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MOISÉS BASTOS-NETO, A. EURICO B. TORRES, DIANA C.S. AZEVEDO∗ AND
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Abstract. This study presents experimental data of storage and delivery tests of methane on activated carbon
carried out in a prototype vessel at pressures up to 40 atm. Adsorption equilibrium data at high pressure were
measured using a gravimetric apparatus. Experimental data obtained from the storage/delivery tests are compared
to those obtained from process simulation using a dynamic model. The simulation model was run using the measured
equilibrium data as input parameters. A good agreement was observed between experimental and simulated results.
Histories of pressure and stored mass were satisfactorily well predicted. Despite heat effects, not precisely taken into
account in the model, there was a reasonably good agreement between simulation and experiment for the average
temperature inside the vessel.
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1. Introduction

Natural gas (NG) is a non-renewable natural resource
still available in great amounts and not totally used to
its full energy potential. NG reserves are enough to sup-
ply the current demand for the next 60 years, twice as
much as estimated for the oil reserves (Lozano-Castelló
et al., 2002). Methane is the major constituent of natural
gas, usually over 90% in volume. Among the paraffinic
compounds, methane is the one with lowest normal
boiling temperature (112 K). Moreover, its critical tem-
perature is very low (192 K), so that it behaves ap-
proximately as an ideal gas at room temperature, even
under high pressures. It has a spherical-symmetrical
molecule without dipole or quadrupole moment, un-
like other common adsorbates present in NG such as
N2 and CO2, which have appreciable quadrupole mo-
ments. In view of this, methane can be adsorbed in
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adsorbents with apolar surfaces by means of van der
Waals forces only.

Natural Gas is an attractive fuel for its cleaner
combustion, which may potentially reduce CO, NOx

and SOx emissions, especially in urban areas. How-
ever, natural gas use poses some disadvantages as com-
pared to the liquid fossil fuels: it is relatively expen-
sive to be transported to remote areas not served by gas
pipelines and, under standard conditions of temperature
and pressure, its energy density (defined as the combus-
tion heat per volume unit) is only 0.038 MJ/l (0.11%
of gasoline value), restricting its intensive use to areas
served by gas pipelines. This has practically excluded
natural gas from the transportation market, although
the current concern with emissions from vehicles us-
ing liquid fuels has increased the interest for vehicles
using natural gas as fuel. There is a considerable fleet of
cars using compressed natural gas (CNG) with loading
pressures around 20 MPa (Cook et al., 1999). Under
these conditions, its density is about 230 times greater
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than NG in normal conditions of temperature and pres-
sure, usually referred to as 230 V/V. Thus, energy den-
sity of CNG at 20 MPa and 20◦C is about 8.8 MJ/L,
which accounts for 25% of the energy density of
gasoline.

If natural gas is stored in the adsorbed form (ANG),
the pressure reached in the reservoir may be consider-
ably lower (about 3.5 to 4.0 MPa), which means lower
costs with vessel construction and compression, be-
sides greater safety. Another potential use of ANG is
the transportation to remote areas with incipient de-
mand not served by gas pipelines. Any material with
pore diameter smaller than 2 nm (micropores, accord-
ing to the definition of IUPAC—International Union
of Pure and Applied Chemistry) is capable of adsorb-
ing gases above their critical temperatures proportion-
ally to the micropore volume. Activated carbons, be-
cause of the great micropore volume they may contain,
have shown to be an appropriate material, which has
been reported in most studies of ANG (Alcañiz-Monge
et al., 1997; Cook et al., 1999; Cracknell et al., 1993;
Menon and Komarneni, 1998; Parkyns and Quinn,
1995).

The storage of natural gas in adsorbed form inside
vessels is subject to heat effects, which are much more
pronounced than in the case of compressed gas. Since
adsorption is an exothermic process, bed temperature
rises during the charge, which results in a smaller
storage capacity of gas in dynamic conditions. Like-
wise, temperature decreases in the discharge, which
increases retention and hence lowers the amount of
delivered gas. Under dynamic conditions, storage and
delivery capacities are about 85 to 90% lower than those
obtained on an ideally isothermal process. This capac-
ity loss depends mainly in the shape of the adsorption
isotherm curve. Besides, the thermal effects depend on
the heat of adsorption, the heat transfer properties of the
adsorbent bed and also on the heat exchanged through
the walls of the vessel and with the atmosphere. Con-
sequently, the performance and viability of an ANG
system depends not only on the textural characteris-
tics of the adsorbent, but also on the heat and mass
transfer properties of the adsorbent bed and the storage
vessel.

