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a b s t r a c t

In hydrogen fuelling stations hydrogen is usually stored in the high-pressure buffer or

cascade storage systems. Buffer storage system includes a single pressure reservoir, while

the cascade storage system is usually divided into three reservoirs at low, medium and

high-pressure levels. In the present study, first and second laws of thermodynamics have

been employed to analyze the filling process associated with these two storage systems.

The important parameters such as filling time, filled mass and compressor input work have

been examined in detail. Assuming the same final vehicle on-board in-cylinder pressure

for both storage systems, the results reveal that filling time of the buffer storage system is

much less than the cascade storage system. However, the filled mass related to the buffer

system for the same conditions is approximately equal of the cascade system. Further-

more, the buffer system is accompanied with much higher entropy generation as

compared to the cascade storage system, which directly reflects in the amount of required

compressor input work. Entropy generation minimization has also been employed to

determine the optimized low and medium-pressure reservoir pressures for the cascade

storage system, which corresponds to the lowest required compressor input work for

a specific high-pressure reservoir in the cascade systems.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction hydrogen storage. According to statistics, about 80e90% of
The use of hydrogen as a clean alternative to common fuels

such as gasoline and diesel in automobiles has a positive

impact on environment [1]. Due to the recent developments in

hydrogen fuel technology the expansion of hydrogen fuelling

stations has gainedmore attention in the world [2,3]. Previous

studies indicate that the high-pressure compressed hydrogen

storage has the advantage of being more practical, depend-

able, durable and admissible [4e6] as compared to the liquid
c.ir, mahmood.farzaneh

2011, Hydrogen Energy P
hydrogen is stored using high-pressure compression in

hydrogen fuelling stations and vehicle cylinders [7].

Although there are many advantages in using hydrogen,

yet it has not been widely accepted as an alternative fuel to

gasoline due to the low driving range of hydrogen vehicles,

which is partly associated with the hydrogen fuelling stations

technology.

The hydrogen vehicles commonly receive hydrogen from

high-pressure reservoirs at the fuelling stations during filling.
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Clearly, fuelling time is a matter of practical importance.

Fortunately, the hydrogen vehicle industry has made excel-

lent progress in providing hydrogen refuelling systems

comparable to that of gasoline dispensers, such that the

problem with the long refuelling time has been basically

resolved. The fill time of the fast fill or rapid charge systems is

basically comparable to the fill time of gasoline powered

automobiles.

The on-board storage capacity of the hydrogen vehicles is

another issue related to the wide spread marketing of these

vehicles. The on-board storage cylinder experiences a rise in

the gas temperature (in the range of 70 K or more [8]) during

the fast filling due to the compression and mixing processes.

This temperature rise reduces the density of the gas in the

cylinder resulting in an under-filled cylinder relative to its

rated specifications, which may require a transient over-

pressurizing the tank. Although hydrogen on-board cylinder

volume plays themain role in storage capacity, the pressure of

the fuelling station reservoirs has also considerable effect of

the amount of the filled mass.

There are two methods for storing hydrogen fuel in the

stations including buffer storage and cascade storage

systems. In the buffer storage system, there is only one single

high-pressure reservoir for storing hydrogen. The cascade

storage system is usually divided into three reservoirs, which

are referred to as low, medium and high-pressure reservoirs.

It is expected that storage type and its pressure influence

the filling time, the amount of the filled mass of the on-board

cylinder and the compressor input work. Any improvements

in reducing the filling time and the compressor input work,

while increasing the filledmass of the on-board cylinder leads

to the enhancement of the fuelling station performance.

The effects of storage types and conditions on the perfor-

mance of a hydrogen fuelling station have been considered in

the present study. A theoretical analysis has been performed

based on the first and second laws of thermodynamics,

conversation of mass and real gas assumptions. The second

law analysis has been employed to calculate the amount of

entropy generation during the filling process. It is well known

that the required compressor work can be optimized by

minimizing the related entropy generations. To the authors’

best knowledge, there have been no previous studies related

to the performance enhancement of the hydrogen fuelling

stations. However, there are limited researches available

regarding the modelling of filling process in literature.

