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Disclaimer

The staff of PRHYDE prepared this report.

The views and conclusions expressed in this document are those of the staff of the
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employees, contractors or subcontractors, make any warranty, expressed or implied,
or assume any legal liability or responsibility for the accuracy, completeness, or
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1. INTRODUCTION

This document aims at answering interrogations from PRHYDE Deliverable D3.1! that
arose from early work on protocol development in Work Package (WP) 3. Several
parameters are influencing the fillings, and overheating and/or overfilling can occur.
The preliminary simulations run by WP4 will quantify these effects in the
configurations chosen by WP3.

In the preliminary simulations, two different simulation models were applied by Air
Liguide and Engie. The models were compared and calibrated to the configurations
proposed in Deliverable D3.1.

In addition to the 48 scenarios proposed in Deliverable D3.1, further calculations were
launched in order to explore a case with a higher ambient temperature.

1 Deliverable D3.1 “Report on the characteristics of the cases to be studied in the preliminary simulations”

is publicly available at the PRHYDE website: https://prhyde.eu/progress/.
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DEFINED PARAMETERS FOR THE PRELIMINARY SIMULATIONS

2.1 Tank characteristics

Tank characteristics necessary to launch preliminary simulations are defined in
Deliverable D3.1. The following tables (Table 1 to 4) are directly taken from this report,
with the addition of the injection diameter taken as 3 mm.

Table 1: Single Vessel Characteristics — Type Il Single Vessel (Small)
Description H35 H50 H70 Unit
Internal volume 0.050 0.050 0.050 [m3]
Internal length 0.710 0.710 0.710 [m]
Internal radius 0.150 0.150 0.150 [m]

Liner thickness 0.005 0.005 0.005 [m]
Composite layer thickness 0.010 0.017 0.027 [m]

Liner material density 2700 2700 2700 [kg m9]
Liner material specific heat capacity 1106 1106 1106 [J kgt K1
Liner material thermal conductivity 164 164 164 W m?KY
Composite wrapping material density 1494 1494 1494 [kg m3]
Composite wrapping material specific heat capacity 1120 1120 1120 [J kgt K1Y
Composite wrapping material conductivity 0.740 0.740 0.740 W m1K7]
Boss material density - - - [kg m3]
Boss material specific heat capacity - - - [J kgt KY]
Boss volume - - - [m3]

Boss contact surface with hydrogen - - - [m?]

Boss contact surface with ambient air - - - [m?]
Injection diameter 0.003 0.003 0.003 [m]

Table 2: Single Vessel Characteristics — Type lll Single Vessel (Large)
Description H35 H50 H70 Unit
Internal volume 0.350 0.350 0.350 [m3]
Internal length 1.240 1.240 1.240 [m]
Internal radius 0.300 0.300 0.300 [m]

Liner thickness 0.005 0.005 0.005 [m]
Composite layer thickness 0.010 0.017 0.027 [m]

Liner material density 2700 2700 2700 [kg m3]
Liner material specific heat capacity 1106 1106 1106 [J kgt K1Y
Liner material thermal conductivity 164 164 164 W m? K
Composite wrapping material density 1494 1494 1494 [kg m3]
Composite wrapping material specific heat capacity 1120 1120 1120 [J kgt K1Y
Composite wrapping material conductivity 0.740 0.740 0.740 W mtKY
Boss material density - - - [kg m3]
Boss material specific heat capacity - - - [J kgt K1Y
Boss volume - - - [m3]

Boss contact surface with hydrogen - - - [m?]

Boss contact surface with ambient air - - - [m?]
Injection diameter 0.003 0.003 0.003 [m]




PRHYDE Deliverable D4.1 w, = PRHYDE

Report on Preliminary Simulations e g A
Table 3: Single Vessel Characteristics — Type IV Single Vessel (Small)
Description H35 H50 H70 Unit
Internal volume 0.050 0.050 0.050 [m3]
Internal length 0.710 0.710 0.710 [m]
Internal radius 0.150 0.150 0.150 [m]
Liner thickness 0.005 0.005 0.005 [m]
Composite layer thickness 0.015 0.022 0.032 [m]
Liner material density 945 945 945 [kg M9
Liner material specific heat capacity 2100 2100 2100 [J kgt KY
Liner material thermal conductivity 0.500 0.500 0.500 [W m?lK7]
Composite wrapping material density 1494 1494 1494 [kg m3]
Composite wrapping material specific heat capacity 1120 1120 1120 [J kgt K1Y
Composite wrapping material conductivity 0.740 0.740 0.740 W m1K7]
Boss material density 7900 7900 7900 [kg m9]
Boss material specific heat capacity 500 500 500 [J kgt K1
Boss volume 0.002 0.002 0.002 [m9
Boss contact surface with hydrogen 0.045 0.045 0.045 [m?]
Boss contact surface with ambient air 0.047 0.047 0.047 [m?]
Injection diameter 0.003 0.003 0.003 [m]
Table 4: Single Vessel Characteristics - Type IV Single Vessel (Large)
Description H35 H50 H70 Unit
Internal volume 0.350 0.350 0.350 [m3]
Internal length 1.240 1.240 1.240 [m]
Internal radius 0.300 0.300 0.300 [m]
Liner thickness 0.005 0.005 0.005 [m]
Composite layer thickness 0.015 0.022 0.032 [m]
Liner material density 945 945 945 [kg m3]
Liner material specific heat capacity 2100 2100 2100 [J kgt KY]
Liner material thermal conductivity 0.500 0.500 0.500 W mtK?]
Composite wrapping material density 1494 1494 1494 [kg m3]
Composite wrapping material specific heat capacity 1120 1120 1120 [J kgt K1Y
Composite wrapping material conductivity 0.740 0.740 0.740 W m?tKY
Boss material density 7900 7900 7900 [kg m3]
Boss material specific heat capacity 500 500 500 [J kgt KY
Boss volume 0.002 0.002 0.002 [m3]
Boss contact surface with hydrogen 0.045 0.045 0.045 [m?]
Boss contact surface with ambient air 0.047 0.047 0.047 [m?]
Injection diameter 0.003 0.003 0.003 [m]

