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Abstract

Hydrogen is an energy source that is expected to play a major role in energy transition policies that replace fossil fuels. Cur-
rently, the main demand for hydrogen is the transportation sector. As the number of fuel cell electric vehicles increases, it
has become essential to develop a hydrogen refueling protocol which is a method of safely filling hydrogen associated with
hydrogen refueling stations. Hydrogen refueling protocols are proposed to be developed based on thermodynamic models
and verified through experimental studies. Developing a simulation model requires thermodynamic analysis of the hydrogen
filling process, but such research has not been conducted. In this study, thermodynamic phenomena are analyzed, which take
place during the high-pressure hydrogen refueling process using a generic correlation equation with different coefficients
corresponding to various thermodynamic properties. By quantitatively analyzing the Joule-Thompson effect which occurs
when hydrogen is supplied to an on-board tank, the degree of temperature rise is estimated depending on the hydrogen
refueling station operation method. The quantitative contribution of kinetic energy is also analyzed. The kinetic energy is
often ignored in a governing equation of thermodynamic models expressed as an energy balance but it is revealed that the
term cannot be ignored in high-flow filling process. Inaccuracy which arises when stagnation enthalpy is used instead of
static enthalpy in a thermodynamic model is also reviewed, providing a basis for developing a new thermodynamic model.

Keywords Hydrogen refueling process - Thermodynamic model - Joule-Thompson effect - Kinetic energy contribution -
Stagnation enthalpy

Introduction

The world has utilized a diverse range of energy sources
that can be either directly harvested from nature (primary
energy) or produced by conversion of primary energy
resources (secondary energy). Currently, fossil fuels such
as coal, petroleum, and natural gas are the dominant pri-
mary energy sources in the world. However, the fossil fuels
are finite resources and their supply is inevitably limited
[1]. Therefore, it is quite difficult to sustainably continue
to use the fossil fuels while maintaining or increasing the
current energy consumption rate. Moreover, the use of the
fossil fuels can have a negative impact on the environment
because the burning of the fossil fuels releases greenhouse
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gases into the atmosphere, which trap heat and cause global
warming. As the dependence on fossil fuels decreases due
to their decreasing availability and increasing environmental
concerns, the world will become more reliant on alternative
energy sources.

Hydrogen is a promising energy carrier with more sus-
tainable feature than traditional energy sources because it
has the potential to be produced, stored, and transported in
a clean and efficient way. It can be directly used as a fuel
for gas turbine power plants or converted into electricity by
well-established devices such as fuel cells. One of the main
reasons why hydrogen is attracting attention is that it is a
complementary energy carrier for electricity. Hydrogen can
be used to balance a power grid and provide flexibility when
there is excess or insufficient electricity generation. The con-
cept of a hydrogen economy where hydrogen and electricity
are used as complementary secondary energy carriers has
been contemplated for many decades [2-5].

Recently, the policy of energy transition becomes critical
issue around the globe [6, 7]. The main drivers of the policy
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are the need to reduce the emission of the greenhouse gases
and the increasing cost of the fossil fuels. Hydrogen technol-
ogy with sustainability and environmental friendliness has
been recognized to be the most promising choice for real-
izing the energy transition [8]. One of the key elements of
energy transition is to electrify transportation which means
switching from gasoline and diesel vehicles to battery and
fuel cell electric vehicles (FCEVs) [9, 10].

Transport is acknowledged as a challenging sector
to decarbonize because the transportation sector mostly
depends on the fossil fuels for its service and accounts for
17% of global CO, emissions by using about 18% of primary
energy consumption [11]. Therefore, FCEV is recognized as
one of the most important technologies to accomplish decar-
bonization in the transport sector under the energy transi-
tion policy [12, 13]. FCEVs generally present better fuel
economy than internal combustion engine vehicles (ICEVs)
burning gasoline or diesel. Light FCEVs can provide a driv-
ing range of up to 500 km consuming about 5 kg of hydro-
gen [14]. In addition, hydrogen can be readily refueled into
FCEVs as quickly as gasoline or diesel into ICEVs. The
advantages of using hydrogen and FCEVs make it particu-
larly suitable for replacing ICEVs in long distance driving
or heavy weight delivering [15, 16].

