Advanced energy systems

7th International Conference on Heat Transfer,
Fluid Mechanics and Thermodynamics,
19 - 21 July 2010, Antalya, Turkey

An expermintal investigation of thermal effects during discharging operations in a
hydrogen cryo-adsorption storage system

Petar Aleksié¢,* Erling Neess, and Ulrich Bunger
Norwegian University of Science and Technology
Department of Process and Energy Engineering

Kolbjprn Hejes vei la, NO-7491, Norway
(Dated: January 4, 2010)

Experimental analysis of thermal effects during discharging of a ten liter hydrogen cryo-adsorption
storage tank have been performed. Experiments has been conducted with two adsorbent classes:
activated carbon and metal-organic-framework. The study was carried out in a cylindrical tank
with granular adsorbents in which the bed temperature was measured at various positions. Thermal
effects have been investigated as a consequence of variations in the mass out-flows rate and the initial
storage pressure. The experiments tried to reproduce scenarios of a hydrogen-fueled powertrain in
operation by delivering power input required for a conventional scooter (6 kW) and a fuel-cell vehicle
(20 kW). The penalties in quantities of residual gas were reported and suggestions for improvements
of thermal management during discharging operations were suggested.
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I. INTRODUCTION

If the promises risen from hydrogen-fueled fuel-cell ve-
hicles are to be fullfiled, a number of breakthroughs re-
lated to the development of hydrogen storage infrastruc-
ture and operation procedures need to be achieved. The
DoE and stakeholders within the automobile industry ad-
vocate that hydrogen-fueled vehicles need to be able to
match the performances of common hydrocarbon fueled
powertrains in terms of driving characteristics, safety and
cost. Such approach led them to impose a series of tar-
gets which present a serious challenge to the developers
of hydrogen storage systems [1]. These targets define hy-
drogen content per unit mass and unit volume, limited
energy loss during filling and discharging operations, fast
kinetics during charging, high cycle life, minimized cost
of recycling and auxiliary equipment and safety concerns
in regular service and/or accidents. For the time being,
none of the currently investigated storage technologies is
able to meet all the criteria at once.

Unlike gasoline or diesel, easily handled under the am-
bient conditions, hydrogen needs an extra processing to
meet gravimetric and volumetric energies densities rec-
ommended for on-board storage by the automobile in-
dustry. The four major storage technologies for on-board
storage systems include: physical storage via compres-
sion, hydrogen liquefaction, chemical storage via metal
hydrides and gas physisorption on solid adsorbents.
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Hydrogen storage via adsorption has probably received
the least research attentions due to the controversial re-
ports of hydrogen uptake reported which later failed to
be reproduced [2]. Recently, more consistent results have
been reported and confirmed by different research groups
with more consistent sample preparation, activation pro-
cedures and measuring techniques. Gas physisorption
offers fast kinetics of charging and discharging as hydro-
gen is maintained in molecular identity. Furthermore,
this arrangement could potentially offer a reduction of
the storage pressure. While the above mentioned char-
acteristics are favorable to physisorption, reported hy-
drogen uptakes on carbon materials and metal-organic-
frameworks do not exceed 2wt% at room temperature
[3]. Due to such moderate adsorption potential exhib-
ited at near ambient temperatures, the adsorption type
storage systems need to be operated at the temperatures
close to the temperature of liquid nitrogen (LN2). Such
storage system consists of a cryogenic vessel packed with
an adsorbent and auxiliary equipment required for the
maintaining the low temperature. Liquid nitrogen is at-
tractive due the low cost and wide availability.