2.2 Conditions
Deliverable D3.1 also provides filling characteristics, reported in Table 5.
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Table 5: Selected characteristic cases for preliminary simulations
Description H35 H50 H70 Unit
CHSS Tank Type i i i
yp IV IV IV
CHSS Volume 1400.0 1400.0 1400.0 IL]
Single Vessel (28 vessels) 50.0 50.0 50.0 L
Unit (4 vessels) 350.0 350.0 350.0
Ambient Temperature 15.0 15.0 15.0 [°C]
Initial Pressure 6.0 8.0 10.0 [MPa]
Ref. Pressure Drop 20.0 20.0 20.0 [MPa]
. +15.0 +15.0 +15.0 o

Fuel Delivery Temperature =200 2200 -20.0 [°C]

(10 min. fuelling time) 3.78 5.45 7.75 -
APRR (15 min. fuelling time) 252 3.63 5.17 [MPa min-]
Stop criteria 100.0 100.0 100.0 [%0]

This leads to 48 cases, whose results will be shown in Chapter 4.
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3.

3.1

DEFINING PIPING Ky / CV FLOW COEFFICIENTS

Context

The hardware through which the gas flows from the station to the vehicle compressed
hydrogen storage system (CHSS) consists of several components, including a
breakaway, hose, nozzle, valves and junctions. Figure 1 shows those different
elements that exist between the dispenser and the vehicle CHSS.

Dispenser Breakaway Hose Nozzle Pipe Valve Vehicle tank / CHSS
Figure 1: Illustration of different components between dispenser and
vehicle tank

All these elements result in a pressure drop. As is shown in Figure 2, they are
simulated as a single valve with a k, / Cv flow coefficient? in order to simplify model
and simulations.

Dispenser Valve Vehicle tank / CHSS

Figure 2: Elements between dispenser and vehicle tank are simulated
as an equivalent valve regarding the pressure loss

Heat exchange in the piping between dispenser and vehicle CHSS has been
neglected as a hypothesis for the preliminary calculations. This effect will, however,
be taken into account in future simulations. For pre-cooled fillings, the heating of the
hydrogen before reaching the tank will differ between the cases with 28 x 50 L and
4 x 350 L tanks, as the heat exchanges will be greater for 28 tubes and valves
compared to only 4. These effects should be considered for future calculations.

The flow coefficient ky / Cv is an inherent characteristic of the hardware through which
the gas flows. It is linked to the mass flow rate Q via the pressure drop between fuel
station (upstream) and vehicle CHSS (downstream). However, the link between these
parameters is not fully modelled, and a number of different equations may be used in
the simulation software.

Note: kv is the flow coefficient in metric units (m3/h), whereas Cv is the flow coefficient in imperial units
(US Gallons per minute, gpm). They are strictly equivalent and can be converted one into the other
through the following relations: kv = 0.865 Cv or Cv = 1.156 kv.

11
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For a given valve, the equations below describe the relationship between the flow
coefficient ky of the valve, the mass flow rate and the pressure. In the simulations, it
is assumed that these equations describe the pressure drop between fuel station
(dispenser) and vehicle CHSS.

In particular, Air Liquide and Engie have been using in their in-house software the
following formulas, where mg is the mass of gas in the tank (kg), P:1 the upstream
pressure (bara) at the dispenser, P, the downstream pressure (bara) in the tank, ky
the flow coefficient (m3/h), p1 the upstream gas density at the temperature T1 and
pressure level P1 (kg/m3), N a constant equal to 31.6, pn the gas density at normal
conditions 0°C, 1 atm (kg/Nm?3), Y an adimensional term depending on the pressure
levels P1 and P2 and a constant C = 257.

. dmy PN
Sonic (Pl > 2 PE) W = kvpl T_l
Subsonic (P; < 2 P,) ﬁ =2Ck, Py (Pr— F3)Ps
dt T;
Figure 3: Flow coefficient formula used by Air Liquide
am P.
—9— p Nk)Y |—
Sonic (P, > 2 P,) dt 2p
v — 2
E
dm P P.
d_ — p,N kY (P 2)
Subsonic (P; <2 P,) t P1
2 Pl - PZ
Y=1-=
3 P
Figure 4: Flow coefficient formula used by Engie

3.2 Selecting a value

The flow coefficient used to calculate the mass flow is calibrated from a reference
pressure drop situation (approach similar to [SAE J2601 DEC2016] 7.3 and A.3.4).
The reference pressure drop situation are defined in Table 6 and are based on 10
minutes fillings of 28 x 50 L tanks, starting at 10 MPa, at -15°C injection temperature
and with the approximate maximum pressure drop (MPD) for the respective pressure
class:

= H35: MPD of 10 MPa
= H50: MPD of 15 MPa

12
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Table 6: Selected ky values and related conditions for each case
Parameter H35 H50 H70 Unit
Pressure level P, 343.45 431.68 507.63 [bara]
Pressure level P, 242.98 282.96 314.07 [bara]
Pressure drop AP 100.47 148.72 193.56 [bar]
Flow rate Qo 45.79 65.58 91.96 [gs?Y
Pre-cooling temperature T, -15.0 -15.0 -15.0 [°C]
Flow coefficient k, (Air Liquide) 0.110 0.120 0.140 [m3h?
Flow coefficient k, (Engie) 0.127 0.143 0.171 [m®h?]

Please note that the ky value is relative to the whole system of 28 x 50 L tanks.

This approach allows to calibrate the ky value despite slightly different flow coefficient
formulas. Exact pressure drop values are close but not strictly equal to the aim
mentioned earlier, which isn’t an issue as long as all simulations carried are consistent

with each other.

Graphs and detailed characteristics corresponding to these simulations can be found

in Annex A.