Republic of Korea (ROK) is one of the leading countries
in hydrogen. The government of ROK decided to investi-
gate hydrogen industry and announced its own Hydrogen
Economy Roadmap in 2019 addressing its targets to 2040
[17]. The plan was promoted with the aim of improving
energy security by reducing the amount of energy imported
from foreign countries under economic and environmental
considerations. The action plans of the roadmap primarily
concern the transportation section mainly focused on FCEVs
and hydrogen refueling infrastructures [18, 19]. ROK plans
to increase FCEVs production to 100,000 units by 2025,
with 40,000 units for export. The roadmap also contains the
strategy for expanding domestic hydrogen refueling stations
(HRSs) up to 1200 by 2040 [17].

The main purpose of HRSs is to refuel FCEVs safely
and rapidly [20]. The performance of HRSs is governed by
hydrogen refueling protocol which is temporal procedures
that control the filling rate [21]. Currently, most of FCEVs
store hydrogen in the form of highly compressed gas. The
hydrogen filling rate must be controlled for safe use of the
hydrogen storage tank since the process of compressing the
gaseous hydrogen at high pressure is accompanied by an
increase in temperature. SAE (Society of Automotive Engi-
neers) J2601 is recognized as an international standard pro-
tocol for light duty vehicles [22]. However, the application
of the protocol is limited by a mass flow rate, a tank stor-
age capacity, a precooling capability, and so on. Therefore,
innovative hydrogen refueling protocol has been developed
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and proposed to improve the utilization of HRSs based on
thermodynamic models [23, 24].

Hydrogen refueling protocols should provide guidelines
for a hydrogen filling process in various situations. The tem-
perature rise which occurs during the process of hydrogen
refueling depends on the type of storage tank, the mass flow
rate, the ambient temperature, and the initial pressure and
temperature of hydrogen in on-board tank, the temperature
of the hydrogen dispensed from HRS, and the ambient tem-
perature. Therefore, hydrogen refueling protocols are devel-
oped based on thermodynamic models which can reflect
these sophisticated phenomena.

Apart from the development of hydrogen refueling proto-
cols, thermodynamic models have been also used to analyze
and predict temperature and pressure changes of hydrogen in
on-board tanks during rapid filling process. The efforts for
analyzing thermodynamics of refueling to FCEVs have been
focused on light-duty vehicles of which storage capacity are
usually less than 10 kg of hydrogen [25, 26]. A simple ther-
modynamic model for refueling FCEV with capacity of 7 kg
hydrogen was developed by Rothuizen et al. [27] by ignoring
the thermal mass between HRS and vehicle on-board tank.

Recently, 3D computational fluid dynamic (CFD) models
[28-31] have been examined and the temperature distribu-
tion inside the on-board tank has been assessed with respect
to the filling conditions. Highly advanced computational
methods such as machine learning [32] and artificial neural
networks [33] have also been applied to hydrogen refueling
models for predicting the temperature and the pressure of
hydrogen. However, thermodynamic models which associ-
ated with fluid dynamics and thermal interactions are still
being developed on a theoretical basis that reflects physi-
cal phenomena and used as a method to simulate hydrogen
refueling process [34-37].

Most of thermodynamic models [38—41] have been pro-
posed by coupling an energy balance for gas inside on-board
tank with heat transfer equations through the wall of the
tank. The thermodynamic behavior of hydrogen occurring
during the filling process is related to the energy balance
equation. In practice, the approach to developing a thermo-
dynamic model is to establish a generalized energy balance
equation and then simplify the equation by reflecting the
filling process and characteristics of hydrogen. Therefore,
it is necessary to analyze the thermodynamic behavior of
hydrogen and simplify the equation accordingly.

In this context, the present work addresses comprehen-
sive analysis on thermodynamic properties of hydrogen for
the development of zero-dimensional (lumped parameter)
thermodynamic models describing a refueling process. The
essence is to provide the theoretical background for under-
standing the process and to determine the conditions under
which assumptions can be applied.
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The Joule-Thomson (JT) effect, which can explain tem-
perature changes due to pressure drop during the refueling
process, is quantitatively analyzed with options of a hydro-
gen refueling station. Then, the influence of kinetic energy,
which is ignored in most thermodynamic models [42—44]
but some authors [45—47] included the term in an energy
balance, is analyzed and it was shown that the contribution
of kinetic energy cannot be ignored under high flow condi-
tions. The difference in temperature rises that occur when
stagnation enthalpy rather than static enthalpy is used in
thermodynamic models is also studied with various mass
flow rate.

