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g r a p h i c a l a b s t r a c t
� A hydrogen refueling 0-D model is

developed and applied to heavy-

duty vehicles.

� Real case refueling (10 min;half

tank) results are within the safety

limits.

� Refueling is analyzed for different

ambient temperature and vehicle

tank pressure.

� The correlation between the refu-

eling time and the refueling spee-

dis non-linear.

� The maximum allowable mass

flow rate limits the maximum

APRR to 0.08 MPa/s.
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a b s t r a c t

The foreseen uptake of hydrogen mobility is a fundamental step towards the decarbon-

ization of the transport sector. Under such premises, both refueling infrastructure and

vehicles should be deployed together with improved refueling protocols. Several studies

focus on refueling the light-duty vehicles with 10 kgH2 up to 700 bar, however less known

effort is reported for refueling heavy-duty vehicles with 30e40 kgH2 at 350 bar. The present

study illustrates the application of a lumped model to a fuel cell bus tank-to-tank refueling

event, tailored upon the real data acquired in the 3Emotion Project. The evolution of the

main refueling quantities, such as pressure, temperature, and mass flow, are predicted

dynamically throughout the refueling process, as a function of the operating parameters,

within the safety limits imposed by SAE J2601/2 technical standard. The results show to
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Heavy-duty
Thermodynamic modeling

APRR
refuel the vehicle tank from half to full capacity with an Average Pressure Ramp Rate

(APRR) equal to 0.03 MPa/s are needed about 10 min. Furthermore, it is found that the

effect of varying the initial vehicle tank pressure is more significant than changing the

ambient temperature on the refueling performances. In conclusion, the analysis of the

effect of different APRR, from 0.03 to 0.1 MPa/s, indicate that is possible to safely reduce

the duration of half-to-full refueling by 62% increasing the APRR value from 0.03 to

0.08 MPa/s.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Hydrogen could play a vital role in tackling climate change

and become a protagonist in the global energy transition. The

reason for this is in its vast potential, as an energy carrier, to

connect multiple sectors of the energy matrix, contributing

deeply to their decarbonization [1].

Transport is a key sector for which hydrogen is gaining

attention, in particular for fueling fuel cell electric vehicles,

which are foreseen to become an integral part of the European

and national public and private vehicle fleets in the medium-

long term [2,3]. Indeed, due to the high energy density of the

hydrogen vector, fuel cell vehicles offer long driving ranges,

short refueling time, and together with the necessity of just

one daily refill, high operational flexibility [4]. For these rea-

sons, fuel cell electric vehicles provide a suitable comple-

mentary alternative to battery electric vehicles, which, on the

other hand, are more advantageous for urban and light-duty

applications due to both required charging infrastructure

and vehicle performance issues [2,5,6].

If, as is to be expected [7,8], there will be an evolution of the

hydrogen technology on a large scale in the next years, the

refueling performances will acquire great importance and

thus, the assurance of their understanding and improvement.

The SAE J2601 standard regulates the overall fueling process

and provides the performance requirements for gaseous

hydrogen stations for given operating conditions [9]. These

requirements ensure a customer-acceptable and safe refuel-

ing since, during the process, the fast fueling may cause gas

heating, which may lead to potential hazards.

Two physical phenomena are responsible for this behavior:

first, the heat of compression due to the increase of gas

pressure inside the tank occurring during the refueling. Sec-

ond, the reverse Joule-Thomson effect that occurs when

hydrogen is throttled since it is characterized by a negative

Joule-Thomson coefficient at the temperature and pressure

working conditions [10].

Therefore, being able to evaluate the temperature evolu-

tion in the tank correctly is of extreme importance. Previous

scientific studies focused on determining the temperature

distribution within a compressed gas cylinder during refuel-

ing, and zero-dimensionalmodels were developed to estimate

hydrogen storage systems' overall performance.
Amongst those who adopted this approach, Hosseini et al.

[11] dealt with the filling of hydrogen tanks from the

perspective of exergy destruction and exergy efficiency, in

Striednig et al. [12] ideal gas and real gas simulations are

compared, showing that the modeling of the real gas behavior

greatly influences the accuracy of the results. Xiao et al.

[13,14], applying a lumped parameter model, derived an

analytical solution of the temperature and pressure as a

function of time. The final formula can fit experimental data

and correlate the effects of the process parameters, such as

the initial and final masses, initial pressure, mass flow rate,

ambient temperature, on the final temperature. The same

approach was applied by Zhou et al. [15] to estimate the filling

time from different refueling parameters.

In other research, a detailed multi-dimensional heat

transfer analysis based on Computational Fluid Dynamics

(CFD) was carried out. The multi-dimensional CFD calcula-

tions can provide detailed information on the temperature,

density, and velocity field within the tank, but the computa-

tion requires a high effort level. For example, Dicken and

M�erida [16,17] investigated the temperature distribution in a

compressed gas cylinder during refueling. Their results, vali-

dated by a set of experimental data obtained placing 63 ther-

mocouples in a type III tank, showed a non-uniform

temperature distribution during the filling. In contrast, Monde

et al. [18e20] demonstrated that the hydrogen in the tank is

well stirred and, thus, the temperature can be considered to be

uniform. Zhao et al. [10] also performed CFD calculations on

temperature rise with good accordance between the numeri-

cal simulation and empirical tests. Similar studies have been

conducted by de Miguel et al. [21], Guo et al. [22], and Liu et al.

