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Hydrogen refuelling

CET Timing (approx.)  Topic Responsible
12:45 CET Join webinar (Note: webinar will start at 13:00 CET) Moderation: Martin Zerta (LBST)
13:00 CET Welcome Martin Zerta (LBST) and Christian Spitta
13:10 CET Introduction to PRHYDE Vincent Mattelaer (Toyota Europe)
13:25 CET WP33 Protocol concept development Claus due Sinding (NEL)

Steve Mathison (FirstElement Fuel)
14:45 CET Break (15 mins)
15:00 CET WP53 Experimental validation Antonio Ruiz (Nikola)
15:30 CET WP43 Modelling and validation Fouaddmmou(Air Liquide)
16:00 CET Summary of key results and outlook g{:\ljz hDAl;?hiSsjggl?lgir(sTIEEI:)rﬁgﬁi:I:I;t (ITA
16:20 CET Questions / Discussion All
16:55 CET Closing remarks Martin Zerta (LBST)
17:00 CET Freekkkek End of Webinar ek
17: 15 CET é Labtour (for visitors in Duisburg) Christia®pittaZBT) |
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Summary of Experimental Fueling Test
CampaignsNikola
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Phase 2 Testing Campaign: Protocol Concept Implementation andéxmmgarison

Lessons Learned and Observations
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Introduction w=f PRHYDE

Hydrogen refuelling

Several experimental fueling test campaigns were conductemf thegewyelopment of the fueling protocol
conceptslhese efforts were led by Nikola (confre€tingGmbh and ZBT, who tested four representative he
duty tanks over two distinct testing Phases.

Phase 1 Testing Campaign: Provision of Experimental Data for Modeling Verification:

- The primary objective of this testing campaign was to provide WP4 (simulations) with experimental de
0D/1D and CFD models that will be used to study the protocol approaches developed in WP3 (Protoc

Phase 2 Testing Campaign: Protocol Concept Implementation and Comparison Testing

- The Phase 2 testing campaign was defined for two primary objectives. Firstly, to test the successful in
the protocol concepts, and secondly to confirm the results of the performance simulation campaign cc
WP3and WP4,

5
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Test Devices and Test Facilities wad PRHYDE

Hydrogen refuelling

Nikola tested an H70, Type 4, 165L
atTesTneGmbh

- The tank was highly instrumented R naae: S ——— e
Included over 1Aamk gas P — Ts 58 @ 5 oclock positon
temperature sensors, 11 external _ _ _
surface temperature sensors,-and i 4 4
tank pressure sensor.

- The tank was tested in
aenvironmental chamber,
enablingmbient temperataoatrol
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Nikola Phase 1: Test Matrix “{EERthD E

Hydrogen refuelling
Test Matrix
Test Initial Pressure | Ambient / Chamber | Dispenser Pre-cooling | Dispenser Pre-cooling . . . o
Test N u m ber 1 represent Number Tank . ot D i Dispenser Pressure Profile End of fill Criteria
(bar) Temperature (°C) Temperature (°C) Tolerance (°C)
the reference case 1| Type4,H70, 165 20 15 40 +7/0 Constant PRR - 8 MPa/min 97-100% SOC
2 Type 4, H70, 165L 20 50 -40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
3 Type 4, H70, 165L 20 40 -40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
- Bolded and under”ned 4 | Type4, H70, 1650 20 -30 40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
5 Type 4, H70, 165L 20 -15 -40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
text represents Varlanc 6 Type 4, H70, 165L 20 0 -40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
7 Type 4, H70, 165L 20 15 -33 +0/-7 Constant PRR - 8 MPa/min 97-100% SOC
from the refe rence case 8 Type 4, H70, 165L 20 15 -26 +0/-7 Constant PRR - 8 MPa/min 97-100% SOC
9 Type 4, H70, 165L 20 15 -17.5 +0/-7 Constant PRR - 8 MPa/min 97-100% SOC
10 Type 4, H70, 165L 50 15 -40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
11 Type 4, H70, 165L 250 15 -40 +7/-0 Constant PRR - 8 MPa/min 97-100% SOC
12 Type 4, H70, 165L 20 15 -40 +7/-0 Constant PRR - 5 MPa/min 97-100% SOC
13 Type 4, H70, 165L 20 15 -40 +7/-0 Constant PRR - 16 MPa/min 97-100% SOC
14 Type 4, H70, 165L 20 15 -40 +7/-0 Constant PRR - 20 MPa/min 97-100% SOC
20 MPA/min for 3.85 min, transition to .
15 Type 4, H70, 165L 20 15 -40 +7/-0 AMPA/min 97-100% SOC
16 | Type4, H70, 165L 20 15 40 +7/0 20 MPA/min for 3.85 min, transitionto | o, ;50 <yc
3MPA/min
20 MPA/min for 3.33 min, transition to 1
17 Type 4, H70, 165L 20 15 -40 +7/-0 MPA/min with pulse of 8 MPA/min for 10s 97-100% SOC
every 30s
18 Type 4, H70, 165L 20 40 -17.5 +0/-7 Constant PRR - 8 MPa/min 97-100% SOC
Notes:
1 Vessel is soaked to ambient/chamber temperature with a +2/-2°C tolerance at the start of each test
2 Initial pressure tolerance is +1/-1bar
Dispenser pre-cooling temperature represents a stabilized target. Acceptable tolerance for each target is the standard pre-cooling range; T20 (-17.5C 8
to -26C), T30 (-26C to -33C), T40 (-33C to -40C)
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Nikola Phase 1: Results for Test #7 and #8 “ng"hH!D E