Hydrogen Refueling Process and Hydrogen
Properties

Currently, most of commercial FCEVs adopt a compressed
hydrogen storage system (CHSS) composed of on-board
tanks, pressure relief devices and shut off devices. During
refueling, hydrogen flows from a high-pressure tank at a
HRS into the vehicle tank only based on pressure difference.
A typical connection for filling hydrogen is represented in
Fig. 1. Schematically, a representative HRS consists of a
hydrogen storage system, a pressure reduction valve, and
a pre-cooler [48, 49]. The hydrogen storage system can be
set up by two types: (a) buffer system or (b) cascade system
[50-52]. In general, three storage tanks at different pressure
level are used in the cascade system while a single tank at
high pressure is required in the buffer system.

1
i High pressure (HP) i
! storage tank !
1

Hydrogen

The desired pressure and temperature of the dispensed
hydrogen are controlled by the pressure reduction valve and
the pre-cooler, respectively. The hydrogen is cooled down
before being introduced into a vehicle to prevent the on-board
tanks from overheating beyond a safety limit temperature.

Hydrogen which has been stagnant in the storage tank of a
HRS flows and undergoes temperature and pressure changes
during the refueling process and is ultimately stored in a
stagnant state in the on-board tanks of a vehicle. The thermo-
physical properties of hydrogen must be accurately estimated
to analyze the thermodynamic phenomena taken place during
the process. Recently, a universal equation in a polynomial
form has been proposed with coefficients determined by a
machine learning method [53] using reference data from NIST
(National Institute of Standards and Technology) Chemistry
Webbook [54]. Various hydrogen properties such as density,
internal energy, enthalpy were accurately reproduced within
the temperature and pressure range targeted for simulations of
the refueling process. The average and maximum relative error
deviated from the reference data are below 0.3% and 2.5%,
respectively, for thermo-physical properties except for entropy.

The following polynomial equation is applied to correlate
property Y with two different thermodynamic properties of
X; and X, [53].

N N-i

r=Y Y aXix] (1)

i=0 j=0

where N is the order of the polynomial Eqgs. (2-5) and a;
is a coefficient of the product of the i™ power of X, and the
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Fig.1 Schematic description of typical connection for hydrogen filling into FCEV: a buffer system and b cascade system
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7™ power of X,. In this work, the 5th order equation (N=35)
is used to correlate the thermodynamic property of Y with
respect to temperature 7 (=X;) and pressure P (=X,). Differ-
ent values of a;; are used depending on the thermodynamic
property to be estimated, and the values of the coefficients
are summarized in Table 1.

Process Analysis from Thermodynamic
Perspective and Discussion

Energy Balance

The main purpose of developing a thermodynamic model for
the hydrogen refueling process is to predict the temperature
and pressure changes in the on-board tank during the filling
process. The temperature as well as the pressure increases
due to the accumulation of mass and energy accompanied
by a hydrogen inflow.

Usually, a hydrogen storage tank has only one inlet and,
thus, a material balance is relatively simple, but an energy
balance is expressed somewhat complexly because there are
many things to consider. The energy balance for the on-
board tank with a single inlet is expressed as Eq. (2) which
neglects a viscous work associated with a fluid flow.

Table 1 Coefficients of Eq. (1) for property Y with 7 [K] and P [MPa]

2

dU  d(mu . Vi
_=(—)=Q+min hin+7n+gzin (2)

dt dt

The energy of the hydrogen is accumulated in the form
of the total internal energy U (=mu) because the hydrogen
is stored in a stagnant state. Enthalpy &, kinetic energy v? /2,
and potential energy gz are associated with specific energy of
the hydrogen inflow. The heat-rate term Q is also included to
consider a thermal interaction of the hydrogen stored tank with
the environment.