[23].

Two main studies analyzed the overall performance of a

hydrogen refueling station from a global system point of view.

Omdahl [24] developed a dynamic model implemented in

MATLAB that includes an electrolyzer, compressors, heat ex-

changers, storage systems, absorption refrigeration systems,

and controllers. In Rothuizen [25], a numerical library devel-

oped in Dymola programming environment is used for the

modeling of the components. The single-tank and cascade

fueling systems are analyzed and then compared from the

thermodynamics and energy consumption perspective. NREL

(National Renewable Energy Laboratory) studies led to the

development of several tools for the simulation of hydrogen
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Table 1 e SAE J2601/2 safety limits for the refueling of
heavy-duty hydrogen vehicles.

SAE J2601/2 Fueling Process Limits

Parameter Limit

Ambient temperature range �40 �Cd50 �C
Maximum gas temperature 85 �C
Maximum dispenser pressure 125% NWP

Maximum flow rate-normal filling 0.06 kg/s

Maximum flow rate-fast filling 0.12 kg/s
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fueling systems. Hydrogen Filling Simulation (H2FillS) is

designed to simulate a tank-to-tank refueling of light-duty

fuel cell electric vehicles [26]. In contrast, a comprehensive

study about the techno-economic feasibility for refueling a

fleet of hydrogen fuel cell vehicles was performed by the

Hydrogen Station Cost Optimization and Performance Evalu-

ation Model (H2SCOPE), developed by the H2A Analysis Group

in collaboration with Argonne National Laboratory [27]. More

site-specific techno-economic analyses can be found in liter-

ature by Monforti Ferrario et al. [28] and Genovese et al. [29].

In this context, this work presents a zero-dimensional

(lumped parameter) thermodynamic model that analyzes

the operational performances of the refueling of fuel cell

buses. The essence is the assumption that the temperature of

the solid is spatially uniform during the transient process [30].

The aim is to provide a description of the behavior of a

hydrogen refueling station during a passive tank-to-tank

refueling process from a tank storing high-pressure

hydrogen at a Nominal Working Pressure (NWP) of 500 bar

to a tank at lower pressure, whose NWP is 350 bar. The model

results are then compared with aggregate data from real-

world refueling stations that are involved in the EU

3Emotion Project. The impact of the variation of ambient

temperature, initial vehicle tank pressure, and Average Pres-

sure Ramp Rate (APRR) on the refueling behavior is analyzed

via parametric analysis, together with the determination of

the most suitable APRR at which the tank system can be filled

as fast as possible, within the constraints imposed.

According to the analyzed publications, the majority of the

efforts made so far have been focused on the numerical and

experimental investigation of the refueling process at small-

scale or laboratory scale applications applied to lightweight

vehicles application (below 10 kg of hydrogen dispensed, few

minutes refueling time, nominal vehicle tank pressure equal

to 700 bar). Whilst, a less in-depth investigation has been

addressed to refueling heavy-duty vehicles, such as buses or

freight vehicles (more than 10 kg refueled per vehicle, longer

refueling times between 10 and 20 min, nominal vehicle tank

pressure equal to 350 bar). This work is intended to address

this gap in the analyzed literature. Although the heavy-duty

vehicles 700 bar technology for trucks is gaining interest [31],

this paper focuses on the application for 350 bar fuel cell buses

with no pre-cooling.
Thermodynamic model of the refueling of
compressed hydrogen tanks

The zero-dimensional thermodynamic model is here pre-

sented based on mass and energy balance equations. It is

focused on predicting the gas temperature and pressure evo-

lutionwithin the vessels throughout thewhole duration of the

refueling, with particular regards to the temperature rise

within the vehicle vessels, being constrained by safety limits.

The whole refueling is simulated according to SAE TIR J2601/2

[32], which applies to gaseous hydrogen powered heavy-duty

vehicles. The performance and safety limits are recalled in

Table 1.
System overview and assumptions

The tanks at the station are assumed well-insulated with low

thermal conductivity of the liner and, hence, adiabatic

[11,12,15,16,33]. The pressure drops were disregarded since

their calculation was found not to affect the refueling opera-

tion (maximum pressure drop below 1% of NWP), and heat

transfer through the piping system is neglected [24]. Fig. 1

depicts a scheme of the analyzed system.

In both the storage tank and vehicle tank, as well as in the

tank walls is assumed that the gas temperature, pressure, and

density are uniform and stagnant condition prevails. As a

consequence, a lumped parameter approach is used to esti-

mate the overall performance of the system. For this hy-

pothesis to be accepted, the Biot number, Bi, defined by the

dimensionless quantity khd
l
, has to verify the condition Bi < 0.1

where, kh is the convection heat transfer coefficient, d is the

thickness of the material, and l is the thermal conductivity of

the material. The type III tanks studied (metallic linear)

showed a Bi ¼ 0.003, insofar the lumped system analysis is

applicable.

Both tanks’ pressures are dynamic, therefore the model is

able to handle and describe the hydrogen migration between

them. The refueling is governed by the APRR (MPa/s) that

defines the desired pressure linear ramp imposed in the

vehicle tank. The feed stream is a function of the tempera-

ture and pressure change, which is a significant improve-

ment with respect to other analyzed models that consider a

fixed inlet flow rate [11,13,15]. In conclusion, an external li-

brary named CoolProp [34] is adopted to calculate the ther-

modynamic properties of the gas at the given state

conditions.