13
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SIMULATION RESULTS

Three benchmark cases

Three cases have been defined as benchmark cases and have been simulated
several times for comparison. The simulations consider a 50 L tank configuration, with
injection diameter of 3 mm, with a 10 minutes filling pre-cooled at -20°C:

= H35, Type lll, with initial pressure at 6 MPa,
= H50, Type IV, with initial pressure at 8 MPa, and
= H70, Type IV, with initial pressure at 10 MPa.
kv values for each case have been selected according to Table 6.

Graphs showing temperature and pressure evolutions for each case can be found in
Annex B.

Table 7 summarises the conditions reached at the end of each filling for the selected
benchmark cases, run by Air Liquide and Engie.

Air Liquide uses in-house SOFIL code (Software for Filling) [Bourgeois et al. 2017].
Engie uses in-house HyFill code. Both software are based on a OD (0-dimensional)
gas - 1D (1-dimensional) wall model.

Table 7: Conditions reached at the end of filling for the 3 benchmark
cases

AP max Tg end Pg end End-of-fill End-of-fill

(bar) (°C) (bara) time (s) SoC (%)
H3s AL 141.1 38.3 310.3 600 84.6
Engie 140.6 36.5 307.3 600 85.0
HE5O AL 168.2 51.0 510.0 600 92.5
Engie 164.4 48.3 502.7 600 93.0
H70 AL 189.2 60.6 814.1 595 100
Engie 182.5 56.8 794.7 590 100

“Tg end” and “Pg end” represent the gas temperature and pressure, respectively, at
the end of filling, at 10 minutes or SoC = 1, if it is reached before the end of the
10 minutes.

A maximum difference of about 4°C is present between Air Liquide and Engie results,
which is in line with the level of accuracy of such models.

Preliminary H35 simulations

Table 8 presents results for the 16 cases with H35. Graphs are available in the Annex
C for each of the simulations. Results come from Air Liquide simulations with SOFIL.

The first four columns indicate the parameters for each simulation. APRR is not a
numerical value, but indicates whether the pressure ramp rate was made to fill in 10
minutes (“1”) or 15 minutes (“2”). Table 5 provides the actual numerical value for the
pressure ramp rate in each case.
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“T inlet” is the inlet temperature into the equivalent valve (see Figure 2), “Tg” the tank
gas temperature, “Tw int” the wall temperature at the gas-liner interface, “Tw LC” the
wall temperature at the liner-composite interface, “Tw ext” the external wall
temperature.

“Q Max (CHSS)” is the maximum flow rate for all tanks (1400 L in total) and “AP max”
the MPD between dispenser and tank. Both values are not necessarily reached at the
end of fill. Graphs available in the Annex C can indicate when the MPD is reached.

The fillings last 10 or 15 minutes but can be stopped before that time in case the SoC
reaches 100%. The “Time” column in the table indicates the duration of the actual
filling (in seconds).

Table 8: H35 results at end of fill
Volume . Tinlet Tg Twint TwLC Twext Time SoC Q Max AP max
e Ty AR per pap rel ot v sl (GHSY Do
1 15 49.2 424 423 344 6000 789 551 151.0
50 20 378 334 334 281 6000 827 582 147.0
. 15 537 481 481 419 9000 97.9 40.1  94.0
" 20 403 367 36.6 325 8820 999 419 911
1 15 626 581 580 465 6000 78.6 53.9 1438
350 20  46.8 439 438 361 6000 824 572 1422
5 15 684 649 648 564 9000 959 384 895
-20 505 481 481 425 895.0 100.0 40.7  88.2
1 15 549 497 358 251 6000 78.8 54.6  146.8
50 20 417 383 289 21.7 6000 825 57.8 144.2
> 15 56.4 515 410 316 9000 97.3 39.6 915
v 20 423 391 320 257 886.0 1000 416 895
1 15 714 677 476 31.3 6000 783 53.0 1379
350 20 526 502 36.6 257 6000 822 56.6 138.1
> 15 735 701 552 413 9000 95.0 37.7 858

-20 54.1 51.8 41.7 324 900.0 99.8 40.2 85.7
*APRR is not a numerical value but indicates whether the pressure ramp rate was made to fill in 10 minutes (“1”) or
15 minutes (“2”).

Under the conditions chosen for this study, H35 fillings do not result in overheating
(defined as a tank gas temperature Tg over 85 °C).

15 minutes fillings (grey rows) reach a relatively high SoC of at least 95%, even
without pre-cooling. In case, pre-cooling is applied, the SoC reaches values close to
100%. 10 minutes fillings (white rows) lead to incomplete fillings, since the SoC
doesn’t reach 100%. This consideration on limited SoC are dependent on the ky value
chosen and it may be worth to further refine these simulations in the project when
pressure drop and ky value will have been adjusted with operational feedbacks.

In general, Type Il tanks lead to a lower end-of-fill temperature of the gas (“Tg”)
compared to Type IV tanks, all other parameters being equal.

The configurations with 50 L tanks reach significantly lower temperatures, about 10°C,
compared to the configuration with 350 L tanks. This is due to a higher heat exchange
external surface for the same total volume.

15
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Preliminary H50 simulations

Table 9 presents the results for the 16 cases with H50. Graphical simulation results
are available in Annex D for each simulation. Results come from Engie simulations
with HyFill.

For a description of the different parameters, please see Chapter 4.2.

