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Due to the rapid compression of hydrogen and the Joule-Thompson effect specific to hydrogen during the fast
filling process, the internal temperature of the cylinder rises sharply which may lead to hidden safety hazards. In
this study, a high-pressure hydrogen filling process is considered, and a simple mathematical model of a cascade
storage system of a hydrogen refilling station is developed to analyze the temperature rise in hydrogen cylinders
under different working conditions. The results show the pressure switching coefficient has a great impact on the
filling time, and the pre-cooling of hydrogen has a significant impact on the temperature rise and the states of
charge (SOC) within cylinder. Herein, a multi-objective iterative optimization algorithm is proposed to calculate
the above two controllable variables (pressure switching coefficient, pre-cooling temperature of hydrogen) with
the objectives of faster refueling, lower energy consumption and higher SOC within cylinders in cascade
hydrogen refueling. Besides, this method could significantly decrease energy consumption, improve SOC and
allow acceptable refueling time.

1. Introduction

Following the fossil energy crisis, searching for renewable and clean
energy has become an important issue, which may hugely affect
development of human society in the future. Hydrogen energy is
considered as one of the highly interesting alternative fuels in the future
with the advantages of possible high efficiency, renewable production
and zero-pollution [1, 2]. Hydrogen energy is being increasingly
developed together with fuel cell power systems and fuel cell vehicles in
recent years [3, 4]. With the gradual commercialization of fuel cell ve-
hicles, the development of hydrogen refueling stations (HRSs) has
gained more and more attention [5]. Governments around the world
begin to support the construction of HRSs for their currently high capital
and operating costs. Currently, high pressure hydrogen storage in refu-
eling stations are mostly considered, as more practical, reliable, durable
and so acceptable [6-8]. There are two approaches for hydrogen storage
[9, 10]. One is the buffer system requires lots of compression work for
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hydrogen storage. The other is cascade storage system which applied on
a large scale due to its lower power consumption, appreciable when high
hydrogen utilization occur.

Although the compressed hydrogen approach has advantage of
technical simplicity and high filling rates[11], the fast filling speeds and
the high states of charge (SOC) bring to new challenges for the on-board
cylinders. The rapid increase of hydrogen temperature during the fast
filling process could lead to safety hazards and so that both the filling
rate and the SOC have to be reduced [12]. The maximum allowed
temperature on the cylinder wall is set to 358 K for security [13]. Lots of
experiments [14-16] and computational fluid dynamics (CFD) models
have been developed to investigate the mechanism of temperature rise
[17, 18]. This rapid increase of temperature is caused by three main
thermodynamic phenomena, namely compression of hydrogen, the
negative Joule-Thomson effect of hydrogen and the conversion of ki-
netic energy into thermal energy [19, 20]. The temperature rise within a
70 MPa type III cylinder has been experimentally and numerically
studied by Zheng et al. [14]. The effect of initial pressure, ambient
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Nomenclature

Py Target switching pressure (Pa)

Py, Pressure of cascade storage system (Pa)
m Hydrogen mass (g)

m Mass flow rate (g/s)

Q Heat transfer rate (W)

Py Specific mass (g/m>)

14 Volume (m®)

T Temperature (K)

z Compressibility factor

Ry Universal gas constant

S Area (m?)

Cc Throttling coefficient

8 Correction factor

Q. Cooling demand (J)

CopP Coefficient of performance

7. Compressor efficiency

4 Refrigerator energy consumption (J)
W, Compressor energy consumption (J)
w Total energy consumption (J)

u Specific internal energy (kJ/kg)

h Specific enthalpy (kJ/kg)

2 Height (m)

t Time (s)

a Constant coefficient

b Constant coefficient

x Optimized parameters: pressure switch coefficient (PSC)

and pre-cooling temperature
Pre-cooling energy consumption
t(x) Filling time

SOC(x) State of charge (ratio hydrogen mass to nominal hydrogen
mass within cylinder)

X Constraint condition of optimization algorithm

€1 Upper limit of filling time

& Lower limit of SOC

Subscript

c On-board cylinder

or Orifice

sto Cascade storage bank

cv Control volume

in Inlet

out Output

sur Surface of cylinder

wall Liner inner wall

amb Ambient

pre Predict

act Actual

temperature and cylinder dimensions were investigated and shown that
hydrogen pre-cooling could effectively reduce the maximum gas tem-
perature. The theoretical model of the refueling process established by Li
et al. [21] was applied to research the effect of different geometries and
inconstant mass flow rates on temperature rises within cylinders during
refueling. An accurate mathematical model can be a convenient, cheap
and effective way to research the effect of different parameters during
filling process comparing with difficult and costly experiments.