General equationse mass and energy balances

For stationary applications, the kinetic and potential energies

are usually negligible over the enthalpy, heat, and work rates,

hence the first law of thermodynamics, or conservation of

energy principle, together with the conservation of mass

applied to an open control volume can be written in the form

(1) and (2) [11,13,16]:

dU
dt

¼ _Q þ _minhin � _mouthout (1)

dm
dt

¼ _min � _mout (2)

https://doi.org/10.1016/j.ijhydene.2021.02.224
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Fig. 1 e Schematic representation of the modeled hydrogen refueling station including the compressor, the high-pressure

storage system, the lamination valve, and the vehicle storage system also showing the tank walls.
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Where dU=dt is the change in internal energy, _Q is the rate

of heat transfer, _min and _mout, hin and hout are the hydrogen

mass flows and specific enthalpies entering and exiting the

control volume respectively, and dm=dt is the rate of accu-

mulation of mass in the control volume.

Real gas equation of state

Due to the high temperature and pressure of refueling a real

gas equation is required rather than the ideal gas law, there-

fore a compressibility factor Z must be introduced. In this

study, a virial equation of state [35] is used to define the factor

mentioned above:

Z¼ p v
RgasT

¼ð1þBpÞ (3)

where Rgas is the gas constant, equal to 4.124 kJ/kg K, and B is a

coefficient that depends on temperature according to the

relation, B ¼ B1=Tþ B2=T2 þ B3=T3.

As stated by the study of Chen et al. Eq. (3) can be truncated

at the first term [36] in the temperature range 173 Ke393 K.

The fitted value becomes B1 ¼ 1.9155 � 10�6 K/Pa, for which

the maximum relative errors introduced are 3.8% respect to

the National Institute of Standards and Technology (NIST)

data [37]. As a consequence, the real gas equation is as follows:

Z¼ p v
RgasT

¼
�
1þB1p

T

�
(4)

Comparable compressibility factor values were found by

the authors with the library CoolProp instead of utilizing the

analytical expression Eq. (4).

Heat transfer

The gas heating in the tank is moderated by the heat transfer

towards the tank walls and the ambient. In this work, the

internal heat transfer from gas to the tank wall is considered,

whereas the heat exchange from the exterior surface to the

surroundings is omitted. This assumption follows the state-

ments of Dicken and M�erida [17], Deymi-Dashtebayaz et al.

[38], and Simonovski et al. [39], demonstrating that there is no

great variation of the external surface temperature during

filling.

For the case of filling high-pressure vessels, there is not a

single standard methodology to calculate how the gas
exchanges heat with the tank walls and difficulties are faced

in the calculation of the convection heat transfer coefficient,

kh. Hence, its determination is calculated based on experi-

mental studies and is strongly dependent on geometry, the

orientation of the tanks, and the nature of the internal flow. A

general approach followed in numerous research [17,18] is to

apply a correlation based on dimensionless numbers such

that:

NuDint ¼Dint kh

lgas
¼ aRebdint þ cRad

Dint (5)

where NuDint is the Nusselt number, defined as the ratio of the

thermal energy convected to the fluid to the thermal energy

conducted within the fluid calculated over the internal tank

diameter, Dint. The parameters a, b, c and d are constants

whose value is determined upon experimental tests.

In this study, are applied explicit empirical relations of

cases with similar operating conditions. Accordingly to the

study of Bourgeois [40], for horizontal cylinders for which a

zero-dimensional is valid, the correlation for the Nusselt

number becomes (Eq. 6):

Nudint ¼ 0:14 Re0:67dint (6)

Therefore, the heat exchange is dominated by the forced

convection, which depends on the dimensionless Reynolds

number calculated at the inlet of the pressure vessel.

For the case of discharging high-pressure vessels, the

reference expression (Eq. (7)) is the correlation developed by

Daney [41]. This relation is appropriate for turbulent natural

convection in enclosures over the range of the Rayleigh

numbers 7 � 108<RaH<6 � 1011.

NuH ¼ 0:104 Ra0:352
H (7)

The characteristic length for this equation is the cylinder

height, H, since the high-pressure tanks in the station are

placed in a vertical position.
Description of components model

Compressor
The compressor, for which a quasi-static model based on an

isentropic compression transformation is applied, intervenes

after completing the refueling process to restore the station

https://doi.org/10.1016/j.ijhydene.2021.02.224
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Table 2 e Initial filling condition and vehicle tank and
storage tank specifications.

Input parameter

Ambient temperature, Tamb 15 �C
Average Pressure Ramp rate, APRR 0.03 MPa/s

Vehicle tank volume, VVT 4 � 0.322 m3

Vehicle tank initial pressure, p0,VT 17.5 MPa

Vehicle tank initial temperature, T0,VT 15 �C
Internal diameter of the injector, dint 0.012 m

Storage tank volume, VST 11 m3

Storage tank initial pressure, p0,ST 50 MPa

Vehicle tank initial temperature, T0,ST 15 �C
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storage nominal pressure. In this work, a two-stage recipro-

cating compressor with intercooling is modeled.