Yang [9] has developed a thermodynamic and heat transfer

analysis of the refuelling process of a hydrogen on-board

cylinder. During the refilling process, the cylinder is treated

as adiabatic, isothermal, or diathermal. Ideal and real gas

behaviours of hydrogen are considered in the analysis. Non-

ideality is treated using the newly developed equation of

state for normal hydrogen, which is based on the reduced

Helmholtz free energy formulation. With the ideal-gas

assumption, simple analytical expressions were derived for

the tank temperature and pressure during adiabatic,

isothermal, and diathermal refuelling conditions. A constant

feed-rate is assumed in this study. Comparing to the real gas

analysis, lower tank temperatures and pressures and longer

filling times are always predicted, when the ideal-gas

assumption is invoked in the calculations irrespective of the
refilling conditions. In another paper, Mohamed and Para-

schivoiu [10] simulated hydrogen release from a high-

pressure chamber based on real gas assumption.

Zheng et al. [11]modelled an optimizing controlmethod for

a high utilization ratio and fast filling speed in hydrogen

fuelling stations. It was shown that the optimizing control

method can significantly improve the utilization ratio, while

allowing for acceptable refuelling time. Liss and Richards [12],

Liss et al. [13], Newhouse and Liss [14], Chan Kim et al. [15] and

Liu et al. [16] have studied fast filling of hydrogen cylinder

using a number of experiments. They reported a high

temperature increase in the cylinder during the process. For

the hydrogen fast filling process, Chan Kim et al. [15] have

studied thermal characteristics during the filling of a type IV

cylinder using computational fluid dynamics (CFD) analysis.

The predicted results show reasonable agreements with the

experiments especially as the initial in-cylinder pressure

increases. Similar CFD analysis has been carried out by

Heitsch et al. [17], where fast filling process of hydrogen tanks

is simulated using the CFD code CFX. It was found that the

local temperature distribution in the tank depends on the

materials of liner and outer thermal insulation. Different

material combinations (type III and IV) are investigated.

Due to the similarity betweenhydrogenand theCompressed

Natural Gas (CNG) infrastructures, it is also instructive to review

the comparable works on CNG. Thomas and Goulding [18] and

Shiply [19] have studied filling process of on-board CNG cylin-

ders.Theyreporteda rise instoragegascylinder temperature (in

the range of 40 K ormore) during the process. This temperature

rise reduces thedensity of the gas in the cylinder, resulting inan

under-filled cylinder, relative to its rated specification. Shiply

[19] also mentioned that ambient temperature could affect the

process and storage capacity significantly. He also concluded

that, the test cylinderwas under-filled every time it was rapidly

recharged.

Farzaneh-Gord et al. [20,21] have modelled fast filling

process in the CNG stations. They developed a computer

programbased on Peng-Robinson state equation andmethane

properties table for single reservoir. They investigated the

effects of ambient temperature and initial cylinder pressure

on final on-board cylinder conditions. In another study,

Farzaneh-Gord et al. [22] presented a thermodynamic analysis

of cascade reservoirs filling process, which indicated that

ambient temperature has a considerable effect on filling

process and final Natural Gas Vehicle (NGV) on-board cylinder

conditions.

Farzaneh-Gord et al. [23] have also carried out a theoretical

analysis to study the effects of storage type on the perfor-

mance of CNG filling stations and filling process. It was found

that the filling time required reaching the NGV on-board

cylinder to its final pressure (20 MPa) in the buffer storage

system is about 66% less than that for the cascade storage

systems.While the filledmass for the cascade system is about

80% of the buffer system, which is an advantage for the buffer

type. Furthermore, it was shown that the entropy generation

associated with the cascade system is 50% less than the buffer

system for the considered configuration, which directly

reflects in the required input power.