Table 9: H50 results at end of fill
Volume . Tinlet Tg Twint TwLC Twext Time SoC Q Max AP max
wPe Ty APRRT par pap el ra rel fst g (Y bar)
1 15 566 53.4 519 302 6000 89.9 759 172.9
50 -20 435 413 402 252 600.0 934 788 169.8
> 15 56.3 539 529 361 8565 100.0 540 103.9
" -20 423 406 398 283 821.3 100.0 56.1 101.3
1 15 739 715 69.4 390 6000 889 727 162.3
350 -20 552 535 520 31.1 6000 926 765 162.6
. 15 746 727 714 490 8943 1000 516 97.4
-20 543 530 52.0 36.2 843.7 100.0 544  96.9
1 15 627 572 387 208 6000 89.4 747 165.6
50 -20 483 441 311 188 600.0 93.0 779 164.4
. 15 58.1 543 410 250 856.5 1000 53.2 99.4
W -20 444 414 320 211 8213 1000 554 980
1 15 853 796 524 246 6000 87.9 70.7 152.3
350 -20 631 59.1 401 213 6000 919 750 1555
5 15 825 776 579 328 9000 988 500 90.8

-20 60.5 56.7 42.8 258 858.1 100.0 53.2 92.4

In red the filling where the gas temperature exceeds 85°C.
*APRR is not a numerical value but indicates whether the pressure ramp rate was made to fill in 10 minutes (“1”) or
15 minutes (“2”).

H50 fillings do not result in overheating, except for one case (Type IV, 350 L,
10 minutes, without pre-cooling). Pre-cooling to —20 °C only slightly improves the final
SoC. In all cases, no complete filling is possible with 10 minutes fillings (white rows),
as the SoC is between 87.9 and 93.4%.

As already described in Chapter 4.2, end-of-fill gas and wall temperatures are lower
for 50 L tank configurations compared to 350 L. Same applies for Type Il tanks,
where the end-of-fill temperatures are lower compared to Type IV tanks.

Preliminary H70 simulations

Table 10 presents results for the 16 cases with H70. Graphical simulation results are
available in Annex E for each simulation. Results come from Air Liquide simulations
with SOFIL.

For a description of the different parameters, please see Chapter 4.2.

Note: Simulations were run with Type Il and Type IV tanks. However, at the date of
writing, Type Il tanks are not recommended at H70. Therefore, the results shown
below are only informative with regard to Type Il tanks.
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Table 10: H70 results at end of fill
. . . Q Max
Volume . Tinlet Tg Twint TwLC Twext Time SoC AP max
e Ty AR ey pa ral o ra sl g QS Doar
1 15 705 635 634 229 6000 96.7 101.8 2075
50 20 543 492 492 203 5940 99.9 106.7 203.3
) 15 652 589 588 28.8 8620 100.0 71.8 1297
. -20 495 449 449 235 818.0 1000 752 126.7
1 15 87.8 834 833 27.6 6000 946 979 197.1
350 20 667 635 634 237 600.0 99.1 103.8 196.1
) 15 830 790 789 382 9000 994 689 1230
20 617 587 587 294 849.0 1000 73.0 122.2
1 15 793 741 512 181 6000 955 99.3 1987
50 20 608 570 405 17.1 600.0 99.8 104.8 197.2
) 15 719 666 511 222 880.0 100.0 70.0 124.1
v 20 544 50.6 393 19.2 831.0 1000 73.9 122.9
1 15 993 959 658 19.8 6000 93.0 949 186.4
350 20 748 724 507 182 600.0 97.8 101.4 188.6
. 15 924 888 677 266 9000 976 66.7 116.0

4.5

-20 68.8 66.2 51.0 22.3 868.0 100.0 714 117.3

In red the three fillings where the gas temperature exceeds 85°C.

*APRR is not a numerical value but indicates whether the pressure ramp rate was made to fill in 10 minutes (“1”) or
15 minutes (“2”).

**: Only informative here since Type Il tanks are currently not recommended to be used at H70.

H70 fillings have three conditions that lead to overheating. Pre-cooling allows these
fillings to stay in the tolerated temperature range below 85°C. The SoC at end-of-fill
is at least 93% for H70 cases.

Again, lower end-of-fill gas and wall temperatures are reached for 50 L tank
configuration compared to 350 L tank configurations. Type IV 350 L configuration lead
to overheating without pre-cooling, independently of the applied APRR.

H35 simulations with ambient temperature of 40°C

Given the results in previous sections which are based on the assumption of a
relatively low ambient temperature of 15°C, another set of simulations was launched.
Especially the rather low end-of-fill gas temperatures listed in Table 8 show, that
higher ambient temperatures could be applied for H35 without overheating. It was
deemed feasible to aim for non-pre-cooled fillings for all ambient temperatures.
Therefore, it was decided to launch six cases at 40°C, without pre-cooling.

Table 11 presents the results for the 6 cases with H35 and ambient temperature of
40°C. Graphs are available in Annex F for each simulation. Results come from Air
Liquide simulations with SOFIL.

For a description of the different parameters, please see Chapter 4.2.

17
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Table 11; H35 results, ambient temperature = 40 °C, at end of fill

Type Volume APRR* Tinlet Tg Twint TwLC Twext Time SoC (%F'\'/Iseg) AP max
[L] [°C] [°C] [°C] [°C] [°C] [s] [%] [9/s] [bar]

50 1 40 76.3 69.2 692 609 6000 765 532 1408

" 2 40 803 746 745 684 9000 933 378 87.1
350 1 40 90.8 861 86.1 740 6000 76.1 51.8 1342

2 40 96.1 924 923 838 9000 912 363 83.0

N 50 2 40 830 779 672 576 9000 928 374 847
350 2 40 1013 97.7 825 681 9000 90.3 356 795

In red the three fillings where the gas temperature exceeds 85°C.
*APRR is not a numerical value but indicates whether the pressure ramp rate was made to fill in 10 minutes (“1”) or
15 minutes (“2”).

The results show that no overheating is reached for the 50 L tank configuration, but
only incomplete fillings of up to 92.8% can be achieved.

With a 350 L tank configuration, the simulations show that filling in less than
15 minutes without precooling in hot summer day with 40°C ambient temperature
leads to tank overheating. Additional simulations are needed to determine the
adequate filling time for those cases.

10 minutes fillings (white rows) are too short for a complete filling, independently of
the configuration, since the SoC at end-of-fill is only about 76%.