Reaching gravimetric and volumetric targets for on-
board storage systems suggested by the DoE have been
marked by scientific community as crucial enabling fac-
tors for commercialization of hydrogen-fuelled power-
trains [4]. Improvements in the volumetric and gravimet-
ric storage capacity for all relevant storage technologies
in the last decade have been reported [5-7]. Currently,
maximum hydrogen uptake of 5.8 wt% on carbon ma-
terials and 7.5 wt% on metal-organic-framework (MOF)
at 77 K has been reported [8]. Apart from the mate-
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rial development, thermal effects that occur during high-
pressure charge and discharge operations in adsorption
type storage systems can seriously hinder the storage ca-
pacity of the system during the re-filling and cause signif-
icant amount of residual gas trapped in the tank during
discharging [9, 10]. Lamari et al. [11] have investigated
dynamics of re-filling and discharging processes of a hy-
drogen storage system at near ambient temperatures and
high pressures. At the analyzed operational conditions,
the amount of adsorbed hydrogen is quite moderate. In
this paper, we focused on thermal effects during discharg-
ing of a hydrogen cryo-adsorption system, combining op-
timal operating conditions i.e. moderately high pressure
(up to 2 MPa) and low temperature for gas storage pro-
cess purpose. The experimental analysis is conducted
with two adsorbent classes: activated carbon (AC) and
metal-organic-frameworks (MOF).

II. EXPERIMENTAL SETUP

Experimental setup is designed and built to enable in-
vestigation of thermal effects in a cryo-adsorption storage
system during charging and discharging operations with
diverse pelletized adsorbents. The experimental setup
consists of two main lines: charge and discharge. Fig-
ure 1 displays a simplified layout of the discharge line.
The main components of the discharge line are: adsorp-
tion column, gas-handling and measuring equipment and
data~acquisition system. The adsorption column (1) is a
stainless-steel cylinder with internal and external diam-
eters of 132 mm and 135 mm, respectively. The internal
length of the column is 720 mm and the total internal
volume is 9.853-1073 m?3. Twelve thermocouples of type
T (Txx) are distributed along the column to allow mea-
surement of temperature variations in axial and radial
direction during the discharging operations. A digital
pressure transducer is mounted on the upper flange of
the storage vessel, able to measure pressure up to 6 MPa.
The tank is equipped with a release valve (4) to prevent
uncontrolled pressure increase in the tank. The column
is packed with a palletized adsorbent. The analysis is
conducted with a commercially available activated car-
bon (NORIT R0.8) and metal-organic-framework (Cu-
1,3,5-BTC) synthesized in BASF laboratories. The acti-
vated carbon adsorbent has specific surface area (SSA)
of 1385 m? /g, bulk density of 400 kg/m® and cylindrical
shape particles (3x0.8) while the MOF adsorbent mea-
sures SSA and bulk density of 1154 m? /g and 485 kg/m?,
respectively. The storage vessel is emerged in a liquid ni-
trogen bath (2).

The gas-handling and measurement line consists of:
particle filter (3), shut-off valve (5), shell-and-tube heat
exchanger (6), pressure regulator (7) and mass flow con-
troller (8). The particle filter serves to prevent eventual
penetration of particles in the measuring equipment. The
shut-off valve enables start/termination of discharging
operations. The heat exchanger is employed to heat up

the outflow gas before entering the mass flow controller.
The pressure regulator with the reading accuracy of +3%
is used to reduce the gas pressure to a prediscribed value
required for feeding of fuel-cells. Hydrogen mass out-
flow is measured and controlled by use of the mass-flow
controller (Brooks Ins.5851S) with the full-scale of 120
nlit/min. The reading accuracy of the flow controller was
0.7 %. The data acquisition system (9) includes a per-
sonal computer linked to the thermocouples, the pressure
transducer and the mass-flow controller via multifunction
consoles (NI ¢FP). The mass-flow rate is governed by a
Brooks Ins power/control unit (Brooks Ins. 0154). The
data were recorded by use of LabView software applica-
tion. The acquisition frequnecies for the temperature,
pressure and flow variations were 0.5 s.