Joule-Thomson (JT) Effect

The Joule-Thomson (JT) effect describes the temperature
change of a real gas when it is forced to flow through a valve or
a porous plug without exchanging heat with the environment.
The pressure of the fluid is decreased passing through the
valve or the porous plug under the isenthalpic process while
maintaining kinetic energy. Therefore, a Joule-Thomson (JT)
coefficient defined as the isenthalpic change in temperature of
the fluid due to pressure drop is given as

wi=(55), )

Thermodynamic property (Y)

JT coefficient (u;r)  Enthalpy (%) [kJ/mol]

Internal Energy () [kJ/mol]

Density (p) [mol/L] Heat capacity (cp) [J/mol K]

[K/MPa]
ag 2.14875E+00 4.66229E- 01 6.33535E-01
a -2.02751E-02 1.64538E- 02 6.17436E- 03
ay, 6.68982E- 05 5.33749E- 05 6.19640E- 05
ay, — 1.14061E- 07 —1.18416E- 07 —1.35044E- 07
ay 9.37501E- 11 1.42185E- 10 1.54270E- 10
as —2.71780E- 14 —7.46273E- 14 - 7.47212E- 14
ay; —9.63684E- 02 —2.85295E- 02 —3.39284E- 02
ap 6.77728E- 04 1.92851E- 04 1.64904E- 04
ay — 1.84939E- 06 - 2.19611E-07 —2.87898E- 07
as 2.28067E- 09 —1.34257E- 10 1.39510E- 10
ay —1.03651E- 12 2.98774E- 13 7.52154E- 14
agy, 1.08612E- 03 7.17895E- 04 3.94198E- 04
ap - 6.36081E- 06 —3.23955E- 06 —1.95020E- 06
ay, 1.19458E- 08 4.86054E- 09 3.40577E- 09
as, —7.64474E- 12 —2.32038E- 12 —2.02090E- 12
ays - 4.81116E- 06 —4.73414E- 06 —1.83387E- 06
ap 2.50159E- 08 1.60010E- 08 7.14328E- 09
a3 —-2.36381E- 11 - 1.32591E- 11 - 6.77317E- 12
Ay —3.14129E- 10 1.39743E- 08 3.17705E- 09
ay —3.60381E- 11 —-2.69393E- 11 —8.86794E- 12
aps 4.96227E- 11 —1.30451E- 11 1.27513E- 12

1.22604E 401

1.66606E +01

—1.79281E-01 9.08579E- 02
1.02937E- 03 —2.18894E- 04
—2.90490E- 06 1.43492E- 07
4.03358E- 09 1.33298E- 10
—2.20656E- 12 —1.36154E- 13
1.46962E + 00 3.25658E- 01
—6.43678E- 03 —1.05279E- 03
1.18840E- 05 — 1.08098E- 06
—7.23047E- 09 7.69379E- 09
—1.29223E- 12 —7.57518E-12
—1.51406E- 02 —7.60767E- 03
7.48869E- 05 3.56741E- 05
—1.31934E- 07 —5.37843E- 08
7.68085E— 11 2.28465E- 11
6.59177E- 05 5.59270E- 05
—2.62691E- 07 —1.94191E- 07
2.69539E- 10 1.73980E- 10
—9.85005E- 08 —1.81582E-07
2.54693E- 10 3.14024E- 10
—2.37334E- 11 2.37059E- 10
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Unlike many other real gases, hydrogen exhibits negative
value of u, at ordinary temperature and pressure because its
maximum inversion temperature is as low as 200 K. There-
fore, hydrogen undergoes temperature increase by JT effect
during the FCEV filling process. However, the temperature
increase behavior of the hydrogen in the on-board tank is not
directly related with the JT effect. In general, the JT effect
can be observed at a fluid flowing through a pressure chang-
ing device while keeping the kinetic energy invariant. How-
ever, in the process of filling the on-board storage tank with
hydrogen, there is no flow penetrating the hydrogen stor-
age tank and the kinetic energy is instantly changed into the
internal energy because the stored hydrogen is considered
as a stagnation state when the inside of the tank is defined
as a control volume. As noticed by Eq. (2), the rise in tem-
perature of the stored hydrogen occurs due to the conversion
of incoming energy (including enthalpy, kinetic energy, and
potential energy) into internal energy. Rather, the JT effect
can be found at a pressure reduction valve (see Fig. 1) during
the refueling process [55].