Asmentioned earlier, the second lawhas been employed to

theoretically calculate theamountof the entropygeneration in
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Fig. 2 e A schematic diagram of the buffer storage system.
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the present study. Different mechanisms responsible for

entropy generation in applied thermal engineering have been

identified and well described in literature [24e26]. Generation

of entropy destroys the available work of a system; therefore,

all the irreversibilities associated with the heat transfer and

fluid flow must be examined. Here, entropy generation mini-

mizationhas been employed as themain tool to determine the

optimized pressure level of the low and medium-pressure

reservoirs.
2. Hydrogen fuelling station

Fig. 1 showsa typical hydrogen fuellingstation,wherehydrogen

is compressed using a bigmulti-stage compressor and collect in

a storage system [27]. The storage system consists of several

largecylinders,whichareavailable inavarietyof sizes, typically

from 50 L internal capacity to well over 100 L. This system is

maintained at a pressure higher than the vehicle cylinder

pressure for a continuous gas flow to the vehicle storage. There

are two types of storing systems in hydrogen stations

commonlycalledbufferandcascadestoragesystems,whichare

described in the following sections.

2.1. Buffer storage system

The buffer storage operates in the range of 37 MPae70 MPa,

while the vehicle’s maximum on-board cylinder pressure is

about 35 MPa. In this type of the storage system, all fuel

reservoir cylinders are connected together as shown in Fig. 2

and maintained at the same pressure all the times. In the

present study, the reservoir temperature and pressure are

assumed to be equal to 300 K and 37 MPa, respectively, unless

otherwise stated.

2.2. Cascade storage system

The cascade storage system is usually divided into three reser-

voirs, which are low, medium and high-pressure reservoirs.
Fig. 1 e A schematic diagram of hydrogen fuelling station.
Each of these reservoirs consists of several large cylinders. In

this storage system, reservoir cylinders are put into an order of

ascending pressure. Fig. 3 shows a schematic diagram of

a cascade storage system.

During filling, the hydrogen on-board cylinder is first con-

nected to the low-pressure reservoir. As the flow rate reaches

a pre-set level the system is first switched to the medium-

pressure reservoir, and then to the high-pressure reservoir to

complete the fill. However, in refilling the station reservoirs

the compressor is automatically switched on to fill the high-

pressure reservoir first, and then switches to the medium

and the low-pressure reservoirs. This ensures that the high-

pressure reservoir is maintained at maximum pressure all

the times, which in turn guarantees that vehicles are always

supplied with the maximum amount of gas available. Correct

specification of the compressor capacity and the volume of

cascade storage is necessary to ensure that the hydrogen

station can deal with the type (buses or trucks) and frequency

(peak periods) of vehicles using the facility.
3. Cascade reservoirs parameters

Thermodynamic properties in the cascade reservoirs play

important roles on the filling process. Twomain properties are

pressure and temperature. As shown in Fig. 3, each reservoir

has its own temperature (TR) and pressure (PR), which are

assumed to be constant during the filling process. Typically,

the maximum pressure in the high-pressure reservoir (PR3) is

in the range of 37 MPae70 MPa, while the vehicle’s maximum

on-board cylinder pressure is about 35 MPa.
Fig. 3 e A schematic diagram of the cascade storage

system.
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To maintain the final pressure within the on-board

cylinder to its common maximum level, the pressure within

the high-pressure reservoir is assumed constant at 37 MPa

throughout the present study. The effects of medium and low

reservoir pressures on the performance of the fuelling station

have been studied by introducing two dimensionless param-

eters. The ratios of the medium and low-pressure reservoir to

the high-pressure, which are defined as:

NP1 ¼ PR1=PR3 NP2 ¼ PR2=PR3 (1)

An additional dimensionless number is the fill ratio, which

is defined as the mass of charged gas after filling divided by

the mass which the on-board cylinder can hold at the rating

condition of 300 K, 35 MPa. This parameter is directly related

to the driving range of the hydrogen vehicles:

FR ¼ mcðat end of fillingÞ
rð300K; 35MPaÞVc

(2)

Filling algorithms for the cascade reservoirs is as follows.