The construction and operation of HRSs requires high investments.
Currently, multi-stage filling with hydrogen pre-cooling are being
widely used in hydrogen filling stations. The pre-cooling of hydrogen
can effectively reduce the temperature rise and multi-stage filling can
decrease the energy consumption [22]. Zheng et.al [23] have proposed

an optimized control method for cascade HRSs, which could improve the
utilization ratio of the cascade storage system while accomplishing fast
fillings. The total energy consumption in cascade refueling stations has
been studied by Rothuizen et al.[24] and the result shows that the en-
ergy consumption is effected by the number and volume of reservoirs
and the pressure within reservoirs. The energy saved with a cascade
storage has also been estimated as a function of the number of stages in
[25, 26] it can reach 16.5% with 3 stages and 20% with 4 stages refueled
to 35 MPa. The prediction of temperature of hydrogen flowing from
pre-cooler to inlet of vehicle tank could contribute to developing a
control strategy of the pre-cooling system [27]. Different filling strate-
gies and effects on key-parameters of the refueling process were
researched with CFD model [28]. The most convenient strategy
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Fig. 1. Diagram of the cascade hydrogen refueling station



Table 1
Parameter description for the cascade hydrogen refueling station
Parameter  Description Parameter  Description
H High-pressure reservoir T2 Temperature within
cylinder
M Medium-pressure reservoir Tamb Ambient temperature
L Low-pressure reservoir P1 Pressure of inlet
hydrogen
T Temperature of cascade P2 Pressure within cylinder
reservoirs
T1 Temperature of inlet \% Properties of cylinder
hydrogen

considering the pre-cooling energy is then identified as starting
pre-cooling in the half of the process with a linear pressure rise: a 60%
reduction of the cooling demand is achieved compared to the case of
pre-cooling during the whole filling. As seen above, cascade storage
system could reduce the energy consumption of HRSs and the
pre-cooling may be the most satisfied approach to decrease the tem-
perature rise. Then, a reasonable control strategy for the cascade HRS
would increase the filling speed and reduce energy consumption.
Therefore, adopting appropriate operational strategies could reduce
operating costs and fast filling strategies are very important for HRSs
operation, but few researches on the control strategy of cascade HRSs
have been conducted.

In this study, the cascade storage hydrogen station is considered and
a 35 MPa type III cylinder is investigated. The thermodynamic model is
established, which allow calculating the hydrogen pressure and tem-
perature rise within cylinder. According to the thermodynamic model, it
is found that the filling time mainly depends on the pressure switching
coefficient and the pre-cooling temperature could effectively reduce the
temperature rise. Then, a multi-objective optimization model is pro-
posed to calculate the two parameters (pressure switching coefficient,
hydrogen pre-cooling temperature ) by considering the energy con-
sumption, the filling time and the SOC of hydrogen cylinder (which are
the optimization objectives). Simulation results show that the fast filling
process could be accomplished efficiently in different initial conditions.
The application of the optimization algorithm on the real-time pre-
cooling system control is discussed at the end.

2. System modelling and setting
2.1. Cascade hydrogen refueling stations system

Cascade storage system is generally used in HRSs considering the
hydrogen compression energy consumption. [29-31]. Fig. 1 shows a
schematic diagram of a cascade storage system and the parameters in a
cascade HRS are illustrated in Table 1.

When the fuel cell vehicle needs to be fed, the cylinder is connected
to the dispenser. The level of pressure is switched with the increasing
within cylinder and the pre-cooling system could be determined
whether to work at the operating temperature during the whole filling
process. Filling is finished when the pressure within cylinder reaches the
target pressure (higher than 35 MPa as temperature is higher than 288K)
or when the temperature on the inner cylinder wall is higher than 358K.