The JT coefficient is required to estimate the tempera-
ture rise of hydrogen passing through the pressure reducing
valve. The JT coefficient is associated with an equation of
state (EOS) and ideal gas heat capacity by thermodynamic
relations [55]. However, the accuracy depends on the choice
of EOS, and in the case of hydrogen, there is a relatively
large deviations from NIST data [54] when the classical
cubic EOSs are used [55]. In this work, Eq. (1) with coef-
ficients determined by regression to NIST data is applied to
calculate the temperature change.

Comparisons of the calculated JT coefficients by Eq. (1)
and NIST data with temperature at different pressure

conditions are presented in Fig. 2. It has been revealed that
the JT coefficients are accurately reproduced with tempera-
ture and pressure. In Fig. 2, —u;y values are indicated since
the JT coefficients are negative under the hydrogen refueling
conditions.

The temperature change due to the JT effect taking place
at a passage of hydrogen through the pressure reduction
valve is calculated by the following equation.

P2
AT:/
PI

Applying Eq. (1) for y;r, the temperature increase of
hydrogen can be readily obtained at given upstream (P,)
and downstream pressure (P,). The upstream pressure is the
pressure of HRS storage tank, which appears as one pres-
sure level in the buffer system and three pressures in the
cascade system. As for the cascade system, the upstream
pressure is shifted from a lower pressure to a higher pres-
sure at a HRS corresponding to the downstream pressure.
In order to fill hydrogen into the on-board tanks of which a
nominal working pressure (NWP) is 70 MPa, the pressures
of low, medium, and high pressure tank of a HRS are 25
to 50 MPa, 50 to 70 MPa, and over 90 MPa, respectively
[56]. The downstream pressure is a HRS dispensing pres-
sure, which is controlled by a refueling protocol. Usually, a
constant pressure increasing rate, referred to as an average
pressure ramp rate (APRR), is assigned to the downstream
pressure.

Under an assumption of invariant pressures at HRS tanks,
an example of pressure behavior through a pressure reduc-
tion valve is presented as Fig. 3 for a case that an FCEV at
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initial 10 MPa is refueled for 5 min. The storage pressures
for the cascade system are taken as 25, 50, and 90 MPa at
low, medium, and high pressure tank, respectively. The pres-
sure of the buffer system is treated the same as the pressure
of the high pressure tank at the cascade system. The final
downstream pressure is set to 80 MPa considering a finite
mass flow rate filling the FCEV up to NWP.

The extent of temperature increases after a pressure
reduction valve is plotted in Fig. 4. The calculation is car-
ried out based on the pressure difference shown in Fig. 3
at 288.15 K of the upstream temperature. The temperature

increase due to the JT effect is proportional to the degree
of decompression. The highest temperature rise occurs
initially in the buffer system, where the temperature rise
reaches approximately 37 K. In the cascade system, the
highest temperature change occurred at the moment of
connection to the high pressure tank, and the hydrogen
temperature is predicted to rise by about 20 K. Due to the
definite temperature of hydrogen fueled to FCEVs, it is
predicted that a higher heat load would be required on the
pre-cooler in the buffer system than the cascade system.
The effect of ambient temperature has also been analyzed

oY O VR M S U

——Downstream P
- = Upstream P Buffer

=+ -Upstream P Cascade

Fig. 3 Illustration of upstream 100
and downstream pressure at
pressure reduction valve for
buffer system and cascade
system 80
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60 5
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but it is revealed that the effect is not significant on the
temperature increase: the largest values are estimated as
36.2, 36.9, and 37.6 K for the buffer system at 268.15,
288.15, and 308.15 K, respectively.

Kinetic Energy Contribution

The energy flowing into an on-board storage tank includes
the kinetic energy of hydrogen, as presented in Eq. (2).
The flux of the kinetic energy in a thermodynamic model
has been neglected in many researches [38, 42—44, 57], but
some authors [39, 45-47] suggested the contribution of the
kinetic energy is not negligible. Therefore, quantitative
analysis of the contribution of kinetic energy on hydrogen
refueling conditions is necessary for accurate thermody-
namic model development.