Experiments were carried out with the initial pressure
in the tank of 2 MPa. Before the discharging of the stor-
age tank, the mean temperature in the bed was adjusted
to 81 K with maximum temperature variation of 1 K.
Commence of discharging was initiated by opening of
the shut-off valve (5). At the given parameters, 142.9
g of hydrogen was stored in the tank. Downstream from
the valve, the pressure regulator was used to allow gas
expansion to 0.25 MPa. The constant flow rate, that
determines the available power, varied between 0.05 g/s
and 0.12 g/s. Such mass flow provide power required of
6 kW (scooter) and 15 kW (small city electrical vehicle).
When the pressure in the tank reached the 0.25 MPa,
the shut-off valve was used to terminate the outflow of
hydrogen.

III. RESULTS AND DISCUSSION

The thermal behavior and its influence on the perfor-
mance of the proposed storage system is analyzed with
respect to variations of: adsorbent’s class and discharg-
ing mass rate.

Since it is not possible to represent the vast amount
of experimental data obtained at twelve measuring posi-
tions, only positions of thermocouples significant for the
analysis are presented at figure 2. Thermocouple T1 is
placed on the axis close to the outlet of gas. Thermal
sensor T2 lies on the axis and 205 mm from the upper
flange. Thermocouples T3, T4 and T5 are positioned in
the middle section of the storage column. Thermocouple
T3 lies in the center, T5 is placed in the vicinity of the
vertical wall and T4 is positioned on the midway between
thermal sensors T3 and T5. Thermocouple T6 is placed
on the vertical axis and close to the bottom of the tank.

Figures 3 and 4 display gas flow and pressure histories
for the initial pressure of 2 MPa and gas outflows of 0.05
g/s for the activated carbon and the MOF adsorbent, re-
spectively. Two distinctive region could be observed from
the graphs. The first region is characterized with the con-
stant outflow rate, and gradual pressure decrease. In the
moment when the pressure in the tank reaches 0.25 MPa,
shut-off valve is used to terminate the outflow. In the sec-
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FIG. 1: Layout of the experimental setup used for investigation of dynamical thermal behavior of storage system during

discharging
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FIG. 2: Positions of thermocouples in storage tank

ond region, a pressure increase in the tank is observed as
a consequence of temperature increase and redistribution
of quantities of adsorbed gas and gas stored in voids of
the bed. It could be noted that the column filled with the
MOF adsorbent allows extended discharging time (1225
s comparing to 1036 s for the activated carbon system).

Figures 5 and 6 show typical temperature histories at
different radial and axial positions. As expected, a tem-
perature decline was observed in all measuring points.
The temperature decrease is influenced by decompres-
sion and desorption. It could be noted that during the
first phase, all temperature measuring points placed in
the core of the tank recorded identical temperature drop.
An average temperature drop in the core of the bed of
13.55 K and 13.45 K at the end of discharging phase were
recorded for the activated carbon and the MOF adsor-
bent, respectively. Temperature decent recorded in the
vicinity of the wall (T5) was considerably lower than for
the remaining part of the column. Influence of the heat
penetration from the column’s surrounding was observed
only in the region situated in the areas close to the walls.
At the end of discharge, an average temperature drop
recorded in the vicinity of the wall was 4.1 K. Such ob-
servation leads to conclusion that problems of discharg-
ing could be sufficiently analyzed as a one-dimensional
radial model. After the period of the gas release, the
temperature in the tank gradually increased. During the
observed timespan, the complete temperature recovery
for the both analyzed scenarios was only observed in the
region close to the walls of the column. The temperature
sensors positioned in the core of the column recorded an
average temperature recovery of 7.2 K for the activated
carbon and 4.1 K for the MOF adsorbent.