The hydrogen state of charge (SOC), defined as the mass of charged
hydrogen divided by the mass which the cylinder can hold at the con-
dition of 288 K, 35 MPa, greatly affected the driving range of vehicles.
The value of SOC can be calculated by equation (1).

m,(final)

S0C=———J)
p, (288K, 35MPa)V,

(€8]

2.2Modelling

The modeling theory of Compressed Hydrogen Gas (CHG) refueling
station and the fast filling process is described in this section. Several

assumptions are made in the

model, as follows, to get a simpler set of equations to solve:

e Temperature and pressure within the cascade hydrogen storage
system are assumed constant: reservoirs are large with respect to the
on-board cylinder, pressure and temperature decrease during the
filling of only 1 on-board cylinder are small and neglected.

ased on the lumped parameters thermodynamic model, temperature
and pressure are assumed uniform inside on-board cylinder [32].
The hydrogen flow is supposed adiabatic within pipes due to the fast
speed and short residence time: as shown in [33], even if heat con-
vection is high in the pipes, the heat losses are low and negligible.
Pressure drops in these pipes are not taken into account.

The nozzle of the filling interface is assumed to be a regular hole.
The transient process is a quasi-steady process. In particular, only the
heat accumulation in the Al liner of the cylinder is taken into account
and temperature distribution of the liner is assumed to be uniform.
Hydrogen is considered as a real gas; but the relation between u and
T uses a simplified form.

The temperature of hydrogen within cylinder is assumed as the
highest temperature of cylinder wall for that the temperature of gas
is slightly higher than the temperature of cylinder wall which could
ensure the temperature of wall does not exceed the threshold (85 °C).

The detailed theoretical equations carried out to develop the model
in this study are presented in the following sections. The following
content concerns the models of real gas equation of state, on-board
hydrogen cylinder, cascade reservoirs and pre-cooling system.

2.2.1. State equations of the high-pressure hydrogen

Generally, low-pressure hydrogen is considered as ideal gas. Never-
theless, hydrogen can no longer be considered as ideal gas under high
pressure. In order to simulate the hydrogen state more realistically, the
real gas equation with a compression factorZ,is considered as equation
(2) [34].

PV = ZmR,T )

2.2.2. Hydrogen mass flow rate

The mass flow rate of hydrogen passing through the valve is calcu-
lated based on theoretical formulas for the calculation of the mass flow
rate passing through an orifice. The inlet mass flow rate can be calcu-
lated by the equation (3)-(6) considering the hydrogen expansion
through the orifice is isentropic [9].
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The k is the ratio of specific heats for hydrogen which can be
calculate by equation (7).

k= C])/Cv (7)

Equation (4) and equation (6) are valid for subsonic and sonic con-
ditions of the hydrogen flow respectively. P. and Py, represent the
pressure of cylinder and pressure of cascade storage system. C is the
discharging coefficient of the orifice. p,is the density of hydrogen and Sor
is the area of the valve orifice.



2.2.3. Energy and mass balance

The on-board cylinder is studied as a thermodynamic control volume
to find their thermodynamic properties. The mass balance are expressed
as equations (8)-(9).

dm, .

e _ 8
a =" ®
m, =m,, =m ©)

The internal energy of hydrogen is expressed as a function of tem-
perature shown as equation (10). Then, the method to calculate the
enthalpy of hydrogen gas is given by equation (11).

u=al —b (10)

h=u+p/p, 11

According to the National Institute of Standards and Technology
(NIST) data [35], a and b are assumed as constants, 10.51 and 482.43,
respectively. Then, p is the pressure of the hydrogen and the density of
the hydrogen is expressed byp,.

In order to calculate the variation of the internal energy within
cylinder, the first law of thermodynamic is expressed as a general con-
trol volume in equation (12).

d +\;2+ 7Q+Zm h +V,-2n+
@ m|u ) 8z w— in | Mlin T 8Zin

2 .
- Z Moy (houl + vozur + gzaut> - ch (12)

Because there is no work input and little change in potential energy,
the work term Wcy is zero and z=constant. The variation of internal
energy within cylinder can be expressed as equation (13).

du, . V2
= Q0+ m;, <7"’+ hin) (13)

As there is no work input between the outlet of the storage and the
inlet of the on board cylinder and no heat loss in the pipes and consid-
ering here that the pre-cooling system do not extract any heat, there is
no change in the hydrogen total enthalpy between the storage outlet and

the cylinder inlet. Then, hy, = ; + hin, and the energy balance equation
can further be simplified as equation (14).

dU, ; .
o = 2t Ml a4

As only the heat accumulation in the liner is considered, heat transfer
between hydrogen and liner is expressed as equation (15). According to
previous researches [36-38], the convection heat transfer coefficient is
related to the relative velocity of hydrogen and wall, which is reflected
as the mass flow rate of the hydrogen and pressure level in this study.
Therefore, the convection heat transfer coefficient k; is simply fitted as
equation (16).

