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ABSTRACT
The number of hydrogenefuelingstations worldwide is growing rapidiy recent yearShe firstlarge
capacity hydrogemefuelingstation in China ismder constructionA 3D quantitative risk assessment
" QRA" is conductedfor this station.Hazards associated with hydrogen systems are identified
Leakage frequency of hydrogen equipment are analyZet.flameexplosion scenaios and
corresponding accident consequenaessimulated Risk acceptance criterir hydrogenrefueling
stationsare discused The results showhat the risk ofthis refueling station is acceptable. And the
maximum lethality frequency is 6.3*f0The area around compressors has the greatest risk. People
should be avoided as far as possible from the compredsar the compressor does not néedbe
maintainedWith 3D QRA, the visualization of the evaluation results will help stakeholders to observe
the hazardous areas of the hydrogen refueling station at a.glance

1.0INTRODUCTION

As the future development direction of the automotive industry, fuel cell vehicles are receiving more
and more attention. In addition to factegch as technology, durabyliand cost, the construction of
hydrogenrefueling stationsnetwork has become a key factor in the commercialization of fuel cell
vehicles.The growth rate of hydrogeefuelingstation construction is obviolis recent yearsA total

of 64 stations werput into operationwvorldwide in the past yedd].

The Chinese government has listed the development of hydrogen energy and fuel cell technology as a
key task, and listfuel cell vehicles as a key support area. It is clearly stated that in 2020, the scale of
5,000 fuel cell vehicles will be demonstrated in the public service vehicles sector in specific regions,
and 100 hydrogen refueling stations will be built; in 2020,000 vehicles will be used and 300
hydrogen refueling stations will be built; In 2030, the commercial application of millions of fuel cell
vehicles will be realized, and 1,000 hydrogen refueling stations will be Bsila pioneer in the
development othe fuel cell vehicle industry, Shanghai released a fuel cell vehicle development plan in
2017.According to the plan, Shanghai will build1® hydrogen refueling stations by 20Zhd the
Shanghai Chemical Industry Pamigdrogen refueling statiowill be built soon.The hydrogenof this

station isderived from pipeline transportatioAs aparent stationit will be the main gas source for
Shanghai fuel cell vehicle hydrogen refueling stations for a long time

The safety issues of hydrogen are alwaystecaticoncern to the implementation of hydrogen facilities.
Hydrogen has the characteristics of flammability, low ignition energy, easy leakage and diffusion, and
fast flame propagtion So the afety has been a major concern in hydrogen applicati®ose
characteristics of hydrogen can reduce ngkile others may increase risBnce hydrogen continuously
leaks, a jet flamean be formedn case of inmediateignition; if the jet flowencounters obstacles or
agglomerates within a confined space, a flammahs cloud (hydrogen volume fraction between 4%
and 75%)can be formedif an ignition sourcexists inthe flammable gas, the explosioanoccurin

certain casesand the overpressucan doharm to the equipmemindpeople in the hydrogemfueling
stationsp]. In confined spaces, hydrogean be detonabldue to the wide explosion limit. In open
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spaces, the probability of hydrogen explosion is greatly reducetbdhe rapid diffusion and rising
upwards resulted from lower density than. &ir addtion, hydrogen is usually stored in hydrogen
refuelingstations at very high pressure, which has the potentiysical explosion

There has been numerous studies that focused on risk assessmsatsty studiesn different types

of hydrogen statiam For example, risk assessmentsave been carried out witQuantitative
method§3][4][ 5][ 6][ 7],qualitativetechniques§][9][ 10][ 11], integrated methodgl2][ 13][14],and the
safety distance of hydrogerefueling stationhave been analyzgd 5][ 16][17]. Additionally, some
literatures focus onthe hydrogen accidensimulation by usingcomputational fluid dynamics (CFD)
codeq18|[19][20].Research on quantitative risk assessment of hydredealingstation combines the
leakage probability of equipment, ignition probability and human hazard criteria to calculate the
personal mortality rate of hydrogenation statip#i§5][6][8] . Japanese researcheidize qualitative

risk assessment methods to gmalthe safety of different types of hydrogefuelingstationg[9][10]

[11]. Risk matrix is usually used as risk acceptability criterion in qualitative anafysisan researchers

use CFDsoftwareto simulate hydrogen accidertsdlay the foundation fohydrogen station standafds

The simulatiorin this papebased on real hydrogeafuelingstation that is being operatéthe most
seriows consequences of the hydrogen accident@musidered in the simulatiom addition the effects

of wind speed, lekage direction and wind direction on the consequences of the accident are analyzed

In the past research on thaantitativerisk assessmen(QRA) of hydrogen refueling stations, the
guantification of the consequendeslways based on twdimensionalCFD simulationHowever 2D
simulationcamot consider the impact of obstacles and other factors on the conseqi&iegsper
attempts to conduct 8D fire quantitative risk assessmenttbe Shanghai Chemical Industry Park
hydrogen refueling station.ril the results of the evaluati@mevisualized.