Figures 7 and 8 display calculated variations of the hy-

135



2 'Topics

Hydrogen out-flow (g/s)

J 20
0.4 4\
] Flow
o pressure
418
] ]
0.10 i 5
o
J : E
0.08 : ;
] ) 410 5 5
| 0
0.06 4 \\ g ug
\ :
\ : E
" \ —405 Seh
il s . SR e
0.02 A
- I ! i J T 00
0 500 1000 1500 2000 2500 3000

time (s)

420
014"
i — Flow
. — Pressure | 15
0.104 =
\ ©
\ o
h =
0.08 \ e
by 410 @
E
0.08 L% 8
A o
K’
0.04 4 % 1os
N
0.02 ]
b | e
0.00 T T - T T T =00
0 500 1000 1500 2000 2500 3000
time (s)

FIG. 3: Measured mass flow and pressure histories recorded FIG. 4: Measured mass flow and pressure histories recorded
during discharging from 2 to 0.25 MPa for the AC adsorbent. during discharging from 2 to 0.25 MPa for the MOF adsor-

Outflow 0.05g/s

Temperature (K)

FIG. 5: Measured temperature histories at various positions FIG. 6:

85
80
75 &
g
2
2
70 &
—T2 5
—T3
— T4
65 -|
—=TH
—T6
60 . . ; - - - - ; . i . ]
0 500 1000 1500 2000 2500 3000
time (s)

85+

bent. Outflow 0.05g/s

60

T T T 1
1500 2000 2500 3000

time (s)

T T
500 1000

Measured temperature histories at various positions

in the tank for AC adsorbent. Corresponds to discharging in the tank for MOF adsorbent. Corresponds to discharging

conditions shown in Fig. 3

H, released (g)

104

20 \ vaid

‘measured

H, released (g)

AN

] =

-70 —
0 500

T T T T 1
1500 2000 2500 3000

time (s)

T
1000

10+

conditions shown in Fig. 4

N\

N\

\

\,,.—w"

T T T 1
1800 2000 2500 3000

time (s)

T T
500 1000

FIG. 7: Calculated amounts of hydrogen adsorbed (mgas) FIG. 8: Calculated amounts of hydrogen adsorbed (mqas)
and stored in the voids (myoeiq) of the tank during discharging and stored in the voids (muyoeiq) of the tank during discharging
and measured hydrogen outflow (mmeasured). Corresponds to and measured hydrogen outflow (mmeasured). Corresponds to

experiments shown in Fig. 3

136

experiments shown in Fig. 4



drogen stored in the voids and hydrogen adsorbed during
the discharging of the tank for the activated carbon and
MOF adsorbent, respectively. The mass outflow (1725y+)
is a sum of desorption and decompression rates:

dmvoid (p» T) + dmdes (pv T)

Mout = dat dt
[amout]ri,:Mass  outflow (g/s) [ades]mges Quantity
of adsorbed hydrogen (g) [amvoid]myeiqMass
of hydrogen stored in voids (g) [at]ttime (s)

[ammeasured]m,cqsureaHydrogen — outflow  measured
experimentally (g)

The quantity of adsorbed hydrogen (mges) is calcu-
lated by use of the Langmuir model fitted according to
the measured adsorption isotherms [12]. The quantity of
hydrogen stored in the voids (1my0iq) of the column is es-
timated by use of the ideal gas law. As shown in figures
7 and 8, the proposed model has showed a good accor-
dance with the hydrogen outflow measured experimen-
tally (Mumeasured)- 1t could be noted that during the pe-
riod of the gas outflow the majority of the gas is released
from the voids of the column. In the higher pressure re-
gion, when the adsorption isotherms are more sensitive
to temperature than pressure variations, the quantity of
adsorbed hydrogen increased due to the temperature de-
cline. Only towards the end of the gas discharging, at the
lowered pressure, a decrease in the amount of adsorbed
hydrogen in the column is observed. The higher thermal
mass of the MOF adsorbent, resulted with and increase of
desorbed hydrogen during the discharging. After the ter-
mination of discharging, as a consequence of temperature
recovery, a further decrease in the amount of adsorbed
hydrogen is recorded. The penalties in the amount of
the residual gas is estimated to 62.2 % for the activated
carbon and 59.8 % for the MOF adsorbent.