0, =k Swall(Tg - Twall) (15)
kl = 5qm(PN /P:ra) (16)

where the § is the correction factor for the calculation of k;. Py is the
rated pressure of the cylinder (35MPa) and Py, represents the pressure
level filling currently.

The heat transfer from cylinder toward environment is simply
expressed as equation (17) [39]. Tamb is also the initial temperature of
the cylinder.

Qz = kaSsur(Twatt — Tamp) a7)

where k, is the convective heat transfer coefficient between the wall and
ambient, which is assumed as 8 W/ (mZeK). Squr is the surface area of the

cylinder.
According to the heat absorbed and released of the wall, the tem-
perature of wall is calculated with equation (18)

CmATwall = Q] - Q2 (18)

According to the equations (8)-(15), the total internal energy of
hydrogen within cylinder is expressed as equation (19).

m:m+/%mm+/gm 19)

In the case where some heat is extracted by the pre-cooling system;
hsto has just to replace by hcooting in equation (20), which becomes:

U. = mu+ /thcaalingdt+ /Qldt (20)

2.3. Numerical procedure

At each time step, equation (4) (or (6)) is applied to evaluate the inlet
mass flow. Equation (8) and (9) are used to calculate the in-cylinder
mass with the mass flow rate above. Next, equation (19) is utilized to
calculate internal energy of hydrogen within cylinder at each time step.
According to the mass and internal energy of hydrogen within cylinder,
the other properties (pressure and temperature) of hydrogen can be
found with equations (10), (11) and the state equation (2) of hydrogen
for the on-board cylinder. The pressure source of cascade storage system
needs to be switched during the procedure process. The procedure
continues until the pressure within cylinder reaches the targeted
pressure.

3. Optimization method

In this section, the determination of pressure switching coefficients
(PSC) and the calculation of cooling and compression demand of the fast
filling process are presented. Then, a multi-objective optimization model
is build and the optimization algorithm is given.

3.1. Pressure switching coefficients

The compressed hydrogen is stored in cascade storage system. The
pressure source (i.e. the connected reservoir) must be switched to a
higher level when the pressure within cylinder reaches the preset
switching pressure (Pg,;) during the filling process. At present, the
cascade HRSs are operated by fixed pressure switching points or switch
when the pressure within cylinder equals the pressure source. These
methods may lead to uncontrolled refilling for different initial condi-
tions and long filling time. In this study, the pressure switching point is
set to be a variable which depends on the initial conditions. Hence,
setting an appropriate pressure switch point could effectively shorten
filling time and affect the filling process according to equation (4) (or
(6)). The pressure switching coefficients (PSC) is proposed for a better
control of pressure switching which is defined as the ratio of the
switching pressure (Pg,;) to the currently filling pressure level (Pg,). The
PSC is a significant parameter which can determine the refueling time
and it is considered as an optimization parameter to achieve fast refill-
ing. The effects of the pressure switching point on the filling time and
temperature rise are presented in section 4.2.

PSC = Pyit/Psio 2D

Similarly, the hydrogen utilization ratio (HUR) is also defined as the
ratio of Py to Py, expressed in equation (22). The smaller HUR, (i.e. the
lower PSC), the lower is the hydrogen utilization from the low-pressure
and medium-pressure reservoirs. Therefore, reasonable PSC can
improve HUR of the cascade storage system.

HUR = PswiI/P.rm (22)



3.2. Energy consumption

To reduce the temperature rise within hydrogen cylinder, the
hydrogen needs to be pre-cooled with a refrigerator facility before the
inlet into the cylinder. The cooling demand of the refrigerator facility is
calculated in the model with the energy balance in the heat exchanger as
equation (23).

Q. = Ahm (23)

Ah = hyo = heooling (24)

The energy consumption W of refrigeration facility is expressed as
equation (25).

W =Q/ (25)
cop

where COP is the coefficient of performance for the refrigeration facility.
The energy consumption mainly depends on the pre-cooling tempera-
ture which could reduce the temperature rise effectively.