2.0DESCRIPTION OF THE H YDROGEN REFUELING STATION

The Shanghai Chemical Industry Patlition isa comprehensive energy statiarhich is guipped with

hydrogen refuelingnd charging facilitiesAnd the station is designed to fill fuel cell vehicles to either

35 MPa or 70 MPar his station not only performs hydrogen filling for 100 fuel cell buses, but also fills

tube trailers for gaseous hydrog&he daily hydrogen supply capacity of the hydrogefneling station

is about 1800kg: the fixed hydrogen storage capacity in the station is about 860kige storage

pressure is 20MPa, 45MPa, 90Mpae s pect i vely; three tube trailers
is 20 MPa, and the total hydrogstorage capacity is 840kg (each 280kg). The charging station has one

set of 131.22kW photovoltaic power generation device and one set of 400kWh energy storage device.
There are six double gun charging piles, twelve charging parking spaces and sevey londiparking

spaces. There is also a vehicle deteatiorkshop and a switch station

Fig. 1 shows the station layoithe hydrogen refueling station is mainly composed of the following five
parts:

Hydrogen metering area, located in the southeast oftétiers comprising a hydrogen metering
device;

Trailer filling area, located in the middle of the east side of the station, includes three tube trailer
spaces and two filling columns;

Gas storage area, located on the west side of the trailer fillingiackading 20MPa cylinder
assemblies storage for gaseous hydrogen, two fixed 45MPa vessels for gaseous hydrogen storage,
and two fixed 90MPa vessels for gaseous hydrogen storage.

Compression area, located in the middle of the east side of the statioapattjdbe east side wall,
including a 20MPa hydrogen compressor, a 45MPa hydrogen compressor and a 45MPa/90MPa
hydrogen compressor;



Hydrogenation area, located in the southeast of the station, consisting of three hydrogen fueling
islands, equipped with tw35MPa hydrogen dispenser, one 70MPa hydrogen dispenser and one
pre-cooler serving 70MPa hydrogen dispenser. A tent is provided in the hydrogenation area.

The charging station is mainly composed of the following two parts:

Parking area, located on the wefde of the station, including twelve charging parking spaces,
seven ordinary bus parking spaces, and a photovoltaic panel is arranged on the tent of the charging
parking space adjacent to the west side wall;

Vehicle detection room, located on the nasithe of the station. The main function is to diagnose

the hydrogen fuel cell vehicle through the diagnostic instrument, and to troubleshoot the vehicle
when the hydrogen in the vehicle has been drained (hydrogen evacuation is not carried out in this
station, and no discharge occurs during troubleshooting). Specifically, the function of vehicle
detection room is refined by the operation unit.
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Figurel. The layout plan othe station

Theflowchart of the station is shown in Fig.The entire fixed hydrogerefueling station mainly

consists of hydrogen metering system, filling system (tube trailers for gaseous hydrogen), compression
system (hydrogen compressor), gas storage system (cylinder assemblies storagepfeshigh

gaseous hydrogen), gas salesteyn (hydrogen dispenser), control system, technical defense system
(including infrared perimeter alarm, video monitoring, hydrogen leak alarm, flame detection alarm,
lightning protection, static protection, water spray cooling, fire protection systeijn aeidliary

system (instrument drive, purge, empty system, etc.).The gaseous hydrogen source outside the station
is transported into the station through the pipeline. The pressure of the gas source is 1.5~2.0MPa, and
the purity of hydrogen is 99.99%, vehi can meet the filling purity requirements of hydrogen fuel cell
vehicles. After the hydrogen is metered, it is sent to the compressor through the hydrogen pipe in the
station for pressurization.
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Figure2. Theflowchart of the station