The influence of mass outflow has been examined for
the storage system packed with the activated carbon.
Figure 9a displays pressure and flow histories for the ini-
tial pressure in the tank of 2 MPa. The outflow of 0.05
g/s and 0.12 g/s has given discharging times of 1036 s
and 431 s, respectively. Figure 9b shows temperature
variations recorded in the middle section of the column
(positions T3 and T5) for gas outflows of 0.05 g/s and
0.12 g/s. It could be observed that the equal temperature
drop at the measured positions is recorded regardless of
the outflow variations. The maximum temperature drop
of 13.55 K at the position T3 and 5.11 K at the position
T5 are recorded. In the second regime, when the outflow
is terminated, the thermocouple place in the vicinity of
the wall recorded a full temperature recovery is observed
within 1500 s. During the observed timespan an average
temperature recovery rate of 3.8-1073 K /s was measured.

Presented graphs allow us to draw two major conclu-
sions:

e heat source is necessary in order to avoid the vast
penalty in the residual gas
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FIG. 9: Measured pressure and outflow (a) and temperature
histories (b) AC adsorbent with the discharge rate 0.05 g/s
(dotted line) and 0.12 g/s (solid line). Initial pressure 2 MPa

e low effective thermal conductivity of the bed limits
the heat penetration from the outer walls

Almost identical temperature decline, regardless of the
outflow variations, point out to low effective thermal con-
ductivity of the bed. Several publications have pointed
out that limitations in thermal conductivity could seri-
ously reduce the re-filling and discharging dynamics of
adsorption-type storage systems [13-15]. An experimen-
tal analysis was performed to estimate the effective ther-
mal conductivity of the adsorption column. A guarded
hot plate apparatus was used for the determination of
thermal conductivities for the both adsorbents. The ap-
paratus is capable to measure thermal conductivities over
the wide temperature range (from 150 to 300 K) and pres-
sure range from vacuum to 0.2 MPa in steady-state con-
ditions [16, 17]. The analysis has been conducted with
inert gases (helium and argon). The results were later
used to develop a model for the thermal conductivity of
a hydrogen-adsorbent system. The estimated thermal
conductivity for the temperature range from 80 to 150 K
for the activated carbon varies from 0.15 to 0.2 %
The limited hydrogen desorption rate during the dis-
charging showed that the that vast amount of hydrogen
gas remained adsorbed in the tank. Such findings point
out to the necessity of a controlled heat input during dis-
charging which will ensure that the remaining gas will
be delivered to fuel-cells. In order to extend the “driving
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time”, two scenarios have been analyzed in the following
section.

IV. IMPROVEMENTS IN OPERATION OF A
CRYO-ADSORPTION STORAGE SYSTEM

Figure 10 displays schematic of two scenarios for the
improved thermal management during discharging of the
analyzed storage tank. In the first scenario, it is as-
sumed that the storage system initially operates under
the isothermal conditions. After the pressure in the tank
decreases to 0.25 MPa, heat is supplied to maintain the
desired gas outflow (0.05 g/s). Also in the second inves-
tigated scenario, two regions could be distinguished. In
the first region, the system operates under isobaric con-
ditions and the hydrogen outflow is maintained by the
heat input. During the second stage, the gas is expanded
under the isothermal conditions.
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FIG. 10: Considered scenarios for improvement of thermal
behavior during discharging

Scenario I: Figure 11 presents pressure and temper-
ature profiles during the discharging operations. During
the first stage, the pressure in the tank decreases from 2
MPa to 0.25 MPa in 1480 s. During the second stage, the
storage system operates at the constant pressure (0.25
MPa) and heat is invested in the tank to enhance hy-
drogen desorption. Figure 12 displays redistribution in
the amount of adsorbed hydrogen and hydrogen stored in
the void of the storage column. In the first stage, when
the tank operates under the isothermal conditions, the
majority of gas, required to maintain the constant out-
flow, comes from the hydrogen stored in the voids. In
the lower pressure region (below 0.5 MPa), the portion
of desorbed hydrogen in the outflow increases. At the
end of the isothermal expansion , only 8.2 % of adsorbed
hydrogen is discharged. With the heat input, applied
during the isobaric heating phase, hydrogen desorption
becomes more pronounced. Increasing temperature to
200 K would prolong the driving time and deplete the
total amount of hydrogen from the storage tank in 2500
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FIG. 11: Pressure and temperature development during dis-
charging scenario 1 from 2 to 0.25 MPa for activated carbon
adsorbent. Outflow rate 0.05 g/s
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s. However temperature increase in the bed for on-board
storage systems is limited with the available heat from
the fuel cells. Assuming the efficiency of 60 % for fuel-
cells [18], the following heat balance is derived:

dr
[6 “PHy * Cpu, T (L =€) psotid - Cpsolid] “Viank - dat

Meout - LHV - 0.4

[grhoh?2] pzr, Hydrogen density (kg/m?)
[acph2]cy,,, Heat capacity of hydrogen (J/(g - K))
[gepsilon]ePorosity (-) [grhosolid] pserig Adsorbent
density (kg/m?) [acph2]csogHeat capacity of ad-
sorbent (J/(g - K)) [aVtank]VignrTank volume (m?)
[@T]TTemperature(K) [aLHV]LHV Lower heating value
of hydrogen (J/g)

where mp, and mgeiq are the mass of the gas and
the mass of the adsorbent in the tank, respectively. ¢, Ha



denotes specific heat capacity of hydrogen, while ¢,__,,,
stand for specific heat capacity of adsorbent. Lower heat-
ing value of hydrogen is denoted with LHV and porosity
with e. The gas outflow is riigy:. The maximum fea-
sible temperature increase is limited to 148 K. For the
given temperature, the penalty in the residual hydrogen
is reduced to 7.54 %.

Scenario IT: Calculated pressure and temperature
profiles for the scenario II are given in figure 13. While
the temperature increases from 80 K to 148 K in 1475 s
at the constant pressure (2 MPa), the quantities of both
adsorbed and hydrogen stored in the voids decrease. At
the end of the isobaric heating, 56 % of the adsorbed
hydrogen is depleted (Figure 14). During the period
of isothermal decopression, the rate of hydrogen deso-
prtion decreases. At the end of the discharging period,
the penalty in the amount of residual adsorbed hydrogen
is 13.38%.

Heat input in the analyzed scenarios sums the heat in-
vested for heating the solid adsorbent and the gas stored
in the voids, heat required to compensate heat used for
hydrogen desorption and heat consumed during the gas
decompression. The heat balance is presented below:

dT
Q = (1 - 6) " Psolid * Cpsoria ‘/tank : E +
dT
+e€- (pvv'id + pads) . CpH2 . ‘/tank . E +
dMes dp
—— AHug + Viank - —
L d + Viank a

[adH]AH,qHeat of adsorption (J/g) [ap]pPressure in
tank (Pa))

Heat that needs to be invested for the gas retrieval for
the both scenarios is shown in figure 15. Comparing the
heat duties for the analyzed scenarios show that scenario
1T requires about 20 % more energy than scenario I. The
reason for the higher heat duty in the scenario II is due
the higher thermal mass during isobaric heating. Cal-
culations performed show that the heat released during
hydrogen desorption is responsible for almost 60 % of the
total heat duty. However, the total heat that needs to be
invested in order to minimize the penalties in the resid-
ual gas proposed in the scenarios is less the 3 % of the
total energy content of the discharged hydrogen.

V. CONCLUSION

Adsorption is one of the currently investigated tech-
nologies for hydrogen on-board storage systems. Fun-
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damental information about the potential of adsorption
storage systems are represented by adsorption isotherms.
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mal conductivity and heat management. A penalty in
the residual gas of over 60 % is recorded in the investi-
gated cryo-adsorption storage systems without an ade-
quate heat enhancement and heat input devices.

Analyzed scenarios offer possible improvements by ap-
plying a waste heat from fuel-cells to facilitate hydrogen
desorption. From the point of feasibility, both scenar-
ios require a small portion in comparison to the energy
content of the initially stored hydrogen.
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