The equations that allow calculating the electrical

compression work and the thermodynamic cooling demand

are based on the following assumptions: steady-state condi-

tions ð _min � _mout ¼ 0Þ, adiabatic compression (Q ¼ 0), and no

pressure drops [24].

_W¼ _WST1 þ _WST2 ¼ _mðhout �hinÞhelhmech (8)

_QIC ¼ _mðhint2 �hint1Þ (9)

where hin is the specific enthalpy at the inlet conditions of the

compressor, hout is the specific enthalpy at the outlet, hint is the

specific enthalpy at the outlet of the first stage, hint2 is the

specific enthalpy at the inlet of the second stage. The

assumption of isentropic compression (i.e., sin ¼ sout) enables

the calculation of the unknown thermodynamic properties.

For a reciprocating compressor, the isentropic efficiency is

given by Eq. (10) [42]. This equation is valid for compression

ratios (rÞ between 1.1 and 5:

his ¼0:1091ðln rÞ3 �0:5247ðln rÞ2 þ 0; 8577 ln rþ 0:3727 (10)

Compressed hydrogen tanks
The analysis is based on the modeling presented by Xiao et al.

[14]. However, the assumption of constant charge or discharge

flow is substituted by variable flow, calculated upon the

thermodynamic state conditions in each timestep. Indeed, the

refueling process is governed by a defined pressure increase

given by the APRR (Eq. (11)).

dpVT

dt
¼APRR ¼ constant (11)

Considering the process of fueling a tank, therefore

analyzing a process with positive inflow, the solution of the

mass balance Eq. (2) assuming a constant mass flow at each

time, is:

m¼m0 þ _mt (12)

Combining the energy balance Eq. (1) with Eq. (12) and

expressing the rate of heat transfer between the gas and the

inner tank wall in terms of convective heat, we obtain:

ðm0 þ _mtÞdu
dt

þ _mu¼ _mhþ khAðTw �TÞ (13)

Defining the characteristic temperature T* (K) as:

T* ¼gTin þ aTw

1þ a
(14)

where g ¼ cp=cv is the heat capacity ratio, Tin the temperature

of the incoming flow, Tw the wall temperature, and a the

dimensionless heat transfer coefficient that represents the

ratio between the heat transfer intensity and the total heat

capacity change:

a¼ khA
_mcv

(15)

The equation that describes the evolution of the tempera-

ture of the gas in a tank simplifies to:
dT
dt

¼ð1þaÞT
* � T
t* þ t

(16)

Finally, with the initial conditions T ¼ T0 and equal to the

ambient temperature at t ¼ 0, the solution of the differential

equation can be found:

T¼ fgT0 þ
�
1� fg

�
T* (17)

fg ¼ ðm0=mÞð1þaÞ is the fraction of initial mass over total. The

same equations can also be applied for a discharging process,

changing the sign of the flow.

While in the storage vessel (much larger volumes imple-

mented), the gas temperature variation is mild for the vehicle

vessel (typically of smaller size), the effect of the tank walls

and its heating cannot be ignored. The energy balance

becomes:

dðmwcwTwÞ
dt

¼AinkhðT�TwÞ (18)

where mw and cw refer respectively to the mass of the tank

wall and the specific heat of the tankwall. Solving Eq. (18) with

the initial condition Tw ¼ Tw0 at t ¼ 0 (at the beginning of each

refueling the tanks are in thermal equilibrium with the

ambient) can be obtained an analytical expression of the

temperature rise in the tank walls.

Tw ¼ fwTw0 þ
�
1� fw

�
T (19)

Here, fw ¼ e�tw , and tw is a dimensionless time for the tank

walls.

Reduction valve
The pressure difference between the high-pressure storage

tank and the vehicle tank requires the adoption of a reduction

valve that regulates the pressure, so that at the outlet the

pressure is equal to the identified APRR. Since no work is

added and the expansion can be considered adiabatic, the

energy balance for a steady-state process describes an isen-

thalpic process, i.e. hin ¼ hout. The effect of hydrogen throt-

tlingdcalculated via the implementation of CoolProp

thermodynamic library known inlet and outlet pressures and

constant enthalpydis an increase in the temperature at the

outlet of the valve due to the reverse Joule-Thomson effect.

https://doi.org/10.1016/j.ijhydene.2021.02.224
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Model implementation

The thermodynamic model developed in this work has been

implemented in MATLAB, and an iterative algorithm has been

developed to predict the evolution of the refueling parameters

within the components throughout the whole refueling

duration.

A parametric variation is successfully implemented to the

previous algorithm to analyze the effect of different initial

temperature, initial pressure, and APRR values on the refuel-

ing behavior.

Algorithms description
The initial filling conditions and the geometric tank charac-

teristics used in the model are shown in Table 2; the initial

conditions are also calibrated in accordance with the real

operational parameters of the hydrogen refueling stations

(HRS), which are discussed in the following section. The entire

refueling is modeled through an iterative procedure in which

the initial conditions are determined based on the tanks’

initial condition and the thermodynamics at each step are

found using the state conditions of the preceding iteration.

The setting of the APRR allows the determination of the

pressure increase in the vehicle tanks, while the temperature

and mass evolution can be found via the real gas equation Eq.