The 20MPa compressor can pressurize hydrogen to 20MPa, and the 456MPa/90MPa compressor can
pressurize hydrogen to two pressure levels of 45MPa and 90MPa, respectively. A part of the 20MPa
hydrogen output from the 20MPa compressor can be filled with hydtoenrailers through hydrogen
charging columns, a part of which is supplied to 45MPa compressor for recompression, and another part
can be stored in 20MPa cylinder assemblies storage for gaseous hydrogen in the station. The 45MPa
and 90MPa hydrogen outpfrom the 45MPa/90MPa compressor are separately stored in the 45MPa
vessels for gaseous hydrogen storage and the 90MPa vessels for gaseous hydrogen storage. The fixed
hydrogen refueling station adopts a method of matitge gas extraction and hydrogematiand
according to the set internal pressure of each vessels, the fuel cell vehicle is filled in the order of low
pressure to high pressue Piping & Instrument Diagram of the station is shown in BigAnd three
dimensional model ahis stationis shown in Fig.4
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Figure3. The P&ID of the station



Figure4. Three dimensional model tfe station

4.0RISK IDENTIFICATION AND PROBABILITY ANAL YSIS

The hazard of th&hanghai Chemical Industry Pastationis mainly from the compressed hydrogen.

This is because hydrogen has flammable and explosive properties. Once the hydrogen equipment fails,
a hydrogen leak accident occuf$ie consequence of the accident depend on whether it is ignited and
the time of ignition. Hydrogen will diffuse rapidly in the air if there is no ignition source. In the case of
immediate ignition, a jet flame will occur. It would be lethal or harmful to people if they directly contact
with the hydrogen flame, or are exposed to the ta@giperature and heat radiation with oxygkpleted
atmosphere. In the case of delayed ignition, the ignition may result in a strong vapour cloud explosion
if the hydrogen is in a confined or congested area. And the overpressure generated can haon people
damage equipmenthe QRA flow chart is shown in Fi§ The hazards caused by thermal radiation

and overpressur@econsidered.
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Figure 5.The QRA flow chart

All operating hydrogen equipment has the possibility of leakage. Therefore, the ldakaten
considered in this paper involves compressors, hydrogen dispenser, hydrogen storage tanks, tube
trailers hydrogen metering device and hydrogen pipelied leakage accidents are most likely to

occur at equipment interfaces and valvedich aretaken as hydrogen leakage locations when
considering equipment leakagewo ends and intermediate points of hydrogen pipeline are taken as
hydrogen leakage location§he release hole sizis set to 1%, 1% and 100% respectivelyof the

pipeline area

TheEuropean Industrial Gas Association (EIGA) directly uses general leakage statisticselecting

the failure frequencly21] . These data are mostly derived from the failure and accident statistics in the
oil and gas industry. The direct use of these datdnydrogen leakage has certain problems. Because
hydrogen has a smaller molecular volume than gas such as natural gas, it is more prone td leakage.
International Organization for Standardizati@i$O) also adop general leakage frequency data.
However, unlike th&IGA, the general leakage statistics are not directly used. Instead, the relationship
between the leakage frequency and the leakage aperture is linearly processed with logarithmic
coordinates.The hydrogen leakfrequencyof American Fire Protection Associatibn NFPA™ is
developed from a Bayesian updating process using generic leak probabilities and available hydrogen
data[22]. One of the great benefits of Bayesian analysis is that it can absorb thagehisited
hydrogen energy equipment leakage data into the general leakage data, so that the analysis results are
closer to the actual situation of the hydrogen energy infrastru@toeeefore, thipaper adoptshe ledk
frequencyof theNFPA. All possible scenarios and corresponding parameters are listed inIT'able

