
resulting in long months system checks
fueling times
Cause minor
< 6 per . Detected by remo
Very Low system 4 Very Low Once per year| 100,000 4 High operator 4
performance losg
Cause a minor
inconvenience; cd Once every 1-3 <1 per Detected by remo
Minor be over_come withf 3 Remote years 500,000 3 Very High | operater with erro| 3
minor message
dissatisfaction
Detected
Very Minor Detected without] 2 Very Remote Once every 3- < 1. per 1 2 Almost Certair |mn1§d|§tely Wlthpu 2
performance losg years milion activating warning
systems
Be unnoticed and Detected
None not affect the 1 Alnmgt Once 7-10 yeal <1 .p_er 10 1 Certain mmednately a'?d 1
Impossible T milion activates warning
performance
system
TABLE 7. FMEA for key fuel station systems.
. Prevention of| Detection of
Potential Failure Potential = | Potential Cause(s)|© otential otential |+
ltem / System Effect(s) of | _ ol P P W | RPN
Mode . of Failure o cause of |Failure Mode |0
Failure -
failure occurrence
Backup power
Complete power Power outage and fuel cf from fuel cell, continuous
) Unable to detect an . A . o
Emergency Systems faiure, damaged warn of an emergen faiure, vandalism, faulty| 2 |surveilance syster| monitoring, weekly 2 32
controller or sensor| detectors regular system | system checks
checks
’ Unable to prevent fir Person or electronic Surveilance system alerts
) . Electronic or manua o } .
Fire Suppression activation after activation, clearl 5 | controller unintentionally| 1 | systems, weekly| operator, local fir§ 1 5
inside of conatainer| activates system system checks and police
. fuel cell failure, sensor Back up fuel cell| remote operator
. Sensor or compute| Unable to monitor . . ) .
Monitoring System ) 5 [fatigue, computer or rout{ 3 | monthly inspectior| wil loose contact| 2 30
failure system . ; ; .
faiure daily system chec| with station
Tank pressure
Hydrogen Storage | Overpressurized tank Ruptured tank, fire Stuck pressure relief valfel | Annual inspectior| constantly 1 8
monitored
. ) Compressor
Compressor Power outage, wear, Annual inspection ressures
Compression P Unable to dispense fiieh . g€, » "l 4| recommended P 2 48
malfunction/ shutdow fatigue, seal faiure . constantly
maintenance .
monitored
) Power outage, nozzle we .
Nozzle disconnecte! and fatioue. user detach Breakaway nozzl{ Monitoring systen]
Dispensing or leak, Compressio|Unable to dispense flieb gue, 5 | connector, weekl onsite leak 2 60
; ) nozzle, compressor ) ) .
failure, power failure . inspections detection
shutdown, valve failure
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4.2 REGULATIONS,CODES AND STANDARDS

Developing a drojin hydrogen fueling station must adhere to numerous regulafions a variety of
local and nationategulatory agencied.able 8 describes the regulations that were consideredhamd
they were applicble to the fueling stationHydrogen is exempt from severatgulations These
exemptions are repedin Table 9

TABLE 8. Applicable regulations used in the development of the hydrogen fueling station.

Application Applicable Regulations

WAC 296-24-31505,NFPA 55, OSHA Standard

Setback distances 1910.103

ASTM E84,ASTM E136, ASTMC13961396/M,

Fire-resistant materials NFPA 55 UL 454

. . : United States Department of Transportation
Station trailer size

Regulations
Hydrogen fueling sites NFPA 52
Hydrogen Dispensing SAE J2600, SAE TIR J2799

OSHA Standard910.103WAC 296:24-31505

Portable hydrogen storage containers WAC 296.24-31503

NFPA 2,NFPA 52 ,NFPA 55, OSHA Standard

Tanks and piping 1910.103WAC 296-24-31505

NFPA 55,NFPA 704,0SHA Standard 1910.103,

Signage WAC 296-24-31505

NFPA 55, OSHA Standard 1910.108EC Article

Electrical equipment 830, 840, 800.173, 800.98 and 514

Exposure limits Non-applicable under OSHA Standard 1910.103

NFPA 52, NFPA 55NFPA 68, WAC 296-24-

Safetyequipment 31505

TABLE 9. Hydrogen fuel station regulation exemptions.

Regulation Explanation

. S Gaseous hydrogen is not a toriaterial and is
Emergency Planning and Community Right exempted from reporting requirements under

Know Act (EPCRA), 40 CFR Section 302 of EPCRA.