(4) and Eq. (17). Due to the mass conservation equation Eq. (2),

the inlet and outletmass flow from each vessel can be derived,

which corresponds to a variation of the pressure and tem-

perature respect their initial condition. To resolve the system

of equations in each timestep, theMATLAB function fsolvewas

used. The simulation stop criterion corresponds to achieving

the full tank capacity, namely reaching 100% state of charge

(SOC) of the vehicle.

For the parametric variation, the APRR is not fixed, but the

code runs for a range of values (0.03e0.1 MPa/s) and stops

when the specified amount of hydrogen to be dispensed is

reached or once any of the fueling parameter safety limits

have been exceeded. This enables to perform a parametric

study on the most suitable ramp rate that enables the refu-

eling in the shortest time possible.
3Emotion case study: station characteristics and
operational performances

This section presents the operational data [43] for London and

Rotterdam HRS sites within the 3Emotion Project, which have

been reported via monthly data log files by the site operators

and have been collected and successively analyzed by the

authors. A summary of the main HRS characteristics of the

investigated sites is illustrated in Table 3.
Table 3 e 3Emotion sites description summary table.

Site Hydrogen
source

Capacity
[kg/day]

Storage Capa
[kg]

London (UK) Trucked-in 400 1250

Rotterdam (NL) Pipeline 200 250
The analyzed data event covers 18 months of operation

(January 2018eJune 2019) in terms of hydrogen amount refu-

eled (total & by bus), refueling events (time and number),

hydrogen dispensed per refueling, refueling duration, daily

average resampling, average mass flow rate during refueling.

More specific details can be found in the publicly available

document [43]. The analysis results can be used both to cali-

brate the initial conditions and boundary conditions of the

model and obtain a high-level aggregate validation of the

simulated quantities obtained by the proposed thermody-

namic model, showing that the SAE J2601/2 restrictions are

not overcome in the transitory of the refueling.

Table 4 summarizes the main numerical results: 57.87

tonsH2 were dispensed during the analyzed period for over

4128 refueling events. The Rotterdam HRS accounts for just

over 15% of the total H2 amount dispensed and refueling

events due to the smaller fleet respect to the London site (2

buses vs. 10 buses, respectively). However, the results are

balanced in specific terms (hydrogen dispensed by bus and

refueling events by bus). With regards to the refueling

duration of London buses, the most frequent value (ob-

tained by probability density function analysis with 80%

occurrence over the whole sample) is around 9e10 min,

which is in line with the project target of 10e12 min; such

quantitative analysis could not be performed for the Rot-

terdam site since the refueling duration is not monitored by

the HRS, although a qualitative indication from the site

operator has been provided, reporting refueling durations

around 12e25 min. The most frequent mass refueled for

each refueling (55e60% occurrence) is around 15 kgH2/refu-

eling, resulting in equal to around half tank refueling; Fig. 2-

a reports the trend of average H2 dispensed by refueling for

the two stations over the analyzed period. Fig. 2-b maps the

refueling quantity with respect to the refueling duration,

showing hotspots for values around 10 min and 15 kgH2.

Moreover, the hydrogen refueling average flow rate (calcu-

lated as dispensed amount divided by total refueling dura-

tion) is between 0.027 and 0.03 kg/s, which is compatible

with the limitations of the SAE J2601/2 maximum value of

0.06 kg/s.
Results and discussion

Vehicle tank refueling process simulation applied to
3Emotion Project

In order to simulate realistic conditions, the model boundary

and operating parameters are calibrated according to

3Emotion operation data and relevant literature (Table 2). In

particular, an initial tank pressure equal to 17.5 MPa (which
city Storage Pressure
[bar]

Bus fleet
[#]

Gas pressure
[bar]

350/500 10 350

495/900 6 350/700
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Table 4eTotal (left) and average per bus specific (right) data of dispensedmass and number of refueling events by semester
(first semester ¼ H1; second semester ¼ H2) and by site (Rotterdam and London). For Rotterdam only the two buses
operated by RET are analyzed.

H2 dispensed
(kg)

London Rotterdam
(RET)

Total Specific H2

dispensed (kg/
bus)

London Rotterdam
(RET)

H1 2018 17,017.39 2380.88 19,398.27 H1 2018 1701.74 1190.44

H2 2018 15,831.27 3616.93 19,448.20 H2 2018 1583.13 1808.46

H1 2019 16,085.44 2947.32 19,032.76 H1 2019 1608.54 1473.66

Total 48,934.00 8945.13 57,879.23 Total 4893.40 4472.56

Refueling
events (#)

London Rotterdam
(RET)

Total Specific refueling
events (#/bus)

London Rotterdam
(RET)

H1 2018 1188 180 1368 H1 2018 118.8 90

H2 2018 1121 302 1423 H2 2018 112.1 151

H1 2019 1116 221 1337 H1 2019 111.6 110.5

Total 3425 703 4128 Total 342.5 351.5
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corresponds to a SOC of 54%) is assumed by considering that

the buses are refueled by 16 kgH2 (most frequent value ac-

cording to the analysis of the operational data) up to full tank.