For 50 L tank configuration, these results confirm our earlier assumptions that at H35,
non-pre-cooled fillings can be applied for all ambient temperatures. For 350 L tank
configuration, with an ambient temperature of 40°C, pre-cooling seems to be
necessary to avoid overheating.
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5. CONCLUSIONS

The simulation results presented in this report are consistent with the knowledge and
intuition of the authors:

= Type IV tanks do not dissipate as much heat as Type lll tanks do and have
therefore a higher end-of-fill temperature, in the gas as well as in the tank wall.

= The tank configuration with 28 x 50 L tanks, compared to 4 x 350 L tanks, have
a lower end-of-fill temperature as there is, for the same volume of gas, a higher
heat exchange surface.

= Shorter fillings, in this case 10 minutes fillings compared to 15 minutes fillings,
lead to higher end-of-fill temperature or a much lower SoC, which describes
an incomplete filling.

For each pressure class, H35, H50 and H70, k, values were chosen to simulate the
pressure drop between station dispenser and vehicle CHSS. All results and the
conclusions presented here are therefore highly dependent on these assumed values.

Results for H35 show there is no need for pre-cooling with an ambient temperature of
15°C to avoid overheating, but 10 minutes fillings are too short to lead to a SoC of
100%. This consideration on limited SoC are dependent on the ky value chosen and
it may be worth to further refine these simulations in the project when pressure drop
and ky value have been adjusted based on operational feedbacks. Simulations with
an ambient temperature of 40°C show that it should be possible to develop a refuelling
protocol without pre-cooling, as the 50 L configurations do not cause any overheating,
even with Type IV tanks. For the 350 L configurations, our preliminary calculations
show overheating in the situation with a high ambient temperature of 40°C.

Results for H50 show that there is no overheating with an ambient temperature of
15°C. In case of 10 minutes fillings, it is not possible to reach a SoC of 100%, in
contrast to 15 minutes. As one configuration (Type IV 350 L tanks) leads to
temperatures approaching 85°C, a large increase of ambient temperature above 15°C
will result in overheating. It may therefore be necessary to install pre-cooling hardware
in H50 stations.

In case of H70 simulations, the results indicate overheating in several cases,
especially for 350 L tank configurations. As these simulations were run with an
ambient temperature of 15 °C, which could easily be higher in reality, pre-cooling will
be necessary for a H70 protocol. 10 minutes fillings lead to a relatively high SoC
(above 93%), and 15 minutes fillings with the same conditions allow to reach an
almost complete fill, of at least 97.6 %. Simulations were run with Type Ill tanks as
well as with Type IV tanks, even if there is currently no H70 Type lll tank: the
simulations are meant to be informative.
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ANNEX: GRAPHICAL SIMULATION RESULTS
A. Kv SELECTION SIMULATIONS
Simulations launched to determine the correct k, value used these conditions:
= for 28 x 50 L tanks:
o Type lll, H35,
o Type IV, H50,
o TypelV, H70,
= jnitial pressure in tank: 100 bar,
= constant pressure ramp rate, from 100 bar to 1.25 x NWP (350, 500, 700 bar),
= 10 minutes of filling,
= ambient temperature = initial gas temperature = 15°C,
= inlet temperature = -15°C,
= no heat exchange in inlet piping,

= pressure drop in piping modelled via k.

kv =0,11 m3/h, H35

500
400
300
200
100
0 /
0 100 200 300 400 500 600 700
—Delta Pbar —Pdisp bara Ptank bara
Figure A-1: Simulation of filling for NWP = 35 MPa, with k, = 0.11 m3/h
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kv = 0,12 m3/h, H50

0 100 200 300 400 500 600 700

—DeltaPbar —P gasinput P tank model bara
measured bara

Figure A-2: Simulation of filling for NWP = 50 MPa, with ky =0.12 m3/h

kv = 0,14 m3/h, H70

1000
800
600
400
200
0 /\
0 100 200 300 400 500 600 700
—Delta Pbar —Pdisp bara Ptank bara
Figure A-3: Simulation of filling for NWP = 70 MPa, with ky = 0.14 m3/h
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B. BENCHMARK CASES SIMULATIONS

Figures B.1-6 show the evolution of gas and wall temperatures, as well as pressure
in the dispenser and the tank and their difference, for the three benchmark cases, for
simulations by Engie and Air Liquide.

Benchmark H35 - Engie

40 T 500
r _Tg oc
35 L —T_wall internal °C 450
B T_wall interface liner - composite °C 400
30 ¢ T_wall external °C
- 350
C —Pdisp bara
25 + .
C -=-=Pg bara -7 300 —
—_ - e ©
£20 £ 250 8
- C ‘_,-” 5
15 | e 200
150
0+ e
memmznERS 100
ST 50
0 [eer] 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 0
0 100 200 300 400 500 600
Time (s)
Figure B-1: Simulation of filling for NWP = 35 MPa, by Engie
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Benchmark H35 - Air Liquide
45 — — 500
r —Tg°C ]
40 £ —T_wallinternal °C + 450
- T_wall interface liner - composite °C g
35 L T_wall external °C T 400
. —Pdisp bara 1 350
30 + ---Pg bara ]
o 4 300
—~25 + - T
g o T 250 §
=20 + ] P
F g T 200
15 - - 1
- e T 150
10+ i 1 100
5T + 50
0 _"I 1 1 1 I 1 L 1 I 1 1 1 1 I 1 1 1 1 I L L L I L L L 0
0 100 200 300 400 500 600
Time (s)
Figure B-2: Simulation of filling for NWP = 35 MPa, by Air Liquide
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Benchmark H50 - Engie
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T T_wall internal °C 600
L T_wall interface liner - composite °C
i T_wall external °C 500
T —Pdisp bara
| =-=-=-Pgbara 400
300
i . 200
_f_____,___----"’ff.'.: ----- 100
R 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 0
0 100 200 300 400 500 600
Time (s)
Figure B-3: Simulation of filling for NWP = 50 MPa, by Engie
Benchmark H50 - Air Liquide
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Figure B-4: Simulation of filling for NWP = 50 MPa, by Air Liquide
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Benchmark H70 - Engie
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Figure B-5: Simulation of filling for NWP = 70 MPa, by Engie
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Benchmark H70 - Air Liquide
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Figure B-6: Simulation of filling for NWP = 70 MPa, by Air Liquide
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H35 SIMULATIONS

Figures C.1-16 show the evolution of gas and wall temperatures, as well as pressure
in the dispenser and the tank and their difference, for the sixteen H35 cases.