The energy consumption of compressor with different gas feeding
methods is different. The more gas is taken from the low pressure cyl-
inder group, the lower energy consumption will be. On the contrary,
taking gas from a high-pressure cylinders may need more compression
energy. Considering the compression demand, selecting a reasonable gas
feeding method could reduce the energy consumption of hydrogen
compression. Assuming hydrogen is compressed with isentropic, the
temperature of hydrogen outflowed from compressor could be calcu-
lated by equation (26). Then, the energy consumption of the compressor
can be calculated with equation (27), according to the conservation of
energy and the formula of hydrogen enthalpy, as for equation (10) and
an.

Tow = Tin (an /Pm)((k7 1) /k) (26)
Wz‘ = (houf - hin) . (27)

where Tin, Pin, Tin, Tous hin, houe are the temperatures, pressures and en-
thalpies of hydrogen flowing in and out of respectively. W, is the
compression energy and 7, represents the compressor efficiency.

The cooling demand and compression energy are considered as the
total energy consumption as equation (28).

W=W;+W, (28)
3.3. Optimization algorithm

The cascade refueling process has been described and the simulation
model established in the previous section. Based on the above analysis,
the energy consumption, filling time and SOC need to be quantified with
the PSC and pre-cooling temperature in a certain initial condition.
Therefore, the total energy consumption, filling time and SOC are
considered as optimization objectives. The PSC and pre-cooling tem-
perature are taken as the optimization parameters (x). The mathematical
model is presented in equation (29) and (30).

min[W(x), #(x), —SOC(x)] (29)
stx€eX (30)

where the W(x), energy consumption is set as the main target. t(x) is the
filling time constraint. SOC(x) represents the mass of hydrogen within
cylinder.

To simplify the optimization model, the t(x) and SOC(x) could be set
as constraint conditions. The limitation of filling time is 180s (3min).
According to the international standard of SAE-J2601, the target SOC is
required higher than 95% when fueling with communications. However,
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Fig. 2. Flow chart of the optimization algorithm

the pressure inside the cylinder after refilling is greater than 35MPa in
SAE-J2601. In this paper, the pressure inside the cylinder do not exceed
the rated pressure of 35MPa to ensure the operation safety and service
life of the cylinder. In addition, in order to accomplish fast refueling and
ensure the safety during refueling process, which is under an extremely
harsh working conditions (high ambient temperature and low initial
pressure within cylinder), thus, the lower limit SOC was set as 85%. The
content of the X domain refers to the data range of PSC and pre-cooling
temperature. Considering the hydrogen utilization ratio and filling time
of cascade storage system, the PSC varies from 0.55 to 0.95. Besides, the
temperature of inlet hydrogen could be pre-cooled from ambient tem-
perature to -40°C. The single-objective optimization model is shown as
equation (31) and (32).

minW(x) (31
t(x) < g

s.t.4 SOC(x) > & (32)
xeX

The mathematical model above could be solved with the sequence
search algorithm shown in Fig. 2. When the on-board hydrogen system is
connected to HRS, the cylinder properties are transmitted to the
dispenser through infrared communication. The parameters pairs (X (i))
is divided into r groups, for example, X (1) =[0.55, -40°C]. With the
properties of cascade system, PSC and pre-cooling temperature are
given, the energy consumption, filling time and SOC could be calculated
with the currently initial condition. Parameters trade-offs are made by
comparing the filling time and SOC with the constraint conditions. Then,
all the parameter pairs that satisfy the constraints are recorded and the
one with the lowest energy consumption is the optimal solution. This
procedure continues with different initial conditions.

4. Result and Discussion

In this study, the pressure level of the cascade storage system is set as
high, medium and low pressure (40, 30 and 20 MPa respectively) ac-
cording to the operation parameters of a hydrogen station. Then, a type
III cylinder was selected for the investigation with a nominal pressure of



Table 2
Physical characteristics of the tested Type III cylinder

Characteristics ~ Nominal Storage Length Inner External
pressure volume (m) diameter diameter
(MPa) L) (m) (m)
Value 35 140 1.78 0.334 0.374
80 -
—— This work
704---- Liuetal (2010)

Temperature rise (K)

0 T T T T T T T
5 10 15 20 25 30 35 40

Pressure (MPa)

Fig. 3. Comparison of experimental results [15] and simulation results for
temperature rise vs. pressure increase
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Fig. 4. The variation of filling time and final temperature with PSCs

35 MPa, volume of 140 L and orifice diameter of 7.5mm, respectively.
The physical characteristics of the tested Type III cylinder are presented
as Table 2. The effects of PSC and pre-cooling temperature for the filling
process are investigated after the model validation. Besides, the results
of the multi-objective optimization model under different initial condi-
tions are presented.