This means that the buses always reach full tank capacity
Fig. 2 e (a) London vs. Rotterdam, monthly average hydrogen d

duration (min) map.
during refueling and consume around half tank during service

operations, which corresponds to the qualitative information

provided by the site bus operators (driving on the upper half of

the tank is more likely than driving on the lower half of the
ispensed by refueling (kg); (b) refueled amount (kg) vs.

https://doi.org/10.1016/j.ijhydene.2021.02.224
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Fig. 3 e Thermodynamics of hydrogen refueling process

over time: pressure (a), mass flow rate (b), and temperature

(c) profiles. T0 ¼ 15 �C, S0C0 ¼ 54%, APRR ¼ 0.03 MPa/s.

Table 5 e Comparison between the real operative data of
the London station and the results from the model.

Average data 3Emotion - London Model

Refueling time 9.13 min 10.5 min

Mass flow rate 0.03 kg/s 0.02 kg/s

Mass refueled 13.03 kg 14 kg

Fig. 4 e Heat transfer coefficient profile obtained from the

model.
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tank, reducing the risk of intra-day unavailability). The stor-

age pressure is equal to the nominal pressure, 50 MPa,

assuming that the compressor has fully restored the storage

after the preceding refueling event. The ambient temperature

for both storage systemsdas a first assumptiondis consid-

ered equal to 15 �C.
The simulation overall results in terms of refueling dura-

tion and average mass flow are compared to the available

operational data to counter-check the model validity, while
the pressure, temperature, and instantaneous mass flow rate

dynamic trends are checked to ensure that the SAE J2601/2

limits are not exceeded.

Fig. 3-a shows the gas pressure variation in the two sys-

tems. The pressure out of the storage tank decreases due to

mass leaving exiting the tank. In contrast, the pressure in-

creases linearly in the vehicle tank at a rate established by the

APRR. At the end of the refueling, a target pressure of

36.52 MPa is reached. The refueling time, 633 s (equal to

10.5 min), to reach the target pressure is by all means com-

parable with the 3Emotion most frequent data.

Fig. 3-b shows the mass flow rate of hydrogen during the

charging process. The mass flow is induced by the pressure

difference between the two storages and is affected by the

state conditions of the gas during the refueling process. Thus

it grows in the first part of the refueling, then after a peak of

0.021 kg/s, decreases steadily. In this case, the maximum flow

rate imposed by the standard for a normal filling (0.06 kg/s) is

never exceeded, and the result is comparable with the average

flow rate data collected from the 3Emotion stations' data log-

gers. A comparison between the real aggregated data form the

3Emotion London station and themodel results are illustrated

in Table 5.

Fig. 3-c shows the gas temperature evolution in the storage

tank, the vehicle tank, and the reduction valve outlet. From

the HRS point of view, the gas temperature in the storage tank

decreases due to expansion as mass is exiting, although the

effect is not very marked due to the larger storage volume of

the HRS with respect to the vehicle one. Across the reduction

valve, the gas temperature increases caused by the reverse

https://doi.org/10.1016/j.ijhydene.2021.02.224
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Joule-Thomson effect, moreover, the temperature at the

outlet decreases with the evolution of the refueling as a result

of decreasing pressure difference between the storages.

Lastly, the gas temperature into the vehicle tank increases

rapidly at the beginning of the refueling when the system

mass flow rate is higher, first leading to a more considerable

temperature rise due to compression then flattening to a

plateau. The total temperature increment at the end of the

refueling is 23.3 �C. The gas temperature in the vehicle tank

never reaches the maximum gas temperature limit (358 K) set

by the SAE J2601/2.

The overall trends of pressure, mass flow rate, and tem-

perature profiles throughout the tank-to-tank refueling are

aligned to what was reported by Rothuizen [25] for 700 bar

refueling.

Heat transfer coefficient evolution
In Fig. 4, the heat transfer coefficient between the gas and tank

wall is plotted throughout a fill process resulting from the

application of what discussed in section ‘Heat transfer’.

In comparison to what has been predicted in literature

[13,17], the convection coefficient increases rapidly within the

first seconds, with values up to 100-W/m2 K, and then declines

progressively. Indeed, its evolution is strongly related to the

rate of mass flow entering the tank: the greater the mass flow

rate, the greater is the increase in the coefficient in conse-

quence of higher turbulence at the inlet of the cylinder, that is

the cause of the heat exchange. To verify the validity of the

heat transfer model, the algorithm has been tested with the

data from the study of Bourgeois et al. [40] and the results

compared. The curve obtained from themodel resembles well

the behavior observed by Bourgeois.

Gas heating: heat of compression and reverse Joule-Thomson
effect
The increase of gas temperature during the process is due to

the superposition of the Joule-Thomson effect across the

valve and the heat of compression occurring inside the tank.

In their study Dicken and M�erida [16] affirm that the latter

phenomenon is more significant than the heat generated by
Fig. 5 e Contributions of the two phenomena, the Joule-

Thomson effect, and the heat of compression, that cause

the gas heating during the refueling.
the Joule-Thomson effect. In fact, the analysis of the heat

exchanged by the gas during the refueling simulated in this

work leads to the same conclusions, as showed in Fig. 5.

Indeed, 59% of the total exchanged heat is due to the gas

compression, while the remaining 41% is due to reverse Joule-

Thompson effect. Furthermore, Fig. 5 highlights that the pre-

dominance of the heat of compression is exchanged in the

initial refueling phase (0e300 s) as more mass enters the

vehicle tank corresponding to the greatest increase in the gas

temperature.