Hydrogen refuelling

Test results as Test #7 and 8 results
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analyzed by Air }
Liquide in WP4 c
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Nikola Phase 2: Test Matrix wi=! PRHYDE

Hydrogen refuelling
, A Phase A : Protocol Implementation Testing
P h ase 0 A Objective : Successful implementation of protocol concepts using D3.3 subroutines. This phase is a prerequsite to Phase B.
Completed N advar Nl]-rizter Test Facility Tank Protocol Concep Description
USing a simulation 1 Static Implement fueling protocol concept per subroutines in D3.3
L2 Nikola 1 Tgas Initial Implement fueling protocol concept per subroutines in D3.3
prepared b-EESTneT 3 (TesTneT) H70, Type 4, 163 Tgas Initial+ Implement fueling protocol concept per subroutines in D3.3
tO eva|uate the 4 Tgas Throttle Implement fueling protocol concept per subroutines in D3.3
prO’[OCO| conce pt Phase B : Performance Verification Testing
Objective 2: Demonstrate that protocol concepts can meet D2.6 targets.
paramete S Test Initial Ambient/ Initial Gas Dispenser Pre-
, ANumber Test Facility Tank Protocol Concep Srsmrs (5 Chamber e i cooling Fueling Rate
Phase 0 B ( Temperature (°C)| P Temperature (°C
| d h 1 |Nikola (TesTne[H70, Type 4, 165 Tgas Initial+ 20 35 +2/-2C 35 +0/-4C -17.5 +0/-4C Tgas Initial+ Hot Soak
com p ete per t e 2 Nikola (TesTne[H70, Type 4, 1651 Tgas Throttle 20 35 +2/-2C 35 +0/-4C -17.5 +0/-4C Tgas Throttle
I i Nikola (TesTne[H70, Type 4, 165L Tgas Initial+ 20 35 +2/-2C 25 +0/-4C -17.5 +0/-4C | Tgas Initial+ Hot Soak -]
above matrix, with thé
. ! . 4 |Nikola (TesTne[H70, Type 4, 165 Tgas Throttle 20 35 +2/-2C 25 +0/-4C -17.5 +0/-4C Tgas Throttle
t-final vectors/fueliNg s [Nikola (TesTne[p70, Type 4, 165L. _ Static 150 35 +2/-2C 35 +0/-4C 2175 +0/-4C Tgas Static
d d b 6 Nikola (TesTne[H70, Type 4, 165. Tgas Initial+ 150 35 +2/-2C 35 +0/-4C -17.5 +0/-4C Tgas Initial+ Hot Soak
I’ateS prOVI e y 7 Nikola (TesTne[H70, Type 4, 1651 Tgas Throttle 150 35 +2/-2C 35 +0/-4C -17.5 +0/-4C Tgas Throttle
WP4 8 Nikola (TesTne[H70, Type 4, 165 Tgas Initial+ 150 35 +2/-2C 25 +0/-4C -17.5 +0/-4C | Tgas Initial+ Hot Soak -
] 9 Nikola (TesTne[H70, Type 4, 1651 Tgas Throttle 150 35 +2/-2C 25 +0/-4C -17.5 +0/-4C Tgas Throttle
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Protocol for heavy-duty