4.1. Model validation

The model was validated with the experimental data carried out with
a 35MPa, 150L, type III cylinder by Liu et al. [15] The initial tempera-
ture and pressure are set as 293 K and 3 MPa respectively. In Fig. 3, the
comparison of experimental and simulation results is presented. It can
be seen that simulation results have the same variation trend as the
experimental data and are in good agreement (with less than 3 K of
temperature rise at the end of the filling). The general difference of
temperature rise may be caused by the model assumptions. Therefore,
the model is relatively accurate and can be used for the further research.

4.2. Effect of PSC and pre-cooling temperature

For the cascade HRSs, PSC and pre-cooling temperature are two
controllable variables which may affect the filling process significantly
according to the thermodynamic model. Hence, the optimization model
proposed in this paper mainly studies the optimization of PSC and pre-
cooling temperature. The filling strategy could be optimized by study-
ing the effects of the above two parameters on the filling process.

With an initial condition of ambient temperature 293 K, initial
pressure 2 MPa and inlet hydrogen pre-cooled to 273 K, the results
calculated with different pressure switching points are shown in Fig. 4.
The filling time is rising greatly with the increasing of the PSC and the
variation of the refueling time is about 2s with a switch of 0.01 for the
PSC. At the same time, the final temperature within the cylinder varies
less than 5°C in the full range of PSC level. In consequence, PSC level is
the main influence factor of filling time. This behavior can be explained
by equation (4) (or (6)). According to the above analysis, setting a
reasonable PSC can effectively decrease the filling time and has little
effect on the final temperature within the cylinder. But one should keep
in mind that decreasing the PSC reduces the HUR.

With an initial condition of ambient temperature 293 K, initial
pressure 2 MPa and PSC 0.65, the variation of filling time and final
temperature within cylinder was shown as Fig. 5 with different inlet
hydrogen temperature. It is obvious that the filling time changes little as
hydrogen pre-cooling temperature varies. On the contrary, the rela-
tionship between the final temperature and pre-cooling temperature is
approximately linear and the final temperature within the cylinder has a
marked change with the pre-cooling temperature. This is due to the
internal energy of the inlet hydrogen which is greatly reduced through
pre-cooling. As can be seen, for a 2 °C reduction in hydrogen pre-cooling
temperature, the final temperature within the cylinder decreases
approximately 1°C, which could provide the idea for the determination
of the necessary pre-cooling temperature.

4.3. Optimization with different initial conditions

The energy consumptions with different optimization parameters
under initial pressure 2 MPa and ambient temperature 293 K are pre-
sented in Fig.6 (a). The points that do not satisfy the constraints (filling
time 3min and SOC 85%) have been omitted. Energy consumption in-
creases sharply with the decrease of pre-cooling temperature due to the
change in enthalpy of hydrogen. On the contrary, energy consumption
increases slightly with the increase of PSC on account of more hydrogen
is fed into the on-board cylinder. As we can see, the energy consumption
reaches minimum with the PSC 0.61 and pre-cooling temperature 261K.
Filling time and SOC within cylinder with different optimization
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Table 3

Optimized parameters and target under initial condition 2MPa, 293K
Parameter PSC Pre-cooling temperature (K) Energy consumption (kJ) Energy of hydrogen fed (kJ) Filling time (s) SOC
Value 0.63 261 36660 3.98*10"5 179.3 0.85

parameters are presented in Fig. 6 (b) and (c). The filling times are all
less than 180s (3min) and the SOC are all higher than 85%. Considering
hydrogen calorific value as 1.4*10"5 kJ/kg, the energy of hydrogen fed
into cylinder is also calculated to compare with the energy consumption.
The detailed optimized parameters and targets are shown in Table 3.
The energy distribution of precooling and compression energy con-
sumption is shown in Fig. 7 for a refueling process. Fig. 7 (a) shows the
actual energy consumption during fast filling process. We can see that
large PSC can reduce compression energy consumption and improve
hydrogen utilization. In the meanwhile, pre-cooling energy decreases
with the increase of precooling temperature. Therefore, the total energy

Mllumlummuﬂlluuuuuuﬁﬂ1ii

Tnergy consumption Q)

consumption. (b) Energy consumption ratio.

consumption can be minimized by parameter optimization. The ratio of
the energy consumption between components is shown in Fig. 7 (b). The
compressor accounts for more than 80% and the refrigeration facility
only account for a small part.