Storage tank compression process simulation

Once the vehicle has been refueled, the HRS storage pressure

has decreased due to the exited mass. The restoration of the

HRS storage is simulated via the implementation of a

displacement compressor, which feeds compressed H2 to the

HRS storage. Due to the greater volume capacity the thermo-

dynamic conditions at the station storage do not change

significantly. Simulating the refilling of the storage from the

initial state, i.e., 48 MPa and 15 �C, back to its nominal con-

ditions (50 MPa), the station takes 1648 s (around 30 min). The

refilling time speed strictly depends on the compressor

throughput, which is considered constant and equal to

0.0062 kg/s.

The compressor work, calculated as expressed in Eq. (8),

increases as the filling advances due to higher pressure ratios

in the second stage as the tank pressure reaches the nominal

value. Instead, the compressor cooling demand is constant ed

equal to 15 kW. The reason is that the operating temperatures

of the intercooler are fixed, and themass flow suctioned by the

compressor is also constant.

Variation of ambient temperature

The effects of ambient temperature on the temperature dis-

tributionwithin the vehicle tank and the SOC are investigated.

The initial pressure is 17.5 MPa, the APRR set to 0.03 MPa/s,

while the ambient temperature is varied between 15 and 30 �C.
The results are summarized in Table 6.

It can be seen that the temperature profiles (Fig. 6) are

almost parallel. Indeed, the temperature difference DT be-

tween the beginning and the end of the refueling process is

approximately the same (between 23 and 24 �C). Furthermore,

the higher is the ambient temperature, the greater is the peak.
Table 6 e Effect of the ambient temperature over final
vehicle tank temperature and SOC, and filling time. Initial
pressure set at 17.5 MPa.

Tamb

[�C]
Filling time

[s]
SOC
[%]

Final TVT

[K]
DmVT

[kg]
DT
[�C]

15 633 100 311.1 12.79 23.08

20 633 100 316.4 12.65 23.38

25 633 100 321.7 12.51 23.68

30 633 100 327.0 12.37 23.97
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Fig. 6 e Gas temperature profile at different ambient

temperatures between 15 and 30 �C. APRR ¼ 0.03 MPa/s,

p0 ¼ 17.5 MPa.

Fig. 7 e Gas temperature profile at different initial tank

pressure between 2 and 30 MPa. APRR ¼ 0.03 MPa/s,

T0 ¼ 15 �C.

Fig. 8 e Refueling time versus APRR. T0 ¼ 15 �C,
p0 ¼ 17.5 MPa.
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This is due to amore significant initial heating of the tank that

leads to higher gas temperatures.

Such effects should be carefully considered in operational

phase since previous fuel cell bus demo projects highlighted a

seasonal performance trend related to ambient temperature.

Consequently, HRSs are subject to an increased H2 require-

ment during winter, especially those located in colder regions

[44].
Table 7e Effect of the initial pressure over final vehicle tank tem
15 �C.

Initial PVT [MPa] Filling time [s] Initial SOC [%] Fi

2 1151 5

10 885 27

20 548 51

30 192 72
Variation of the initial vehicle tank pressure

In a similar fashion the initial pressure was varied between

2 MPa and 30 MPa while the ambient temperature is fixed at

15 �C. Fig. 7 shows that with decreasing initial pressure the

maximum gas temperature in the vehicle tank increases.

Indeed, the refueling from 2 MPa to the target pressure results

in a more significant increase in temperature (up to 312 K),

whereas with an initial pressure equal to 30 MPa, the increase

is smaller (up to 300 K).

Therefore, filling with a lower initial pressure yields to a

higher overall temperature increment due to refueling time

and greater mass filled in the tank (Table 7). Furthermore, a

higher initial tank pressure value enhances the achievement

of a full tank refueling (SOC equal to 100%), reducing the

refueling time and the overall DSOC.

A parametric variation over the storage tank initial pres-

sure between 50MPa and 40MPawas found to be negligible on

the refueling of the vehicle tank (final gas temperature dif-

ference below 1%), except when the storage pressure is less

than the vehicle NWP, and therefore the SOC equal to 100%

cannot be reached.
Variation of the APRR

Finally, the influence of different APRRs is analyzed. The

APRR is varied between 0.03 MPa/s to 0.1 MPa/s with an
perature, SOC, and filling time. Ambient temperature set at

nal SOC [%] Final TVT [K] DmVT [kg] DSOC [%]

100 312.0 27.74 95

100 311.7 19.66 73

100 310.3 10.63 49

100 299.5 2.63 28
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Fig. 9 e Mass flow rate profile overtime at different APRR between 0.03 and 0.1 MPa/s also showing the maximum flow rate

allowed. Simulation up to full tank capacity. T0 ¼ 15 �C, p0 ¼ 17.5 MPa.

Fig. 10 e Gas temperature profile overtime at different APRR between 0.03 and 0.1 MPa/s. Simulation up to full tank capacity.

T0 ¼ 15 �C, p0 ¼ 17.5 MPa.
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increment of 0.01 MPa/s, while the selected initial condi-

tions are 15 �C and 17.5 MPa. The aim of the parametric

analysis is to determine which of those APRRs allow to

refuel the vehicle in the shortest time possible while

maintaining compliance with the SAE J2601/2 guidelines.

Fig. 8 shows the relation between the refueling time and

APRR.