The on-board cylinder is first connected to the low-pressure

reservoir. The cylinder is switched to the medium and then

high-pressure reservoir when the pressure difference

between the in-cylinder and the reservoir drops to 0.5 Mpa.

Filling is stopped, when the on-board cylinder pressure rea-

ches to 35 MPa.
4. Thermodynamic analysis

4.1. First law analysis

Tomodel the fast filling process and construct amathematical

method, the hydrogen on-board cylinder is considered as

a thermodynamic open system which goes through a quasi-

steady process. By applying the continuity and first law of

thermodynamics to the on-board hydrogen cylinder as

a control volume containing only one inlet the followings are

obtained:

dmC

dt
¼ _mi (3)

In Eq. (3), _mi is the inlet mass flow rate, which can be

calculated by considering an expansion through an orifice [28]

_mi ¼ CdrRAorifice
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In Eqns. (4) and (5), Cd is discharging coefficient of the orifice

and stands for irreversibility. For reversible process, Cd ¼ 1.

The first law of thermodynamics for a control volume can

be written as follows:

_Qcv þ
X

_mi

�
hi þ V2

i =2þ gzi
� ¼ X

_me

�
he þ V2

e=2þ gze
�

þ d=dt
�
m
�
uþ V2=2þ gz

��
cv

þ _Wcv (6)

The work term is zero in the filling process and the change

in potential energy can be neglected. The equation is simpli-

fied for the present case as:

dUC

dt
¼ d _Q þ _mi

�
V2

i

2
þ hi

�
(7)

Defining hR ¼ ðV2
i =2Þ þ hi, the above equation can further be

simplified as:

dUC

dt
¼ d _Q þ _mihR (8)

The heat released from the on-board hydrogen cylinder to

the environment is calculated according to:

d _Q ¼ �UHCACðTC � TNÞ (9)

UHC, AC, TC, and TN are the overall heat transfer coefficient,

cylinder surface area, in-cylinder temperature and ambient

temperature, respectively. Combining Eqns. (3), (8), and (9), the

following equation is obtained:

dðmCuCÞ
dt

¼ �UHCACðTC � TNÞ þ dmC

dt
hR (10)

Or in the following form:

dðmCuCÞ
dt

� dðmChRÞ
dt

¼ �UHCACðTC � TNÞ (11)

The above equation can be rearranged in the following

form:

dðmCuC �mChRÞ ¼ �UHCACðTC � TNÞdt (12)

The above equation can be integrated from “start” of filling,

up to the “present” time as:

Zp

s

dðmCuC �mChRÞ ¼ �
Z t

o

UHCACðTC � TNÞdt (13)

The integration of the above equation for a single reservoir

fuelling station resulted to:

mCðuC � hRÞ �mCsðuCs � hRÞ ¼ �UHCACDTavt (14)

wheremC andmCs are themass of charged gas at “present” and

“start” of the filling process, respectively. DTav is the average

temperature difference between the cylinder and environ-

ment defined as:

DTav ¼ 1
t

Z t

o

ðTC � TNÞdt (15)

The first law of thermodynamic for the on-board hydrogen

cylinder finally is written as:

http://dx.doi.org/10.1016/j.ijhydene.2011.11.017
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uC ¼ hR � UHcACDTavtþmCs

mC
ðuCs � hRÞ (16)

4.1.1. Adiabatic system
For an adiabatic system, the Eq. (16) can be further simplified

to:

uC ¼ hR þmCs

mC
ðuCs � hRÞ (17)

And if mCs ¼ 0, the following relation is valid at any time:

uC ¼ hR (18)