Note: three simulations in Table 8 reached 100% SOC before the end of the filling.
The graphs in Annex C show results until the end of simulation, even if the filling could
have in practice been stopped earlier.

H35-50L-11I-APRR1-15

500
—Tg°C
—T_wallinternal °C 450
T_wall interface liner - composite °C 400
T_wall external °C 350
——Pdisp bara
.~ 300
----- L e =
,,,,,,,,, _ ' 250
i .*'_,—" o
- 200
100
......... 50
- 0
0 100 200 300 400 500 600
Time (s)
Figure C-1: Simulation of 10 minutes filling for NWP = 35 MPa, Type Il

50 L tank, inlet temperature = 15°C
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H35-50L-11I-APRR1--20
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Figure C-2: Simulation of 10 minutes filling for NWP = 35 MPa, Type llI
50 L tank, inlet temperature = -20°C
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Figure C-3: Simulation of 15 minutes filling for NWP = 35 MPa, Type Il

50 L tank, inlet temperature = 15°C
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Figure C-4: Simulation of 15 minutes filling for NWP = 35 MPa, Type llI
50 L tank, inlet temperature = -20°C
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Figure C-5: Simulation of 10 minutes filling for NWP = 35 MPa, Type Il
350 L tank, inlet temperature = 15°C
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Figure C-6: Simulation of 10 minutes filling for NWP = 35 MPa, Type llI
350 L tank, inlet temperature = -20°C
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Figure C-7: Simulation of 15 minutes filling for NWP = 35 MPa, Type Il

350 L tank, inlet temperature = 15°C
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Figure C-8: Simulation of 15 minutes filling for NWP = 35 MPa, Type llI
350 L tank, inlet temperature = -20°C
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Figure C-9: Simulation of 10 minutes filling for NWP = 35 MPa, Type IV

50 L tank, inlet temperature = 15°C

32



PRHYDE Deliverable D4.1 = PRHYDE

Report on Preliminary Simulations s A

H35-50L-1V-APRR1--20

45 500
—Tg°C
40 —T_wallinternal °C 450
35 T_wall interface liner - composite °C 400
T_wall external °C 350
30 ——Pdisp bara
- 300 _
S 25 | T e ©
asN R L 250 ¥
20 Lo &
= 200
15
...................................................................... 150
10 PR 100
. 50
0 0
0 100 200 300 400 500 600
Time (s)

Figure C-10: Simulation of 10 minutes filling for NWP = 35 MPa, Type IV
50 L tank, inlet temperature = -20°C

H35-50L-1V-APRR2-15

60 500
—Tg"°C
- —T_wall internal °C 450
T_wall interface liner - composite °C 400
T wall external °C ) -7 350
40 ——Pdisp bara P
- 300
_ | T
<30 - 250 ©
'_ S
(=%
200
20
150
.......... 100
10~ e
- -
O ........ O
0 100 200 300 400 500 600 700 800 900
Time (s)

Figure C-11: Simulation of 15 minutes filling for NWP = 35 MPa, Type IV
50 L tank, inlet temperature = 15°C

33



w. = PRHYDE

Protocol for heavy-duty

Hydrogen refuelling
H35-50L-IV-APRR2--20
45 500
—Tg°C
40 —T_wallinternal °C 450
35 T wall interface liner - composite °C 400
T_wall external °C | - 350
0 —Pdisp bara "
- 300
S 25 |0 e
S I ) 250
=20
200
15
150
10 .......................................................... 100
o PR e N S B e 50
0 b 0
0 100 200 300 400 500 600 700 800 300
Time (s)
Figure C-12: Simulation of 15 minutes filling for NWP = 35 MPa, Type IV
50 L tank, inlet temperature = -20°C
H35-350L-IV-APRR1-15
80 500
—Tg"°C
70 —T_wallinternal °C 450
T_wall interface liner - composite °C 400
60 a
T wall external °C 350
—— Pdisp bara .

50 =" 300
40 250
~ T

30 - 200

........................................ 150

20 _.-::':::,‘. ......................................

T 100
0T e 50
0 0
0 100 200 300 400 500 600
Time (s)

34

Figure C-13: Simulation of 10 minutes filling for NWP = 35 MPa, Type IV
350 L tank, inlet temperature = 15°C

PRHYDE Deliverable D4.1
Report on Preliminary Simulations

P {bara)

P {bara)



PRHYDE Deliverable D4.1
Report on Preliminary Simulations

60

50

10

80

70

—Tg"C

H35-350L-IV-APRR1--20

—T_wallinternal °C

T_wall interface liner - composite °C

T_wall external °C

——Pdisp bara

—-_—
_________

0 100

Figure C-14:

—Tg"C

—T_wallinternal °C
T_wall interface liner - composite °C

T wall external °C

—— Pdisp bara

_____
el

-
-
_____

Figure C-15:

———

-
F Lo
F
-
-
-
-
-

——

T
i

P T
e

200 300 400
Time (s)

w. = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

500

600

500

450

400

350

300

250

P {bara)

200

150

100

50

Simulation of 10 minutes filling for NWP = 35 MPa, Type IV

350 L tank, inlet temperature = -20°C

H35-350L-IV-APRR2-15

]
L
-

500

450

400

350

300

250

P {bara)

200

150

100

Simulation of 15 minutes filling for NWP = 35 MPa, Type IV

350 L tank, inlet temperature = 15°C

35



w. = PRHYDE

36

60

50

40

20

10

Protocol for heavy-duty
Hydrogen refuelling

—Tg"C

—T_wallinternal °C
T_wall interface liner - composite °C

T_wall external °C

——Pdisp bara

PRHYDE Deliverable D4.1

Report on Preliminary Simulations

H35-350L-IV-APRR2--20

e
——
-—

-
-
—
_____

0 100

Figure C-16:

200 300 400 500 600
Time (s)

700

800

900

500

450

400

350

300

250

200

150

100

50

Simulation of 15 minutes filling for NWP = 35 MPa, Type IV

350 L tank, inlet temperature = -20°C

P {bara)



PRHYDE Deliverable D4.1 w = PRHYDE

Report on Preliminary Simulations s A

D.