This study has the objective of showing experimen-
tal results for storage and delivery tests of methane
carried out in a prototype vessel filled with activated
carbon adsorbent. A dynamic model, which uses equi-
librium data measured in our laboratory as input, is
used to predict experimental data for vessel charge and

discharge cycles with methane. A good agreement is
observed between experimental and simulated results
in terms of histories of pressure, temperature and stored
mass.

2. Theory

The description of the charge and discharge cycle
dynamics of an ANG reservoir has been the ob-
ject of several studies in recent years (Biloé et al.,
2002, 2001; Mota, 1999; Mota et al., 1997a, 1995;
Pupier et al., 2005; Vasiliev et al., 2000). Model-
ing strategies are usually based on the formulation
of mass and energy balances for the system, with a
greater or lesser degree of sophistication in the de-
scription of hydrodynamics and mass/heat transfer
involved.

The mathematical model used here to describe the
process of natural gas charge and discharge in a bed of
activated carbon considers the situation of local equi-
librium of a single component. Thus, intra-particle and
film resistances to mass and heat transfer are neglected.
With this hypothesis, there is no need to apply distinct
mass and energy balances for the non-adsorbed flowing
phase and for the adsorbent.

On the other hand, a simple and efficient procedure
to minimize the thermal effects is to allow that the gas
flow in the bed be essentially radial (Chang and Talu,
1996). This can be achieved making the feeding or the
discharge of the vessel through a small perforated cylin-
der installed in the center of the vessel.

The output variables of the storage vessel model are,
therefore, c(r, t), T (r, t), P(r, t) and q(r, t), which are
obtained from the simultaneous solution of the differ-
ential mass and energy balance equations, subject to the
appropriate boundary and initial conditions imposed to
the carbon bed.

Figure 1 shows a sketch of the system being modeled.
It consists of a cylindrical tank packed with particles
of a porous adsorbent. The gas enters and leaves the
tank through a small perforated cylinder concentric to
the larger cylinder, so that the flow of gas is essentially
radial inside the cylinder.

We used a model based on that proposed by Mota
et al. (1997b) with the following equations:

Continuity Equation:

∂

∂t
(εcc + ρbq) + ∇ · �G = 0 (1)
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Figure 1. Model illustration.

Where �G is the mass flux given by:

�G = �v · c (2)

Velocity is calculated by the Darcy’s Law:

�v = − 1

α
∇ P (3)

where α is the relationship between the gas viscosity
and the bed permeability expressed by:

α = 150(1 − εb)2µ

4 · ε3
b · R2

P

(4)

Energy Equation:

∂

∂t
((εc · c + ρb · q) · Cpg · T ) + ρb · �H

∂q

∂t
− ∂ P

∂t

+ ρb · Cps
∂T

∂t
+ ∇ · ( �G · Cpg · T − λ · ∇T ) = 0

(5)

The equilibrium relationship is given by a virial equa-
tion:

P

q
= exp

((
k1 + k2

T

)
+

(
k3 + k4

T

)
q

)
(6)

Initial conditions:

P = Pi , T = Ti , q = q(Pi , Ti ) for

Ri ≤ r ≤ R0, t = 0 (7)

Boundary conditions:

∂ P

∂r

∣∣∣∣
r

= 0 for r = R0 (8)

P = P0, in r = Ri for charge (9)

P = PD, in r = Ri for discharge (10)

λe
∂T

∂r
= c

K

µ

∂ P

∂r
Cpg(Tw − T ) for r = Ri

(11)

λe
∂T

∂r
+ ewCw

∂T

∂t
= hw(T − Tamb) for

r = R0 (12)
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The algebraic-differential equations were solved by
orthogonal collocation on finite elements using the
solver gPROMS (Process System Enterprise Ltd.,
1999).

The main characteristics of the carbon bed, such as
the adsorption equilibrium isotherms, packing density,
isosteric heat of adsorption, bed porosity and particle
porosity were measured experimentally in our labora-
tory. The remaining parameters were either taken from
the literature or estimated from correlations. They were
the specific heat capacity of the solid (carbon), specific
heat capacity of the gas, specific heat capacity of the
vessel material, thermal conductivity of the bed and the
heat transfer coefficient for convection in the external
surface of the vessel.