Nikola Phase 2: Results for Test #1

Hydrogen refuelling
Parameter Experimental
Result Nikola Protocol Concept Test, Number 1
Initial Gas Temperature 34.3 [Tin9] 900 100
(°C) 50
5 e B e 5 e B By e e gg
Initial Ambient 35.9 it Y, 75
B —— e AT N T A
Temperature (°C) 700 R AR A o n
e e 60 %
Initial Tank Pressure 0.7 2 9
v
(MPa) §§ 2
Peak Gas Temperature 87.8 oo 2 3
(°C) s N o~ A 22
® 300 TN e ~— s &
Peak Pressure (MPa) 85.0 5 “b~——-0 =
S 200 30 ©
- B e
End of Fill SOC (%) 98.6 100 / 3 3
0 20 ué-
0 50 100 150 200 250 300 350 400 450 500 550 600 650 @
Fueling Duration 626 | 10.4 Time (s)
(SEC l Mln) P1 P_Tank T_gas — — Mass Flow Totv
SOC Throttle Activation Yes 2“; E“: 2“20 If“‘l's If“iq
In | N in n n
(Yes/No) Tin15 Tin16 soc - - -85C
MAT c (°C) -18.4 12
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Nikola Phase 2: Comparison of Test Results Protocol for heavy-duty

Hydrogen refuelling

"= PRHYDEJ

10 12
. 9 .
Scenario 1 Scenario 2 10
8
Tamp 35C 7 T, 35C 8
T.25¢ & 8 T.35¢ &
gas 5 gas S5 6
= 5 =
Soak35C = Soak35C =
g E 4
Tepe -17.5C F 3 Teye -17.5C F
5 2
1 0
0 2 MPa 15 MPa
2 MPa 15 MPa Tgas Initial + 10.4 49
Tgas Initial + 7.5 4.1 W Tgas Throttle 10.9 5.5
B Tgas Throttle 8.7 4.7

NOTE: Test duration for Test #5 (Static) not shown due to incorrecfisaledlar of t
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Hydrogen refuelling

Tgas Throttle Parameters:

- As experienced in the test campaigns conducted at ZBT and Nikola, the parameters selected and utili
Throttle protocol concept must be optimized for the specific tank or CHSS being fueled. Improper sele
parameters can lead to reduced performance of the protocol concept, or possible temperature oversh

Internal Gas Temperature Stratification:

- The utilization of the thermocouple trees inside of the tested tanks provided great insight into the hete
behaviowf the gas temperature inside of the tanks during fueling. In one of the tests conductedasad u
conditions, the gas temperature varied by as nfuch msigdé of the tank during fueling. This stratification
temperature is heavily influenced by the aspect ratio (length over diameter) of the tank, OTV injector c
(angle, inner diameter, insertion depth), and needs to be considered by the OEM or tank supplier in tr
the fueling ratesiftal values) for the PRHYDE protocol concepts.

15

Final PRHYDE Webinar|S&htember 2022 WWW'PRHYDEiI‘



Final PRHYDE Webinar"f &&ptember 2022

Summary of Experimental Fueling Test
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WP5 Experimental validation @ ZBT
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Protocol for heavy-duty
Hydrogen refuelling

H2 Storage (200 bar)
Electrolyse(510 m3/h)

Control Room

Test Room

H2 Storage (480, 500 & 900 bar)
Main Dispenser (350, 500 & 700 bar)
Second dispenser (350, 500 & 700 bar) 17
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WP53 Experimental validation @ ZBT ww PRHYDE

Hydrogen refuelling

Single tanks under test

Hydrogen tanks at different pressure levels
- 35 MPa tank (322L, Type I, EC79)
-50 MPa tank (341L, Type IV, TPED)
- 70 MPa tank (244L, Type IV, ANSI-HI3¥)2

Tanks consist out of different@&ankV
combinations

Fully instrumented tanks equipped with
thermocouple trees

In addition to the tank sensors, dlseliatline
sensors are recorded

Thermal condition is ambient as the tests were performed outdoor 18
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