60

50

40

10

H50 SIMULATIONS

Figures D.1-16 show the evolution of gas and wall temperatures, as well as pressure
in the dispenser and the tank and their difference, for the sixteen H50 cases.

Note: seven simulations in Table 9 reached 100% SOC before the end of the filling.
The graphs in Annex D show results until the end of simulation, even if the filling could
have in practice been stopped earlier.
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Figure D-1: Simulation of 10 minutes filling for NWP =50 MPa, Type llI
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Figure D-10: Simulation of 10 minutes filling for NWP = 50 MPa, Type IV
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H70 SIMULATIONS

Figures E.1-16 show the evolution of gas and wall temperatures, as well as pressure
in the dispenser and the tank and their difference, for the sixteen H70 cases.

Note: seven simulations in Table 10 reached 100% SOC before the end of the filling.
The graphs in Annex E show results until the end of simulation, even if the filling could
have in practice been stopped earlier.
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Figure E-1: Simulation of 10 minutes filling for NWP = 70 MPa, Type llI
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53



w. = PRHYDE

T(°C)

54

60

50

40

10

70

60

50

40

30

20

10

Protocol for heavy-duty
Hydrogen refuelling

—Tg"C

H70-50L-111-APRR1--20

—T_wallinternal °C

T_wall interface liner - composite °C

T_wall external °C

——Pdisp bara

e
-

———— .
e ———

Figure E-2:

—Tg"C

—T_wallinternal °C
T_wall interface liner - composite °C

T wall external °C

—— Pdisp bara

-
-
-
-
-
-

200 300 400
Time (s)

PRHYDE Deliverable D4.1
Report on Preliminary Simulations

1000

900

800

700

600

500

400

300

200

Simulation of 10 minutes filling for NWP =70 MPa, Type llI

50 L tank, inlet temperature = -20°C

H70-50L-111-APRR2-15

-
-
-
______
-
_____

0 100

Figure E-3:

200 300 400 500 600
Time (s)

700

800

900

1000

900

800

700

600

500

400

300

200

100

0

P {bara)

P {bara)

Simulation of 15 minutes filling for NWP = 70 MPa, Type 11l 50

L tank, inlet temperature = 15 °C



PRHYDE Deliverable D4.1 = PRHYDE

Protocol for heavy-duty

Report on Preliminary Simulations Hydrogen refuelling

H70-50L-111-APRR2--20

60 1000
—Tg"C

—T_wallinternal °C 200

50
T_wall interface liner - composite °C 800
T_wall external °C 700
40 ——Pdisp bara
600
£30 500
400
20
300
200
10
100
o 0
0 100 200 300 400 500 600 700 800 900
Time (s)
Figure E-4: Simulation of 15 minutes filling for NWP = 70 MPa, Type llI
50 L tank, inlet temperature = -20°C
H70-350L-11I-APRR1-15
100 1000
—Tg"°C
20 —T_wallinternal °C 200
80 T wallinterface liner - composite °C 800
70 T wall external °C 700
—Pdisp bara e
60 600
£ 50 ’ 500
'_
40 400
30 300
20 T 200
10 wETeememr e e 100
0o ! 0
0 100 200 300 400 500 600
Time (s)
Figure E-5: Simulation of 10 minutes filling for NWP = 70 MPa, Type I

350 L tank, inlet temperature = 15°C

P {bara)

P {bara)

55



w. = PRHYDE

Protocol for heavy-duty

Hydrogen refuelling
H70-350L-11I-APRR1--20
80 1000
—Tg°C
70 —T_wallinternal °C 200
T_wall interface liner - composite °C 800
60 :
T_wall external °C ) 700
——Pdisp bara -~
50 600
L J S— g 500
~ —
30 400
300
20 —
U O e 200
10 _--—--"‘.:::l.‘--‘ .......................................... 100
0 0
0 100 200 300 400 500 600
Time (s)
Figure E-6: Simulation of 10 minutes filling for NWP = 70 MPa, Type llI
350 L tank, inlet temperature = -20°C
H70-350L-11I-APRR2-15
90 1000
—Tg"°C
80 —T_wallinternal °C 200
70 T wall interface liner - composite °C 800
T wall external °C 700
60 ——Pdisp bara
600
=50 T -
N B 500
= 40 e~
400
30
300
20 In 200
I 100
0 0
0 100 200 300 400 500 600 700 800 900
Time (s)
Figure E-7: Simulation of 15 minutes filling for NWP = 70 MPa, Type I

56

350 L tank, inlet temperature = 15°C

PRHYDE Deliverable D4.1
Report on Preliminary Simulations

P {bara)

P {bara)



PRHYDE Deliverable D4.1 = PRHYDE

Protocol for heavy-duty

Report on Preliminary Simulations Hydrogen refuelling

H70-350L-I11-APRR2--20

70 1000
—Tg"°C
60 —T_wallinternal °C 200
T_wall interface liner - composite °C 800
50 T_wall external °C 700
—— Pdisp bara
A0 e - °00 o
g 500 &
[ =
30 400 .
20 300
______ 200
10 e
............................................................................ 100
o T 0
0 100 200 300 400 500 600 700 800 900
Time (s)
Figure E-8: Simulation of 15 minutes filling for NWP = 70 MPa, Type Il
350 L tank, inlet temperature = -20°C
H70-50L-IV-APRR1-15
90 1000
—Tg°C
80 —T_wallinternal °C 200
70 T_wall interface liner - composite °C 800
T wall external °C ) 700
60 ——Pdisp bara -~
600 _
=50 T ©
2o R g 500 &
F 40 o
400
30
300
20 --___--—‘--- ----------------------------------------------------- 200
10 e T 100
0 0
0 100 200 300 400 500 600
Time (s)
Figure E-9: Simulation of 10 minutes filling for NWP = 70 MPa, Type IV