4.2. The second law analysis

The second law of thermodynamics for filling process of an

on-board hydrogen cylinder is presented as:

_Sgen ¼ dSC

dt
� d _Q
TN

� _misi � 0 (19)

It is further assumed that all irreversibilities occur from the

inlet to in-cylinder position. Therefore, an isentropic expan-

sion is considered from the reservoir to inlet position, that is

si ¼ sR. In view of this assumption and combining Eqns. (3), (9),

and (19), the following equation is obtained:

_Sgen ¼ dðmCsCÞ
dt

� dmC

dt
sR þ UHcACðTC � TNÞ

TN

(20)

Or rearranging as:

_Sgendt ¼ dðmCsC �mCsRÞ þ UHCACðTC � TNÞ
TN

dt (21)

The above equation can be integrated from “start” of filling

to the “present” time as:

Sgen ¼
Zp

s

dðmCsC �mCsRÞ þ
Zp

s

UHCACðTC � TNÞ
TN

dt (22)

For a fuelling station with a single reservoir in which sR
remains constant throughout the filling process, the integra-

tion of the above equation resulted in the following simple

equation:

Sgen ¼ mCðsC � sRÞ �mCsðsCs � sRÞ þ UHCACðTav � TNÞ
TN

(23)

4.2.1. Adiabatic system
Eq. (23) can be more simplified for an adiabatic system as:

Sgen ¼ mCðsC � sRÞ �mCsðsCs � sRÞ (24)

If the cylinder is empty at the start of filling process (mcs¼ 0),

the following relation is obtained:

Sgen;max ¼ mCðsC � sRÞ (25)

It should be noted that Eqns. (23)e(25) are only valid for

a single reservoir fuelling station. Calculating entropy gener-

ation for a fuelling station with the cascade reservoirs system

is more complex as reservoirs conditions vary during filling.

Here the non-dimensional entropy generation is introduced to

allow for comparing the results for various configurations:
NS ¼ Sgen

Sgen;max
(26)

It worth mentioning that NS expresses the irreversibility in

the system.MinimizingNSmeans reducing the required input

work to the system, which is provided by the station

compressor.

4.3. The numerical procedure

The procedure for calculating the in-cylinder condition of

hydrogen starts from the initial conditions. Eq. (4) or (5) is

employed to calculate the inlet mass flow rate. Eq. (3) is then

utilized to compute the in-cylinder mass and consequently

specific volume of hydrogen within the cylinder using first

order Euler numerical scheme. Similarly, Eq. (16) is solved to

calculate the in-cylinder specific internal energy of hydrogen

at the new time step. Upon determination of two independent

thermodynamic properties (here specific internal energy and

specific volume), other properties can be easily found from the

hydrogen property tables.
5. Results and discussion

In this study, an adiabatic hydrogen vehicle on-board cylinder

is considered and therefore, the characteristics of the orifice,

do not affect the final temperature in the cylinder. The orifice

diameter and the cylinder volume are considered to be 1 mm

and 150 litters [11], respectively.

Initially, the effects of storage type (buffer and cascade

storage systems) on hydrogen filling performance are exam-

ined. In this regard the dynamic profile of in-cylinder prop-

erties and the important parameters affecting the filling

station performance are discussed in Section 5.1. The reser-

voir pressure of 37 MPa is considered for buffer system. While

for the case of cascade storage system, the pressures of 11, 21

and 37 MPa are considered for the low, medium and high-

pressure reservoirs, respectively. The optimized pressure

values for the low and medium- pressure reservoirs are

established for cascade storage system through minimization

of the entropy generation of the system in Section 5.2.

5.1. Comparison between buffer and cascade storage
systems

Fig. 4 shows the dynamic in-cylinder pressure profiles during

filling process for buffer and cascade systems. It is clear that

the time required to reach the final pressure (35 MPa) in the

buffer storage system is about 66% less than the cascade

storage system. It should be noted that the filling time could

also be reduced by appropriate sizing of the piping equip-

ments (e.g. orifice diameter).