Table 1. filure scenarios and related parameters
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Equipment Leakage Release Release hole size Failure Leakage
location pressure frequency | direction
(MPa) (/year)
1. Metering device| Joints 2 27"  pltopled and | 7.8x 10° 4
100% of the pipe
6.96x 10°°
6.21x 10°®
2. Pipe work1 Both ends |2 1”7  pltopledpand | 1.8x 10° 2
(from metering and 100% of the pipe
deviceto intermediate] 9.12x 1077
compressors) points of the ,
pipe. 6.43x 107
3. Compressor Gas ou?20 1" plople% and | 8.01x 1073 4
(20MPa) 100% of the pipe
2.06x 10
3.04x 10°
4. Compressor Gas ouyi45 3/ 4" 1%,i1G%e , | 8.01x 103 4
(45MPa) and 100% of the pipe
2.06x 10
3.04x 10°
5. Compressor Gasut |90 9/ 16" 1%pi0% e| 8.01x 103 4
(90 MPa) and 100% of the pipe
2.06x 10
3.04x 10°
6.Tube trgHydr og20 1" pl%ple% and | 7.8x 10°° 4
fillin 100% of the pipe
6.96x 10°°
6.21x 10°
7.Hy d r o g e 1 Joints or 20 1" pl%pled and | 6.98x 107 |4
s t o rtaagnekss| Valves 100% of the pipe
3.9x107
(20MPa)
2.09x 10
8.Hy dr o g e 1 Joints or 45 3/ 4" 1%,i1Q%e , | 6.98x 107 4
s t o rtaagnekss| Valves and 100% of the pipe
3.9x107
(45 MPa)
2.09x 107
9.Hy dr o g e 1} Joints or 90 9/ 16" 1%pli0o% e| 6.98x 1077 4
s t o rtaagnekss| Valves and 100% of the pipe
3.9x107

(90 MPa)




2.09x 107
10. Pipe work2 Bothends |[20or45o0r|1” or 3/ 47”]18x10° 2
(from compressor | and 90 pipe,1%, 10% and
tost or a g e {intermediate) 100% d the pipe 9.12x 107

points of the ,

11.Di s p e n s| Hoses 35 9/ 16" 1%pi0% e| 1.79x 10 4
(35 MPa) and 100% of the pipe

1.6x10*

7.47x10%
12.Di s p e n s| Hoses 70 9/ 16" 1%plioy e| 1.79x 10°* 4
(70MPa) and 100% of the pipe

1.6x10*

7.47x10%

The drect and delayed ignition probabilities of hydrogen using NFPA

findiggs which are shown

in table 2.The equipment at the charging statibay increase¢he ignitionprobabilitiesof hydrogen.
But the charging facility and thbydrogenfilling facility are separateldly enclosurein this station

Therefore, the ignition probability of hydrogen does not increase

Table 2.Hydrogen ignition probabilities adopted in NFPA risk analysis.

Hydrogen release rate (kg/s) Immediate ignition probability

Delayed ignition probability

<0.125 0.8% 0.4%
0.1256.25 5.3% 2.7%
>6.25 23% 12%

5.0RESULTS AND DISCUSSION

Considering wind speed and direction, more tP@Mhhydrogen accidergc
jet fire caused by 90MPstoragdanksleaking is shown ifrig. 6. The ther
jet fire will do harm to people.

enariosire simulatedThe
mal radiation produced by
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Figure6. Jet fire and radiation contoungar90MPastorage tanks

Fig. 7 illustratestheradiation contoursvhen alljet fire scenariogccur simultaneouslyObviously, this
situation is basicallpot going to happe®ut this figure can show the area where the hydraghreling

station is at risk of thermal radiatiddeat radiation contours with frequency exceeding/¥0is shown

in Fig. 8. As can be seen from Figure 6, the high probability scenario occurs essentially around the
compressa and thedispensersThe blastwall prevents damage from thigbe trailerby the jet flame
around the compressaithen considering the probability of occurrence, there is basically no jet flame
around the hydrogen storage tank.

Run: 131519
Var: Q_3D (surface)
Time: 0.00 s (0)

Figure7. Radiation contoursaused by jet fire
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Figure8. Heat radiation contours with frequency exceedirfd 0°® /yr
Harm criteria and human vulnerability model

To evaluate these hazards, corresponding lethal and harm criteria are réthar8dndia National
Laboratorieshave tried tadevelopment of unifornmarm criteria for use in quantitative risk analysis of
the hydrogen infrastructuf@4]. Theypresent a survey of harm criteria that can be utilized in QRAs
and makes recommendations on the criteria that should be utilized for hydetafed hazardsS he

risk of deaths calculated based on the following form{24&):

Probit= 38.48+ 2.56In (t "% (1)
wheret —exposure times;q-W m2.
T is assumed to be 20 g can beestimated from the CFD simulatiariee frequency of fatality for a

given scenario is the product of the event frequency and the probability of fatality@ $higws the
annual locatiofbased fatality risk contours calculated from all the fire scenarios.

Figure9. Fire radiation location based lethality frequencies
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Thecorresponding accident consequence of direct ignition is jet flentiee presence of a flammable
cloud, delayed ignitiomay cause an explosioithe overpressure and thermal radiation produced by
explosion will do harm to human bodihe overpressureontourscaused by explosion accidemith

a probability greater than 1L&%/yearis shown in Fig. 10.