In general, the contribution of each energy can be
assessed by comparing the magnitude of enthalpy and
kinetic energy in Eq. (2) since potential energy does not
change in horizontal filling. Unlike kinetic energy, internal
energy and enthalpy are given relative to a reference state.
Therefore, Eq. (2) is expressed more precisely with the
ignorance of the potential energy as follows.

n in 2

dt

In Eq. (5), the subscript O denotes a reference state.
Applying the mass balance of the on-board tank
(dmtank/dt = mm), Eq. (5) can be rearranged as,

Fig.5 Comparison of calcu- 12
lated specific enthalpy with
NIST data
11 +
10 +
5
E 9r
=
2
S st
£

d{(u—u

O)tank} ; . vizn
Mygnk dr =0+ My (h - ho)in - (u - uo)tank + 7
6)

Equation (6) reveals that the contribution of the kinetic
energy should be analyzed by comparing with the differ-
ence of the inlet hydrogen enthalpy from the stored hydrogen
internal energy. Hereinafter, the difference will be doted as
€h

€hu = (h - ho)in - (u - uo)tank (7)

In Eq. (7), the enthalpy is calculated at the inflow condi-
tion while the internal energy is determined at the tempera-
ture and pressure of the hydrogen stored in a tank. NIST data
presenting thermodynamic properties have been reported
by adopting the normal boiling point for saturated liquid as
a reference state. Therefore, the specific enthalpy and the
specific internal energy values calculated by Eq. (1) imply
(h = hy) and (u — uy), respectively. The calculated specific
enthalpies are compared with NIST data in Fig. 5 to show
the accuracy of the equation. As expected, the enthalpy
depends on pressure as well as temperature because the refu-
eling pressure is much higher than the conditions for an ideal
gas state. The specific internal energy values are plotted with
NIST data in Fig. 6. As presented in Fig. 6, u — u, values are
accurately reproduced by Eq. (1). The internal energy is not
as dependent on pressure as the enthalpy, but also changes
with pressure due to a broad pressure range.

The temperature of hydrogen stored in an on-board tank
increases from an ambient temperature up to 358.15 K while
pressurizing from an initial pressure to NWP. Hydrogen
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Fig.6 Comparison of calcu- 75
lated specific internal energy
with NIST data
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flow entering an on-board tank is cooled down as low as
to 233.15 K depending on HRS capability (see Fig. 1). The
pressure of the inflow is controlled to be higher than the
on-board tank pressure throughout a refueling process to
secure desired mass flow rate. For a quantitative analysis, it
is assumed to be 10 MPa higher than the on-board tank pres-
sure. The energy difference defined by Eq. (7) is calculated
with respect to tank pressure and temperature as presented in
Fig. 7. The positive values mean an increase for the specific
internal energy of hydrogen in the on-board tank due to the
inlet flow, while the negative values which appear under high
temperature and low pressure conditions indicate a decrease

Fig.7 Energy differenced

defined by Eq. (7) with respect

to hydrogen temperature and

pressure in tank 1000
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inflow, (h - ho)m, and only affects the internal energy of
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perature entering the tank is fixed at 233.15 K, which is the
hydrogen refueling temperature. The pressure flowing into
the tank was set to be 10 MPa higher than the pressure of
hydrogen in the tank. As shown in Figs. 5 and 6, the effect of
pressure has a greater effect on the change in enthalpy than
on the change in internal energy and, thus, the extent of the
increase in enthalpy is larger than the increase in internal
energy when the pressure increases. Due to these effects
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of temperature and pressure, the value of ¢,_, has a nega-
tive value when the temperature of hydrogen in the tank is
high and the pressure is low. In general, specific enthalpy is
greater than specific internal energy, so the specific internal
energy of hydrogen stored in an on-board tank increases
by an inlet flow over a wide temperature and pressure
range even if the temperature of the inlet flow is lowered to
233.15 K. As arefueling proceeds, the hydrogen in the tank
changes from low temperature and pressure to high tempera-
ture and pressure and, thus, the internal energy increases due
to the inflow of hydrogen during the filling process.

The kinetic energy per mass solely depends on the linear
velocity (v;,) of an inflow. Generally, mass flow rate is con-
trolled during the hydrogen refueling process. The linear
velocity can be obtained from the mass flow rate and the
kinetic energy (e,.) can be expressed as follows.

2
1 4y,

e = 5 (3)
. 2 ﬂpindizn

Hydrogen enters through an injector inserted into an on-
board tank and the diameter of the injector is denoted as d,,
in Eq. (8). The density of hydrogen flowing into the hydro-
gen storage tank (p,,) depends on temperature and pres-
sure, but the temperature is kept constant because it goes
through a pre-cooler. Therefore, the density can be assumed
to depend only on the pressure at an injector in the tank.