3. Experimental

3.1. Materials

Granulated microporous activated carbon, WV1050,
was kindly provided by Mead Westvaco (USA).
Methane and helium purities were 99.5%vol.

Figure 2. Experimental setup for equilibrium adsorption isotherms (Ustinov et al., 2002).

3.2. Adsorption Isotherms

Methane equilibrium isotherms were measured
gravimetrically with a magnetic suspension balance
for high pressures (up to 15 MPa) by Rubotherm
(Bochum, Germany). The experimental setup is de-
picted in Fig. 2. A sample of approximately 1.0 g was
used, which was previously heated in situ at 150◦C
for about 12 hours. Specific volume of the sample was
measured from helium measurements and the system
characteristic volume was measured from a blank ex-
periment (no sample) using methane. These volumes
were used to account for buoyancy effects. Methane
adsorption isotherms were measured in the pressure
range of 0.1 to 7 MPa at 10, 20, 30, 40, 60 and
80◦C. Details about the experimental procedure and
buoyancy correction may be found elsewhere (Araújo,
2004).

3.3. Charge and Discharge Cycles

The experimental system for storage and delivery tests
of methane was installed as shown in Fig. 3. The vessel
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Figure 3. Experimental setup of prototype vessel.

was designed to withstand a pressure range of 0.1 to
4 MPa. It was made of carbon steel having the fol-
lowing dimensions: 0.003 m thickness, 1 m length and
0.20 m internal diameter. It was packed with approxi-
mately 10 kg of granulated activated carbon. Four ther-
mocouples were placed along the vessel, about 12.7 cm
far from one another and with radial coordinates of
14 mm, 39 mm, 64 mm and 89 mm in order to register
the temperature distribution in the bed. Two pressure
sensors were used to register the pressure inside the
vessel in two different axial positions. The amount of
stored gas was measured with a balance (Mettler) with
150 kg capacity and resolution of 50 g. An acquisition
and registration system of the variables (temperature,
pressure and stored mass) composed of a microproces-
sor unit and a data logger was used for real-time data
acquisition.

The packing density of the carbon bed was calculated
by measuring the necessary amount of carbon that

would fill the prototype storage vessel and dividing
it by its nominal volume (10 L).

The purpose of the experimental procedure used in
the charge and discharge storage vessel was to register
the behavior of the temperature, pressure and stored
mass with time. The obtained data will be compared
with the simulated results using the model presented
previously.

The experimental procedure was established as
follows:

(1) In the beginning of each run, the storage vessel was
loaded with N2 and then emptied with the aid of
a vacuum pump. This procedure was performed at
least three times in order to remove any gas previ-
ously adsorbed at the atmospheric pressure;

(2) After the temperature became stable inside the ves-
sel, the valve of the methane bottle was adjusted
for the pressure of 3.5 MPa;
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(3) The vessel inlet valve was opened and the evolution
of the monitored variables (pressure, temperature
and stored mass) with time was registered;

(4) When the temperature became stable and homoge-
neous throughout the vessel, the valve of the gas
bottle was closed and the flow of gas was diverted
to the atmosphere, unloading the gas from the stor-
age vessel. Again the evolution of the monitored
variables was recorded;

(5) When the charge and discharge procedures were
finished, reports with the recorded experimental
data were obtained with purpose of comparing
them to the simulated results.

4. Results and Discussion

4.1. Adsorption Isotherms

The equilibrium adsorption data measured for methane
on Mead Westvaco activated carbon are shown in Fig. 4.
They were plotted according to the linearized form
of the virial equation. The data obtained at a given
constant temperature fit into a straight line quite well.
Isotherm parameters were calculated from the illus-
trated linear regression lines. Figure 5 shows the equi-
librium isotherms obtained experimentally (points) as
compared to each Virial equation with adjusted param-
eters. The adjusted parameters (k1, k2, k3 and k4) are
shown in Table 1.

Figure 4. Virial equation fit for the adsorption isotherms of methane
(10–80◦C).

Table 1. Model input parameters.