Figure10. Overpressureontours with frequency exceedihg10%year

It can be seen frofkig. 10that thehazard area caused by the explosiotidensis significantly smaller
than which are caused by the jéte accidens. This is becaus¢hat he chances of vapour cloud
explosions in the hydrogerefueling station are very small as the station is located in an open
atmosphere with good velatiion. Only a single hydrogen leageaccidentwhich is shown in Table 1
will eventually form an explosion.

We adopt two levels of criteria in the analysis. One is lethal criteria that represent for 100% fatality. The
other is harm criteria that is deéidas 1% probability of fatalityAs for the overpressure effects, 48.3

kPa is conservatively assumed to result in lethality. 48.3 kPa is actually the threshold of internal injuries
by blast and the lower threshold for 100% probabilitjatality from missile woundsAs for the harm
criterion for 1% fatality, an overpressure of 17 kPa is adopted, according to the Health and Safety
Executive documenBased on théarmcriteria andethal criteria, thelethality frequenciesaused by

the explosion is showim the fig.11. And the naximumlethality frequeng is 1*108. As can be seen

from the figure, hydrogen is not easy to accumulate due to the open design. Therefletbalitye
frequenciesaused by overpressure is very low.
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Figure9. Overpressuréocation based lethality frequencies

Risk acceptance criteria

Countries and research institutions have been controversial about the acceptance criteria for individual
risks, and the results of the evaluation will vary depending on the differencesanaégiance criteria.
Individual acceptableisk criteria of the International Energy Agency (IEA) have a value of F//&ar

and 1 *1C/year for staff and public at the station, respectiy28}. The source of this risk standard is
actually based on ¢hdocumenf27] of the former Norwegian National Petroleum Corporation in 1995,
mainly on the risk statistics of the former Norwegian National Petroleum Corporation in the field of oll
and gas for many yearBhis value has also been adopted®® andSanda National Laboratory2g].

The individual acceptable risk criterion of tREGA is based on the average unexpected mortality rate

in European society, which is 3.5 *¥@ear[29], while theNFPA takes 2 *1G/year according to
accident statistics of gasasions in the United Stat¢80]. The European Hydrogen Integration Plan
(EIHP2) laed downindividual acceptable risk criteria for hydrogeefuelingstations which, like IEA,
distinguishes employees from the general public, with values #fdér andl0%year, respectively.

Unlike other countries and organizations, Japan compares the consequences and probabilities with the
risk matrixwhen performingisk assessmewin hydrogerrefuelingstationsChina's national standards

also specify acceptable kisfor individuals The value isLO®/yearfor new installations.

The nmaximumlethality frequeng is 6.310° in this station, whiclis less than all of the values
mentioned abovélhat is to say, no matter whaidividual acceptable risk criteria is adegt the risk
of thisstationis acceptable.

As can be seen from Figugethe areas with highéethality frequenciearelocated around
compressors and dispensénsparticular, the risk of death in the compressor area is greatest.
Compressor is majaisk contributor tohis station Therefore, when the compressor does not need to
be maintained, people should be avoided as far as possible from the compressor.

3D quantitative risk assessment considers the impact of obstacles on the consedjherrigs at the
blastwall (betweercompressoandtube trailey may be miscalculateid performing a 2Dguantitative

risk assessmenh addition, the visualization of the evaluation results will help stakeholders to observe
the hazardous areas of thalhggen refueling station at a glandis also facilitates the deployment of
risk mitigation measures.
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6.0 CONCLUSIONS

In this paper, 8D quantitative risk assessmésatperformedon theShanghai Chemical Industry Park
hydrogen refueling statiofhe leakage frequency of hydrogen equipmentraskdacceptance criteria
for hydrogerrefuelingstationsarediscusged. The main conclusions are summarized below:

No matter what individual acceptable risk criteria is adopted, the riskhahghai Chemical
Industry Park hydrogen refueling statisnacceptable. And the maximum lethality frequency is
6.3*10° in this station.

The area around compressors has the greatest risk. Compressors are the major risk contributor due
to highest leakage frequency in thiateon. People should be avoided as far as possible from the
compressor.

3D quantitative risk assessment can consider the impact of obstacles on the consequences, which
is not possible witl2D quantitative risk assessment.

Thelethality frequenciesaused by overpressure is very Idore attention should be paid to the
hazards caused by hydrogen fire accident$aily operation.
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