Fig. 5 compares the time variations of the mass flow rate

during the filling process for buffer and cascade systems in the

constant ambient temperature of 300 K. Figure shows that the

mass flow rate profile in the cascade system is not continuous

and it contains three separate sections corresponding to the

times that the low, medium and high-pressure reservoirs are

switched on. While the time variations of the mass flow rate

http://dx.doi.org/10.1016/j.ijhydene.2011.11.017
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Fig. 4 e The time variation of in-cylinder pressure profiles

during filling process for buffer and cascade storage

systems.

Fig. 6 e The time variations of the dynamic hydrogen in-

cylinder temperature profiles for buffer and cascade

storage systems.
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for the buffer system reveals a similar trend to the first section

of the cascade profile. In the early times of the filling process

the mass flow rate is constant due to the choking condition of

orifice. Clearly, the mass flow rate for the buffer system is

much higher than the cascade system,whichmakes the filling

time for buffer system to be much smaller than the cascade

system.

Fig. 6 shows the time variations of the dynamic hydrogen

in-cylinder temperature profiles for both cases. Both storing

systems show a rapid increase in temperature from the

ambient temperature in the early stages of charging, while the

temperature remains basically constant during the rest of the

filling process. However, the final in-cylinder temperature for

buffer system is about 15 K higher than the cascade storage

system.

Farzaneh-Gord et al. [20e23] have also presented similar

results for CNG filling process. In their results, the in-cylinder
Fig. 5 e The time variations of the mass flow rate during

the filling process for buffer and cascade storage systems.
temperature in buffer system drops during the early stages of

filling before rising to its final value. It was found the final

temperature of the buffer system is about 20 K less than the

cascade system due to this initial drop in temperature. It was

explained that the reason for the initial drop in temperature,

is because of the Joule-Thompson cooling effect, since the gas

undergoes an isenthalpic expansion through the orifice from

20MPa supply pressure to the initially low cylinder pressure of

0.1 MPa. The expanded cold gas mixes with the existing gas in

the tank lowering the gas temperature initially. However, later

on the compression and conversion of the flow work into the

internal energy overcomes the Joule-Thompson cooling effect

and the cylinder gas temperature increases.

It must be noted that for hydrogen filling process, the Joule-

Thompson coefficient is negative and therefore, the gas

temperature increases during an isenthalpic filling expansion.

This causes the initial temperature rise to be higher for the

buffer system as compared to the cascade one.

The results presented in this section are valid for an adia-

batic hydrogen vehicle on-board cylinder. In practice, the

cylinders are not adiabatic due to the heat lost during the

filling process. Thismakes final the in-cylinder temperature to

be lower than the values reported here. The actual final in-

cylinder temperature depends on the charging time but for

safety considerations it should be lower than 85 �C. The

charging time is controlled by the station dispenser algorithm

through regulating inlet mass flow rate in actual condition.

In Fig. 7, the time variations of the filledmass are shown for

buffer and cascade systems during filling process for initial

temperature of 300 K. Clearly, the filled mass for the cascade

system is only 0.1 kg more than the buffer system. In the

cascade system, about 35%, 29% and 36% of filled mass are

supplied by low, medium and high-pressure reservoirs,

respectively. For a CNG filling station, Farzaneh-Gord et al. [23]

found that the filled mass is higher for the buffer system

instead of the cascade system, which is directly related to the

final in-cylinder gas temperature. The filled mass is higher for

http://dx.doi.org/10.1016/j.ijhydene.2011.11.017
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Fig. 9 e Effect of initial (ambient) temperature on fill ratio

and final in-cylinder temperature for a) buffer and b)

cascade storage systems.