As expected, the higher the APRR, the lower the refueling

time, although this correlation is not linear. The
APRR ¼ 0.08 MPa/s is the highest value that completes the

filling without exceeding the safety limits imposed by the

SAE J2601/2, as showed in Fig. 9. For this case, the refueling

duration is 243 s, which corresponds to a time reduction of

about 62%. Finally, temperature profiles under different

APRR values are presented in Fig. 10. For each specified

APRR, the gas temperature increases and then flattens, but

the greater the APRR, the higher the peak that is reached in

a shorter time.
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Conclusions

This work provides a thermodynamic analysis of hydrogen

refueling stations to fill heavy-duty vehicles. This analysis

allow to conclude that:

� The model results are compared with the aggregated data

from the 3Emotion Project and with the heat transfer co-

efficient profile obtained by Bourgeois to demonstrate the

correctness of the model.

� Filling the vehicle tankwith anAPRR¼ 0.03MPa/s present a

suitable condition in which the pressure, temperature, and

density limits given by the SAE J2601/2 are never exceeded.

The gas heating in the tank follows a non-linear shape and

starting from an ambient temperature of 288 K and an

initial pressure of 17.5 MPa, that corresponds to half tank

capacity, at the end of the refueling the gas temperature

reaches 313.3 K and a target pressure of 36.52 MPa after

633 s.

� The correlation proposed by Bourgeois for modeling the

heat transfer in horizontal cylinders filled with high-

pressure gas applies well to the case under investigation.

This is confirmed by the comparable behavior of the heat

transfer coefficient profile calculated in the study and the

one obtained from the algorithm tested with the literature

data.

� Varying the ambient temperature up to 30 �C increases the

final maximum gas temperature in the vehicle tank of 5%.

Decreasing the initial vehicle tank pressure down to 2 MPa

has a similar effect in terms of final gas temperature in the

vehicle tank. Whereas, for greater initial pressures up to

30 MPa, the refueling time, and the DSOC considerably

decrease e up to 192 s and 28% respectively e due to the

lower dispensed mass.

� The filling time and the refueling speed are non-linearly

correlated: the lower the first, the higher the second, and

hence the APRR that the station should set. For anAPRR that

is 0.08 MPa/s, the refueling time can be reduced to 243 s,

achieving a 62% decrease of the most frequent refueling

time obtained from the real operational data, which is equal

to 633 s.

� For the analyzed case, the maximum allowable APRR is

found to be equal to 0.08 MPa/s. Greater APRR values are

not acceptable due to the overcoming of the maximum

instantaneous flow rate limit imposed by the SAE J2601/2;

in contrast, the gas temperatures in the vehicle tanks do

not represent hazardous conditions for any of the analyzed

simulations.

The present work can be considered a preliminary study

for this type of application. Future work will focus on per-

forming an extensive validation of the model via point-by-

point experimental data and extending the modeling of the

HRS from a system perspective also considering the produc-

tion section of the station, increasing the detail in the storage

section (cascading multi-pressure systems) or analyzing the
interaction with a vehicle fleet (multiple refuelings, refueling

scheduling, etc.) rather than a single refueling event.
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Nomenclature

A Internal surface area of tank, m2

B Second virial coefficient, m3/mol

Bi Biot number

cp Constant-pressure specific heat, kJ/kg/K

cv Constant-volume specific heat, kJ/kg/K

cw Specific heat of tank wall, kJ/kg/K

d Internal diameter of the injector, m

D Internal diameter of the pressure vessel, m

fg Fraction of initial mass over total mass, fg ¼ m0/m

h Specific enthalpy of hydrogen, kJ/kg

k Heat transfer coefficient at inner surface, kW/m2/K

m Hydrogen mass in tank, kg

m0 Initial mass in tank, kg
_m Hydrogen mass flow rate, kg/s

mw Mass of tank wall, kg

Nu Nusselt number

p Pressure of hydrogen, MPa
_Q Heat transfer rate, kW

r Compression ratio

Ra Rayleigh number

Re Reynolds number

Rgas Gas constant, Rgas ¼ 4.124 � 10�3 kJ/K/mol

s Specific entropy, KJ/kg/K

t Time variable, s

t* Characteristic time, t* ¼ m0/ _m, s

T Temperature of hydrogen, K

T* Characteristic temperature, T*¼(ɣTinþaTw)/(1þa), K

U Internal energy, kJ

u Specific internal energy, kJ/kg

V Tank volume, m3

v Specific volume, kg/m3

_W Work rate, kW

Z Compressibility factor

Greek symbols

a Dimensionless heat transfer coefficient, a ¼ khA/

(cv _m)
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ɣ Ratio of specific heats, ɣ ¼ cp/cv
d Thickness, m

Efficiency

l Thermal conductivity, W/m/K

t Dimensionless time, t/t*

Acronyms

APRR Average Pressure Ramp Rate

CFD Computational Fluid Dynamics

HRS Hydrogen refueling station

NREL National Renewable Energy Laboratory

NWP Nominal Working Pressure

SAE Society of Automotive Engineers

SOC State of charge

Subscripts

o Initial

amb Ambient

el Electrical

h Convective

H Height

H2 Hydrogen

in Inlet

int Internal

is Isentropic

IC Intercooling

mech Mechanical

out Outlet

RV Reduction valve

ST Storage tank

ST1 First stage

ST2 Second stage

VT Vehicle tank

w wall
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