Hazardous Materials Transportation Act Hydrogen tanks are exempted from HMTA

5. SITING

The hydrogen fuel statidmas beersited on he Washington State Universitgropusin Pullman WA for
designconvenienceand feasibility A single hydrogen fueling station would easily service all FCEVs
within the City of Pullmanfor any daily commute or weekend excursion. $pecificstationsite will be

in the Grimes Way Steam Plantagking lot which is owned by ashington State Universitylhe
relationship between WSU and ti@ity of Pullman allows WSU to regulate their own development
However, WSU does follow the same outlines for safety and the same general adlesCity of
Pullman The implementation of the hydrogen fueling station on the Washington State University campus
was evaluatedsingthe Site Planning Process frame City of PUlman in addition to the Washington
Administrative Code (WAC)The WAC provides codes andgrdations that are specific to the state of
Washington and are generally in addition ¢@ more limiting than natioral regulations. Thus, if the
hydrogen fuel station abides by the Washington Administrative Code, it likely abides by all other state
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and ndional regulationsUnits in this section will be expressed in feet and gallons to be consistent with
local regulationgind permits

TheCity of Pullman has a regulated permitting process for new construction. The process is referred to as
the Site PlanReview and includes a Conditional Use Permit, Environmental Checklist, site plan,
architectural drawings, topographical map, landscape plan, and vicinityTimapurpose for this review

is to establish a baseline for evaluation of a project for any hihsidfieffects that could occur due to the
project. The citybs Site Plan Review Committee
planning and economic development, the city engineer, the fire chief, and the building inspector. The
persomd on the board allowfor an allencompassingpok at the impacts and project evaluatidhis

design and approval processimportant because firovidesthe city plannersadditional information

about the emerging technologylofdrogen fueling stations.

Washington Administrative Code (WAC 228-31505) (apps.leg.wa.go\2014 provides the specific
requirements for liquid hydrogen system design, location, site considerations, operations, and
maintenancéhat must be met in the state of Washingfidris codes in addition to standards set forth by
NFPA 52 and 55Part two of this code refers specifically to locations of liquefied hydrogen stofdnge

fuel station alsdalls underWAC 296-24-31502 regarding gaseous hydrogen systbatause of the
storage otompressed hydrogen g&towever, only the cags for liquid hydrogen systems atiscussed

here because the regulations and rules for liquid hydrogen systems are more limiting than gaseous
systemsAll internal plumbing, sensors, pressure relief, and lagitn components have been selected to

be in accordance with NFPA 52 and 55 where there were no local WAC requireBEeectisof the
regulations is determined based on the volume or size of the hydrogen storkgie gallons The
hydrogenfuel stationhas a 3150 gallon liquid hydrogen storage tah#tble 10 shows the required
setback distances for the storage tank used in this fuel station.

TABLE 10. Minimum distance (in feet) from liquefied hydrogen systems to exposureTfatme H4 of WAC 296
24-315(.

Liquid hydrogen
Type of Exposure storage

39.63 to 3,50@al.

1. Fireresistive building and fire walls* 5
2. Noncombustibléuilding* 25
3. Other Buildings* 50
4. Wall openings, aicompressor intake, inlets f 75
air-conditioring or ventilating equipment

5. Flammable liquids (above ground and vent or 50
openings if below ground)

6. Between stationatiquefied hydrogen containers 5
7. Flammable gas storage 50
8. Liquid oxygen storage and other oxidizers 100
9. Combustible solids 50

21



10. Open flames, smiilg, and welding 50

11. Concentrations of people** 75

12. Public ways, railrals, and property lines 25

*

*%*

Note 1:

Note 2:

Refer to standard types of building construction, NFPA Ne.
1969

In congested areas suels offices, lunchrooms, locker roorr
time-clock areas, and places of public assembly

Note 1: The distance in Nos. 2, 3,5, 7, 9, and 12 in Tabiay
be reduced where protective structures, such as firewalls eq
height of top of the container, to safeguard the lique
hydrogen storage system, are located between the liqu
hydrogen storage installation and the exposure.

Where protective structures are provided, ventilation ¢
confinement of product s hc
distance in Nos. 1 and 6 facilitates maintenance and enh:
ventilation

The setback distancespecified under Note (2, 3, 5,7 ,9 and J2will be reduceby 2/3 or to 5 feet

(whichever is greater)n accordance witlthapter 11 oNFPA 55since the hydrogen fuel station has
been designed with fire resistant walls rated for two hdtigaire10 shows a diagram of the site with the
required setbacklistances from the hydrogen fueling statidime site has existing electric and water
infrastructure, two gasoline pumps, and is 150 feet from a fire hydrant.
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FIGURE 10. Site layout on the WSU campusosving setback distances surrounding the hydrogen fueling station.
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