Fig. 7 e The time variations of the in-cylinder mass during

filling process for buffer and cascade storage systems.
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the case where the final in-cylinder temperature is lower. The

final in-cylinder temperature itself is related to the joule-

Thomson effects.

Fig. 8 shows the effect of initial or the ambient temperature

variations on the filled mass of an empty hydrogen on-board

cylinder. As mentioned earlier, the filled mass has a direct

impact on the driving range of a hydrogen vehicle, which is

one of most important problems associated with hydrogen

vehicles industry. As figure shows, the filled mass decreases

for both systems as the ambient temperature increases, which

is slightly larger for the cascade system.

Fig. 9 shows how fill ratio and final in-cylinder temperature

vary with ambient temperature. It is seen that as the initial or

ambient temperature increases fill ratio decreases. This

means that driving range of a hydrogen vehicle will decrease

in hot weather condition as compared to the colder weather.

Similar conclusion can be made by considering the effects of

ambient temperature on in-cylinder temperature variations.

Figure also shows that the final in-cylinder temperature
Fig. 8 e Effect of initial (ambient) temperature on filled

mass for buffer and cascade storage systems.
increase as ambient temperature increases. Yang [9] has

carried out a theoretical analysis and calculated the final in-

cylinder temperature to initial temperature ratio for a buffer

system. The ratio was found to be 1.48 as compared to the

present study results, which vary between 1.467 and 1.485

depending on the initial temperature.

As mentioned previously, entropy generation is associated

with thermodynamic irreversibilities, which waste the avail-

able work provided by the compressor in the fuelling station.

Therefore, any reduction in the entropy generation during the

filling process is associated with the decrease in compressor

input work. Fig. 10 compares the entropy generation for the

buffer and cascade storage systems, which clearly indicates

that the entropy generation for the buffer system is about two

times larger than the cascade system. This can be justified by

the lower work required to store the gas in cascade system

comparing to the buffer one.

Fig. 11 shows a normalized comparison among important

parameters for hydrogen vehicle industries. The normalized

values in this figure are obtained based on the higher value in

each case. Considering the important factors associated with

filling process and fuelling station that are filling time, filled

mass and compressor input work, it can be concluded that the
Fig. 10 e Entropy generations for buffer and cascade

storage systems.
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Fig. 13 e Effect of varying low-pressure (NP1) and medium-

pressure reservoir pressure (NP2) on non-dimension

entropy generation for cascade storage system.

Fig. 11 e Dimensionless comparisons among important

parameters in hydrogen station for buffer and cascade

storage systems.
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filled mass is slightly higher and entropy generation is lower

for the cascade system compared to the buffer system. The

main disadvantage of the cascade system is the considerable

larger filling time. However, the filling time can be also be

reduced by appropriate sizing of piping equipments (e.g.

orifice diameter), and therefore, the cascade storage system

may be considered as the more appropriate configuration for

the storage system.

As discussed in Section 3 for cascade system, the cylinder

is switched to the higher pressure reservoir when the in-

cylinder and the reservoir pressure difference drops to

0.5 Mpa. If the switching occurs at a higher pressure differ-

ence, the inlet mass flow rate increases and consequently the

filling time decreases. It will probably have also impact on the

final in-cylinder condition. The future study should investi-

gate these effects.

It should be also noted that in most of the hydrogen fuel-

ling stations with cascade configuration, the pressure of the

low and medium-pressure reservoirs are brought up to the

highest possible pressure (even up to the pressure of the high-

pressure reservoir) when the compressor has free time. In
Fig. 12 e Effects of varying low-pressure (NP1) and

medium-pressure reservoir pressure (NP2) on filling time

for cascade storage system.
such cases, the fuelling station behaviour is similar to the

buffer system.
5.2. Optimizing cascade storage system

As indicated above, the cascade storage system shows a better

performance over the buffer systems. The next question

would be about the optimized values for the pressure of the

low andmedium-pressure reservoir. The optimised values are

determined based on the smaller filling time and lower

generated entropy as discussed below.