Cpg (J/kg K)d 2450 R0 (m) 0.103

Cps (J/kg K)b 1375 Ri (m) 0.0127

Cw (J/m3 K) 3.92 × 10+6 Rp (m) 0.5 × 10−3

ew (m) 0.003 Tamb (K)charge 306

hw (W/m2 K)b 20 Tamb (K)discharge 300

α (kg/m3 s) 150µ
(1−εb)2

ε3
b D2

p
Teq (K) 293 or 303

k1
a 20.9679 Tref (K) 293

k2
a −1480.27986 �H (J/kg)a −975.31 × 103

k3
a 13.59576 εb

a 0.592

k4
a −788.31828 εc

a 0.713

L (m) 0.90 λ (W/m K)d 0,212

Mg (kg/mol) 16.04 × 10−3 µ (kg/m s)c 1.25 × 10−5

P0 (MPa) 3.66 × 10+6 ρb (kg/m3)a 280
(typical value)

Patm (MPa) 1.0131 × 10+5 Vpore (cm3/g)a 1.030

R (kJ/mol K) 8.3145 Vmic (cm3/g)a 0.761

aCalculated in this study.
bBiloé et al. (2001).
cMota et al. (1997b).
dChang and Talu (1996).

Figure 5. Adsorption isotherms of methane (10–80◦C). Lines rep-
resent the virial fit of the experimental data.

4.2. Isosteric Heat of Adsorption

The equilibrium data was used to measure the isosteric
heat of adsorption. Figure 6 shows the data obtained
for constant values of adsorbed excess, mex , in terms
of ln P versus 1/T. The adsorbed excess mass is de-
fined as the weight change (measured by the balance)
in equilibrium with a given pressure plus the correc-
tions of buoyancy exerted on the specific volumes of the
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Figure 6. Adsorption isosteres of methane in activated carbon at
10, 20, 30, 40, 60 and 80◦C. Lines represent the linear regression fit
according to Eq. (13).

system and of the solid phase of the adsorbent sample
(Dreisbach et al., 2002; Do and Do, 2003). The linear
regression lines are included in Fig. 6 for each constant
adsorbed excess mass. The isosteric heats of adsorption
were calculated from the slope of these lines according
to Eq. (13). Figure 7 shows the heats of adsorption ob-
tained for four different adsorbed excess masses. The
average heat of adsorption in the measured range is
15.61 kJ/mol. Note that the magnitude of the heat of ad-
sorption increases significantly for an adsorbed excess
mass above 0.04 g/g. However, for the sake of simplic-
ity and conformity to the model equations, an average

Figure 7. Isosteric heat of adsorption for methane in Westvaco
activated carbon.

value was used.

�Hads = −R

[
∂ ln p

∂(1/T )

]
mex

(13)

4.3. Prototype Vessel Data

Methane was charged into the prototype vessel,
according to the experimental procedure previously
described. During the loading cycle, the pressure mea-
sured in both sensors was approximately the same,
indicating the high permeability of the porous me-
dia. The pressure increases quite fast, as may be seen
in Fig. 8. The points are acquired experimental data
whereas the curve was obtained from model simulation.
The input parameter values used in the simulations are
shown in Table 1. The model follows the experimental
data quite closely, except for the very first initial points
for which the model fails to reproduce the sharp spike
in the pressure. This is due to the constant pressure
boundary condition which does not reflect the fact that
the system is in fact a constant pressure system if the
flow is entering the tank, but when the solid + gas heat
up backflow is not permitted and the pressure builds
up.

Also, possible experimental errors in the calculation
of the packing density may have been the cause of the
initial mismatch. In other words, the real bed may be
more loosely packed than the model assumes it to be.
In fact, the packing procedure is performed by adding

Figure 8. Experimental data and simulation for pressure inside the
cylinder as function of time during the charge process.
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the adsorbent into a central hole (see Fig. 3), followed
by swinging and softly hammering the vessel. Unfor-
tunately, there is no way of making sure that there are
no undesired voids in the packing.

Figure 9(a) shows the average experimental
temperature in the bed, which was calculated from
the four temperature sensors located in different radial
positions (see Fig. 9(b)). Simulated and experimental
results match in the initial minutes and after 75 min.
The simulated results, though, show a higher temper-
ature increase than that obtained experimentally. This
may be due to the variation of the heat of adsorption
with the adsorbed mass, that was taken as an average
value for simulation purposes. It is also an expected

Figure 9. Temperature data for the charge process as function of
time. (a) Experimental and simulation data for mean temperature
inside the cylinder. (b) Experimental data for the temperature inside
the cylinder measured with the four thermocouples.

Figure 10. Experimental data and simulation for the amount of
stored mass as function of time during the charge process.

behavior if the model input parameter for packing den-
sity was actually larger than the real packing density
of the prototype vessel. This last hypothesis is fur-
ther confirmed in the plot of stored mass shown in
Fig. 10. The measured stored amount in equilibrium
was about 10% less than that predicted from the dy-
namic model, which may be due either to incomplete
regeneration of the carbon bed or to a lower packing
density.