In the course of the refueling of light-duty hydrogen vehi-
cles, the maximum mass flow rate is limited to 60 g/s but it
is expected to increase for heavy-duty vehicles up to 90 or
120 g/s. For calculation purposes, the kinetic energies per

mass of hydrogen flowing in at 233.15 K through an injec-
tor with a 6 mm diameter [58] are calculated and shown in
Fig. 8.

As shown in Eq. (8), the kinetic energy of flowing hydro-
gen is proportional to the square of the mass flow rate. As
the pressure of incoming hydrogen increases, its density
increases accordingly and the linear velocity decreases at
a given mass flow rate, which is reflected in the decreasing
behavior of kinetic energy with pressure in Fig. 8.

The energy accumulation per unit mass of hydrogen flow-
ing into the on-board storage tank can be defined as ¢;,,

€in = |en_u| + |exe 9

The percentage contribution of kinetic energy
(=100e,. /¢;,) is estimated with on-board tank pressure and
temperature. As presented in Fig. 9, as the mass flow rate
increases, the kinetic energy contribution also increases.
Therefore, to develop a thermodynamic model applicable
to high flow rates, it is not appropriate to ignore the kinetic
energy term in the energy balance. When the temperature of
the hydrogen stored in the tank is high, the internal energy is
also large, so the difference with the enthalpy of the incom-
ing hydrogen decreases, of which temperature is assumed
to be kept at 233.15 K by a pre-cooler. Consequently, the
kinetic energy contribution increases as the tank temperature
increases. Generally, as pressure increases, the contribution
of kinetic energy decreases, but in the high-temperature and
low-pressure region, ¢,_, shows a negative value (Fig. 7) and
the kinetic energy fraction tends to increase with pressure
(Fig. 9c).
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gen with mass flow rate and \
inlet pressure \
\
25 F
\
\
\
AY
\
\
20 + N —60g/s
N
SN e 90 g/s
o0 AN
2 N N ---120g/s
EARTERN . 8/
9 . R
) ~
10 N
5 S~ e Tl
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
20 30 40 50 60 70 80

@ Springer



2670

B. H. Park

Fig.9 Contribution of kinetic
energy at hydrogen flowing into
on-board tank with tank pres-
sure and temperature
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In thermodynamics and fluid mechanics, the concept of the
stagnation enthalpy is usually applied to investigate a flow
of compressible gases. The stagnation enthalpy of a fluid is
the static enthalpy of the stream combined with the dynamic
part from kinetic energy of the stream. It could be under-
stood as the static enthalpy of the fluid at a stagnation point.
Thermodynamic models describing the filling of hydrogen
storage tanks can also use the stagnation enthalpy to set up
an energy balance [59, 60]. However, thermodynamical cau-
tion must be taken with regard to heat capacity when using

Stagnation Enthalpy

@ Springer

0 Ii‘ II|
10 20

Tooni = 288.15 K
m60g/s
m90g/s
m120g/s

50 60 70

III III
30 40

Piank [MPa]

T = 318.15 K

m60g/s

m90g/s

m120g/s
.II -.I -II —_ml _am
30 40 50 60 70

Piank [MPa]

stagnation enthalpy to calculate the temperature of hydrogen
in a tank.

The stagnation enthalpy at a tank inlet (&, ) can be
expressed in specific mass quantity as

V2

hins = hin + - (10)
: 2

Enthalpy is directly related to heat capacity which

measures the amount of heat required to change a sub-

stance’s temperature. Unlike gases at ideal state, the heat

capacity of a real gas at high pressure depends on pressure
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Fig.9 (continued) (c) 30
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as well as temperature. Using a following relationship
between enthalpy and temperature, Eq. (10) can be rear-
ranged to obtain stagnation inlet temperature (T}, ),

T
h=h0+/ ¢,dT = hy + (T = Ty) an

Ty

2
T, =T, + Vi P B (12)
n,s mn 2Ep m ZEP jz'pmdz

n

Equation (12) is derived under an assumption of the
same mean heat capacity (¢,) up to T}, ; and T;,, which can
be formulated from Eq. (1).

e

i=0 j=0

T

in

Dl

3)

l

Tl+lp]]