Fig. 12 shows the effects of pressure levels of the low and

medium-pressure reservoir on the filling time. The objective is

finding a combination of NP1 and NP2 in which the filling time

is minimized. Note from the figure that filling time decreases

as NP1 increases. Furthermore, for any value of NP1 there is

a specific value of NP2 in which the filling time is maximized.

Apparently, it can be concluded that such a combination of

NP1 and NP2 that minimizes the filling time cannot be ob-

tained. Yet as mentioned earlier, it is also possible to reduce

the filling time through appropriate sizing of the piping

equipments (e.g. orifice diameter).

As for the entropy generation, in Fig. 13 the effects of the

pressure level of the low and medium-pressure reservoirs on

the normalized entropy generation are presented. It must be

emphasized that it is assumed that the cylinder is empty

initially. Figure indicates that the minimum entropy genera-

tion for the present case occurs for the pressure ratios of

NP1 z 0.24 and NP2 z 0.55 corresponding to the pressure

values of 8.88 MPa and 20.35 MPa for the low and medium-

pressure reservoirs.

Comparing Fig. 12 with 13, it can be realized that the

normalized entropy generation and filling time profiles show

opposite trends, such that as the entropy generation

decreases the filling time increases. Therefore, as expected

the minimum entropy generation corresponds to the

maximum filling time for any pressure ratio.

http://dx.doi.org/10.1016/j.ijhydene.2011.11.017
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6. Conclusion

First and second laws of thermodynamics have been

employed to analyze the filling process associated with the

buffer and cascade storage systems. The important param-

eters such as filling time, filled mass and compressor input

work have been examined for the these two storage systems.

It is found that the time required to bring up the hydrogen

vehicle on-board cylinder to its final pressure of 35 MPa in

the buffer storage system is about 66% less than that of the

cascade storage system. However, the filled mass related to

the buffer system for the same conditions is about 97% of the

cascade system which is not a major disadvantage of this

system. Furthermore, buffer storage system is accompanied

with 55% higher entropy generation as compared to the

cascade storage system, which directly reflects in the

amount of required compressor input work. Since the filling

time can be reduced through appropriate sizing of the

piping equipments, it seems that the cascade storage system

is more promising in the hydrogen fuelling stations

technology.

Entropy generation minimization has also been employed

to determine the optimized low and medium-pressure reser-

voir pressures for the cascade storage system, which corre-

sponds to the lowest required compressor input work for

a specific high-pressure reservoir.

Some limitations associated with the present study comes

from the employed simplifying assumptions such as adiabatic

condition for the on-board cylinder and fixed conditions for

reservoirs, which will be relaxed in our future work.
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Glossary

cp,cv: Constant pressure &volume specific heats, kj/kg K
g: Gravitational acceleration, m/s2

h: Specific enthalpy, kj/kg
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_m: Mass flow rate, kg/s
u: Internal energy, kj/kg
h: Enthalpy, kj/kg
t: time, seconds
s: Entropy, kj/K
_s: Entropy Rate, kj/Ks
v: Specific volume, m3/kg
z: Height, m
A: area, m2

Cd: orifice discharge coefficient
M: Molecular weight, kg/kmol
P: Pressure, bar or Pa
_Q: Heat transfer rate, kW
T: Temperature, K or �C
V: Volume, m3

W: Actual work, kj/kg
_W: Actual work rate, kW or MW
NP: Non-dimensional pressure ratio
NS: Non-dimensional entropy ratio
r: Density, kg/m3

g: Isentropic Exponent

Subscript

1: reservoir tank 1
2: reservoir tank 2
3: reservoir tank 3
i: initial or inlet condition
e: exit condition
max: maximum
p: present time of filling process
s: start of filling process
av: average
gen: generation
C: hydrogen on-board cylinder
CV: Control Volume
R: reservoir tank
HC: heat transfer coefficient
N: ambient
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