50 L tank, inlet temperature = 15°C

57



w. = PRHYDE

Protocol for heavy-duty

Hydrogen refuelling
H70-50L-IV-APRR1--20
70 1000
—Tg°C
60 —T_wallinternal °C 200
T_wall interface liner - composite °C 800
50 T_wall external °C 700
—Pdisp bara -
- 600
R R g 500
'_
30 400
20 300
.--".':.---:: ........................................................ 200
10 e
e 100
0 0
0 100 200 300 400 500 600
Time (s)
Figure E-10: Simulation of 10 minutes filling for NWP = 70 MPa, Type IV
50 L tank, inlet temperature = -20°C
H70-50L-IV-APRR2-15
80 1000
—Tg°C
70 —T_wallinternal °C 200
T_wall interface liner - composite °C 800
60 T wall external °C 700
—— Pdisp bara
=0 600
Eal o J E— 500
'_
30 400
300
20
----- 200
10 o™ 100
0 0
0 100 200 300 400 500 600 700 800 900

58

Time (s)

Figure E-11: Simulation of 15 minutes filling for NWP = 70 MPa, Type IV
50 L tank, inlet temperature = 15°C

PRHYDE Deliverable D4.1
Report on Preliminary Simulations

P {bara)

P {bara)



PRHYDE Deliverable D4.1 = PRHYDE

Protocol for heavy-duty

Report on Preliminary Simulations Hydrogen refuelling

H70-50L-1V-APRR2--20

60 1000
—Tg°C
- —T_wallinternal °C 200
T_wall interface liner - composite °C 800
T_wall external °C 700
40 ——Pdisp bara
600
£30 500
'_
400
20
300
200
10
.......................................................................................... 100
0 e T e 0
0 100 200 300 400 500 600 700 800 900
Time (s)
Figure E-12: Simulation of 15 minutes filling for NWP = 70 MPa, Type IV
50 L tank, inlet temperature = -20°C
H70-350L-IV-APRR1-15
120 1000
—Tg"°C
100 —T_wallinternal °C 200
T_wall interface liner - composite °C 800
T wall external °C 700
80 | __ Pdisp bara
600
< 60 | 500
'_
400
40
300
............................. 200
20 B e
e e R s 100
0 0
0 100 200 300 400 500 600

Figure E-13: Simulation of 10 minutes filling for NWP = 70 MPa, Type IV
350 L tank, inlet temperature = 15°C

P {bara)

P {bara)

59



w. = PRHYDE

Protocol for heavy-duty

Hydrogen refuelling
80
—Tg"°C
70

100

90

80

70

60

50

T(°C)

40
30
20

10

60

—T_wallinternal °C

T_wall interface liner - composite °C

T_wall exte

—— Pdisp bara

—— =
——— -
=

Figure E-14:

—Tg"C

—T_wallinternal °C

T wallinterface liner - composite °C

T wall exte

——Pdisp bara

-
-

....
------

Figure E-15:

H70-350L-IV-APRR1--20

rnal °C

-
-
-
-
-

—

-—
-

PRHYDE Deliverable D4.1
Report on Preliminary Simulations

1000

900

800

700

600

500

400

300

200

100

Simulation of 10 minutes filling for NWP =70 MPa, Type IV

350 L tank, inlet temperature = -20°C

H70-350L-IV-APRR2-15

rnal °C

200 300 400 500 600
Time (s)

700

800

900

1000

900

800

700

600

500

400

300

200

100

0

Simulation of 15 minutes filling for NWP = 70 MPa, Type IV

350 L tank, inlet temperature = 15°C

P {bara)

P {bara)



PRHYDE Deliverable D4.1 = PRHYDE

Protocol for heavy-duty

Report on Preliminary Simulations Hydrogen refuelling

H70-350L-IV-APRR2--20

80 1000
—Tg"°C
70 —T_wallinternal °C 200
T_wall interface liner - composite °C 800
60 :
T_wall external °C 700
—— Pdisp bara
=0 600
L1 J E— 500
'_
30 400
300
20
—== 200
10 zrleaeemms " 100
0 0
0 100 200 300 400 500 600 700 800 900

Time (s)

Figure E-16: Simulation of 15 minutes filling for NWP = 70 MPa, Type IV
350 L tank, inlet temperature = -20°C

P {bara)

61



= PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

F.

62

90

80

H35 SIMULATIONS WITH AMBIENT TEMPERATURE OF 40°C

PRHYDE Deliverable D4.1
Report on Preliminary Simulations

Figures F.1-6 show the evolution of gas and wall temperatures, as well as pressure
in the dispenser and the tank and their difference, for the six H35 cases, with ambient
temperature at 40°C.
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Hydrogen refuelling

What is PRHYDE?

With funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (FCH 2 JU), the PRHYDE
project is aiming to develop recommendations for a non-proprietary heavy duty refuelling
protocol used for future standardization activities for trucks and other heavy duty transport
systems applying hydrogen technologies.

Based on existing fuelling protocols and current state of the art for compressed (gaseous)
hydrogen fuelling, different hydrogen fuelling protocols are to be developed for large tank
systems with 35, 50, and 70 MPa nominal working pressures using simulations as well as
experimental verification. A broad industry perspective is captured via an intense stakeholder
participation process throughout the project.

The work will enable the widespread deployment of hydrogen for heavy duty applications in
road, train, and maritime transport. The results will be a valuable guidance for station design
but also the prerequisite for the deployment of a standardized, cost-effective hydrogen
infrastructure.

Further information can be found under https://www.prhyde.eu. For feedback on the PRHYDE
project or the published deliverables, please contact info@prhyde.eu.
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