Ty

During a hydrogen refueling process, ¢, of the hydrogen
flowing into a tank at a given mass flow rate depends only
on pressure since the inlet temperature of the hydrogen
(T;,) is kept constant by a pre-cooler. Therefore, the stag-
nation inlet temperature denoted as Tj,, ¢ also relies only on
the inlet pressure and is always greater than T},

The temperature error which occurs when the stagna-
tion enthalpy is used in the energy balance and the static
temperature is applied instead of the stagnation tempera-
ture can be identified by calculating AT, (=T, — T},)
from Eq. (12). At the lowest temperature at an inlet (T},
=233.15 K), the temperature errors are delineated with a
mass flow rate and pressure in Fig. 10.

30 40 50 60 70
Piank [MPa]

Conclusions

It is possible to establish a safe method to fill hydrogen by
understanding the phenomena that occur during a refueling
process of highly compressed hydrogen into FCEVs. In
addition to experimental studies, thermodynamic analysis
including characteristics of hydrogen is necessary to develop
safe hydrogen refueling procedures. Although various ther-
modynamic models have been proposed, the thermodynamic
analysis of the hydrogen refueling process has not been
systematically carried out and the feasibility of the models
have not been verified. In this study, thermodynamic analysis
results were presented based on an energy balance equation
that describes the hydrogen refueling process by applying
a generic correlation equation which accurately estimate
hydrogen thermodynamic properties.

The Joule-Thomson (JT) effect, which explains the phe-
nomenon of temperature change due to pressure change in
an isenthalpic flow of fluids, is not directly related to the
temperature increase of hydrogen stored in on-board tanks
of FCEVs during refueling process. As can be recognized
from the energy balance equation, the temperature rise of
hydrogen in the on-board tank is determined by the amount
of inflow energy, which depends on mass flow rate and spe-
cific enthalpy. The JT effect is observed under isenthalpic
conditions, so even if the JT effect occurs at the inlet of the
tank, there is no change in the enthalpy flowing in. From
a thermodynamic perspective, the hydrogen refueling is a
process in which enthalpy is converted into internal energy.
Therefore, the JT effect may affect the local temperature
distribution within the tank, but is not related to the overall
temperature rise. The JT effect must be considered between

@ Springer
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Fig. 10 Temperature differences 25
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an upstream and a downstream of the pressure reducing
valve. HRSs are usually operated in a cascade method or a
buffer method. In the buffer method, where there is a large
pressure difference at the beginning of hydrogen filling, a
temperature rise of more than 35 K is expected after the
pressure reducing valve, and in the cascade method with
multi-stage storage tanks, a temperature rise of more than
20 K is expected when on-board tanks are connected with a
high-pressure storage tank.

Kinetic energy is often ignored in the energy balance
equation of thermodynamic models. In order to analyze
the contribution of the kinetic energy, the effect of flow
rate must be quantitatively compared based on the differ-
ence between the internal energy of stored hydrogen and
the enthalpy of inflowing hydrogen. When the pressure in
the tank is low, the kinetic energy effect is large due to the
low internal energy of the stored hydrogen. As for high flow
conditions such as 120 g/s, the kinetic energy contribu-
tion becomes greater and cannot be ignored to accurately
estimate the temperature of stored hydrogen. Therefore, to
develop a thermodynamic model applicable to various con-
ditions, it is desirable not to ignore the kinetic energy term
in the energy balance equation.

In some studies, stagnation enthalpy is used instead of
static enthalpy. Such a case accurate results can be obtained
only when the temperature is set to higher than temperature
for the static enthalpy since the stagnation enthalpy includes
a kinetic energy term.

Hydrogen refueling protocols for FCEVs which control
the hydrogen filling process are difficult to develop only by
experimental investigations and must be supported by simu-
lation studies based on thermodynamic models. The results

@ Springer

of this study are expected to provide the fundamentals for a
thermodynamic model for a large-capacity and high-speed
hydrogen refueling protocol which is expected to be devel-
oped for heavy duty FCEVs. The thermodynamic analysis
provided by the present work would be associated with a
heat transfer model through on-board tank walls to develop
a numerical model for the hydrogen refueling process. The
numerical model would be used to analyze the temperature
increase of hydrogen in the tank and propose a proper refu-
eling method to secure safety on the process.
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