When the temperature profiles inside the vessel lev-
eled off, a discharge cycle was initiated by opening the
inlet valve to the atmosphere (0.1 MPa). The two pres-
sure sensors also measured approximately equal val-
ues throughout the run. Figure 11 shows the pressure

Figure 11. Experimental data and simulation for pressure inside
the cylinder as function of time during the discharge process.
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Figure 12. Experimental data and simulation for the amount of
stored mass as function of time during the discharge process.

Figure 13. Temperature data for the discharge process as function
of time. (a) Experimental and simulation data for mean temperature
inside the cylinder. (b) Experimental data for the temperature inside
the cylinder measured with the four thermocouples.

evolution measured by one of the sensors as compared
to the simulated curve, which follows the experimen-
tal data very closely. Figure 12 shows the history of
stored mass during discharge. A much nicer agreement
between experimental and simulated data is observed.
These evidences drawn from Figs. 11 and 12 suggest
that the bed bulk density is actually correctly estimated,
contrary to what was discussed for the charge results.
The mismatch observed in the charging period is more
likely to be due to heat effects. Figure 13(a) shows
the average temperature inside the vessel during dis-
charge, which was calculated as an average of the four
temperature sensors (see Fig. 13(b). The experimen-
tal data qualitatively follow the simulated curve, but
the maximum temperature difference is larger for sim-
ulated results similarly to the profiles measured for
the vessel charge (see Fig. 9(a). This evidence high-
lights that heat effects not considered in the model
may have an influence. These effects include (i) the
variation of the adsorption heat with the adsorbed ex-
cess mass and (ii) the change in room temperature
(which was not monitored in our experiment) during
a cycle, which ordinarily lasts more than 5 hours. Fu-
ture optimization of our model should involve these
effects.

As a whole, however, it may be said that the
model was able to qualitatively predict the mea-
sured experimental data of charge and discharge cy-
cles. Note that the input parameters which were actu-
ally measured were essentially adsorption equilibrium
parameters.

5. Conclusions

This study showed experimental loading and deliv-
ery tests of methane performed with a prototype stor-
age vessel filled with microporous activated carbon.
Equilibrium adsorption data were measured for the
range of pressure and temperature of the system and
used as the input information to a dynamic model for
charge and discharge of the storage vessel. The ex-
perimental results were compared to simulated curves
in terms of pressure, temperature and stored mass
histories. There was a reasonably good agreement
between simulation and experimental results despite
possible heat effects not considered in the model: vari-
ation of heat of adsorption with loading and changes
in room temperature throughout the experimental
runs.
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Nomenclature

c fluid phase concentration, kg/m3

Cpg methane specific heat, J/kg K
Cps carbon specific heat, J/kg K
Cw thermal capacity of the vessel wall,

J/m3 K
ew vessel wall thickness, m
�G mass flux, kg/m2 s

hw coefficient of heat transfer by
convection, W/m2 K

K Darcy’s equation parameter, kg/m3 s
k1, k2, k3 e k4 parameters of virial isotherm of

adsorption
L vessel length, m
ṁ gas mass flowrate, kg/s
mex adsorbed excess mass per sample

mass, g/g
Mg methane molecular weight, kg/mol
P pressure, Pa
P0 final pressure on charge or initial

pressure on discharge, Pa
Patm atmospheric pressure, Pa
PD final pressure on discharge or initial

pressure on charge, Pa
Pi initial pressure, Pa
q adsorbed amount, kg/kg
R universal constant of gases, kJ/mol K
R0 outer radius of the vessel, m
Ri inner radius of the vessel, m
Rp adsorbent particle radius, m
T temperature, K
t time, s
Tamb room temperature, K
Ti initial temperature, K
tc cycle period, s
v superficial velocity, m/s
�H adsorption heat, kJ/kg

Greek Symbols

α relationship between gas viscosity and bed
permeability

εb bed porosity
εc porosity (void + macropores)
λe thermal conductivity of the adsorbent, W/m K
µ viscosity, kg/m s
ρb packing density, kg/m3

Acknowledgments

The authors acknowledge financial support from the
sponsoring agencies FUNCAP, FINEP, CNPq, ANP
and PETROBRAS.

References
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