Considering the actual operating conditions of HRSs, the ambient
temperature (and initial on-board cylinder temperature) varies from 273
K to 313 K with a step of 1 K and initial pressure within cylinder varies
from 2 MPa to 15 MPa with a step of 1 MPa. Herein, there are 574
different initial conditions calculated by parameter combination and the
optimized results are presented as Fig. 8.

The optimal parameter of PSC is presented in Fig. 8 (a). A small PSC

Energy consumption (%)

Fig. 7. Energy distribution between the compressor and the cooling facilities under initial pressure 2 MPa and ambient temperature 293 K. (a) Actual energy
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should be selected to complete the filling process within 3 min when the
initial pressure and the ambient temperature are low. Then, at the given
temperature, when initial pressure increases, PSC can be increased. But
then PSC has to be decreases gradually when the initial pressure is high.
This is because when the ambient temperature is high, a larger PSC can
slightly reduce the temperature rise, compression energy and improve
SOC meanwhile. When the initial pressure is high, SOC constraint can
easily be met and large PSC could decrease compression energy con-
sumption effectively.

The optimal pre-cooling temperature of inlet hydrogen is given in
Fig. 8 (b). The pre-cooling temperature decreases with the high ambient
temperature and low initial pressure because these two conditions lead
to a large temperature rise. When the ambient temperature is low and
the initial pressure is high, the inlet hydrogen requires less pre-cooling
or even no pre-cooling.

Fig. 8. (c) presents the minimum energy consumption under different
initial conditions. The energy consumption of pre-cooling reaches a
maximum when the ambient temperature is the highest and the initial

pressure is the lowest. Because these working conditions result in a sharp
temperature rise and require very low pre-cooling temperature.

The filling time with the optimal parameters is given in Fig. 8 (d). As
we can see, the filling time decreases with the increase of initial pressure
because long filling time means a large PSC which could decrease
compression energy. The ambient temperature has little effect on filling
time.

Fig. 8 (e) presents the SOC with different initial states. The results
indicate that SOC changes are inversely proportional to the ambient
temperature and directly proportional to the initial pressure. To reduce
energy consumption, SOC is controlled within lower limit in these
extreme cases of high ambient temperature and low initial pressure.

4.4. Application on cascade hydrogen station control

A high temperature rise may occur in the on-board cylinder due to
the fast filling speed in a cascade HRSs. Therefore, an optimized control
strategy should effectively control the filling process. At present, the
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cascade hydrogen stations are operated with fixed pressure switching
points and fixed pre-cooling temperatures, which leads to either longer
filling times or higher energy consumptions. Herein, in order to over-
come the drawback of cascade HRSs, a real-time control method of the
pre-cooling system is presented and discussed. Fig. 9 shows the imple-
mentation process of the proposed control method for communicating
HRSs.

With the optimal algorithm proposed in section III, the optimization
parameters of PSC and pre-cooling temperature could be calculated in
advance with lookup tables like in SAE-J2601 or calculated in real-time
according to the initial parameters. Then, the model can calculate the
temperature-rise curve of the filling process as the target curve, based on
these two parameters. In general, the filling process could be controlled
with the optimal PSC and pre-cooling temperature calculated above.
However, due to the hysteresis of control, the variable environment
factors and the approximations of the model, the actual temperature rise
during the filling process may be not exactly as the model predicted.
Therefore, the refrigerator could be controlled by feedback to ensure the
actual temperature rise within the cylinder is as close as possible to the
predicted and acceptable curve during the filling process. This control
method could provide a new effective control for cascade HRSs.

5. Conclusion

In this study, an iterative lumped parameter thermodynamic model
for the fast filling process of on-board cylinders is developed considering
the real gas equation of state, energy and mass balance. Considering the
energy consumption and operation cost of the HRSs, the cascade
hydrogen station is considered. The effects of PSC and pre-cooling
temperature during the filling process are studied. An optimized filling
algorithm is proposed to achieve low energy consumption, fast filling
and high SOC within on-board cylinders. The controllable variables, PSC
and pre-cooling temperature, are selected as optimization parameters.
Optimization results under different initial conditions are given. The
results show that the optimization algorithm could achieve the lowest
energy consumption with shortest filling time and highest SOC. The
application of the optimization algorithm on the real-time pre-cooling
system control is discussed.
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