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Abstract

Adsorbed natural gas (ANG) technology is considered a cost-effective and sustainable energy
storage system that can offer a leading energy source to meet present demands for clean and
environmentally friendly combustion fuel. Despite the benefits of ANG systems, still, there are
some challenges in accurate simulation of these systems to analyse their performance under actual
conditions. Here, the actual charging condition of ANG vessel with variable gas flow rate was
simulated and experimentally validated for the first time. For this purpose, we proposed a new
time-dependent equation to monitor methane's variable injection flow rate into the vessel.
Dynamic CHa storage was experimentally tested to validate the simulation results using a custom-
built pressurised ANG vessel (~300 cm®) filled with two various in-house prepared adsorbents (i.e.
AC1 and AC2) under the loading condition of 40 bar and 25 °C. Also, the thermal behaviour of
the ANG vessel was studied via experimental observations. A 2D distributed dynamic model,
solved by COMSOL Multiphysics software, was developed to assist the simulation in predicting

pressure and temperature variations inside the ANG bed. Analysis of the ANG vessel’s
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performance exhibited higher thermal fluctuations attributed to the adsorbent with superior

isothermal methane storage capacity. Due to the low thermal conductivity of both adsorbents, a

significant temperature rise was observed in the central region of the bed. Sensitivity analysis
shows that increasing the length and diameter of the ANG tank leads to a longer required time for
charging the tank up to the desired pressure and relative decreases in the temperature profile.

Moreover, increasing heat capacity of adsorbent from 800 to 1350 J/kg.K caused 37% reduction

in the temperature variations and 7.7% enhancement in gravimetric methane storage efficiency.

Keywords: Adsorbed Natural Gas, thermal behaviour, adsorbents, dynamic simulation, sensitivity

analysis.
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Variables & constants

Polony's adsorption potential
Inlet surface area of gas opening (m?)

Specific heat capacity at constant
pressure (J/kg.K)

Activation energy (J/mol)
Convective heat
coefficient (W/m?2.K)

Permeability of the bed (m?)

transfer

Molecular weight (kg/mol)

DA exponent

Unit outward normal to the surface
Pressure (bar)

Saturation vapor pressure (bar)
Gravimetric amount of adsorbed gas
(karkg)

Inlet gas flow rate (L/s)

Heat flux (W/m?)

Radial coordinate

Universal gas constant (J/mol.K)
Time (s)

Temperature (K)

Velocity (m/s)

Volume (cm®)

Total pore volume of adsorbent
(m*/kg)

Maximum volumetric adsorbate
uptake of the adsorbent (m®%/kg)
Axial direction

Compressibility factor

Greek symbols

a Thermal expansion coefficient (1/K)
B Affinity coefficient

AH Isosteric heat of adsorption (J/mol)
AN Molar flow (mol/s)

e Porosity

A Thermal conductivity (W/m.K)

U Dynamic viscosity (kg/m.s)

p Density (kg/m®)

_ Density of liquid methane at the
P Normal boiling point (kg/m?)
Subscripts

ads adsorbed

amb Ambient condition

ave Average

ANG Adsorbed natural gas

b Bed

B Boiling

BHS Boundary heat source

conv Convective condition

cr Critical point heat transfer

CNG Compressed natural gas

d Doser

eff Effective

g Gas

i Initial

inlet Inlet point condition

p Particle

r Radial direction

S Solid

STP Standard temperature and pressure

Axial direction




1. Introduction

Natural gas has been implemented as an alternative fuel source in recent years due to its local
abundance and environmental benefits [1, 2]. Natural gas storage has predominately been
conducted through compressed natural gas (CNG), liquefied natural gas (LNG) systems, and, more
recently, adsorbed natural gas (ANG) [3]. For the CNG technology, natural gas is needed to
compress up to around 200 bar pressure. Such high pressure is provided via a costly multi-stage
compression process inside a high-strength storage vessel'. On the other hand, LNG is stored in a
double-wall vacuum-insulated pressurised vessel to preserve the liquid form under -160 to
- 196 °C. Therefore, the storage and management of LNG can be considered an energy and cost-
intensive technique 2. This storage method is only used as a vehicle fuel in heavy-duty, high fuel-
demand vehicles such as highway trucks and construction equipment [3].
Adsorbed natural gas (ANG) systems have been proposed to increase natural gas's energy density
at low pressures and room temperature. In the ANG systems, high surface area porous materials
such as activated carbons (ACs), zeolites, metal-organic frameworks (MOFs), covalent organic
frameworks (COFs), porous aromatic frameworks (PAFs) will be used to increase the system's
storage capacity due to the increase in the natural gas's density near the surface of the adsorbents
at any given pressure and temperature [6-9]. ANG process typically operates at room temperature
and maximum pressures between 35 and 60 bar, significantly lower than the compression pressure
of ~200 bar in CNG systems. The lower operating pressure and temperature mean that the cost of
the designed vessels is affordable compared to others.

Despite the benefits of ANG systems, there are still significant challenges that need to be
addressed, including packing of adsorbent material inside the ANG tank, managing flow rates

during injection/consumption of gas, limited driving distance before refuelling and more

! The study on the economic feasibility associated with compressed natural gas vehicle fueling provide estimated cost
range of $250000-$600000 for instalation of medium CNG station with capacity of 500-800 gasoline gallon equivalent
per day.

[4] M. Smith, J. Gonzales, Costs associated with compressed natural gas vehicle fueling infrastructure, National
Renewable Energy Lab.(NREL), Golden, CO (United States), 2014.

2 The expenses of diffrent phase related to the LNG opetation are generally included exploration & production ($0.60—
1.2 per one million British thermal units, or MMBtu), liquefaction ($0.90-1.30/MMBtu), shipping ($0.50—
1.80/MMBtu), storage & regasification ($0.40-0.60/MMBtu).

[5] J. Cho, G.J. Lim, S.J. Kim, T. Biobaku, Liquefied natural gas inventory routing problem under uncertain weather
conditions, International Journal of Production Economics 204 (2018) 18-29.



importantly, high fluctuations of tank's temperature due to the heat of adsorption which affect the
system's storage capacity and dynamics [10-14]. Several experimental studies and theoretical
modelling of ANG storage vessels have been made to investigate these imperfections [14-16].
Séez et al. showed that the central region of the ANG bed suffers highly from temperature
fluctuation during charge and discharge processes, which can be mitigated by improving the
adsorbent's properties such as BET surface area [10]. A similar study revealed that using
adsorbents with higher adsorption capacity results in a more extreme thermal fluctuation of about
99.2 °C at the bed centre [17]. The maximum temperature rise happens in the central region of the

bed, mainly due to adsorbents' low thermal conductivity.

The development of theoretical tools to accurately describe ANG storage systems' dynamics with
realistic geometries is another approach to assessing the ANG tanks' performances for the onboard
storage vehicular. In 1997, Mota et al. theoretically studied various aspects of the dynamic storage
system using AC as the adsorbent [18]. The proposed mathematical models include mass,
momentum, and heat transfer equations to observe the thermal effects and hydrodynamics of flow
through the carbon bed. The obtained results showed that during fast charging, ANG tanks suffer
from severe thermal effects. Vasiliev et al. (2000) suggested a new type of multicell ANG vessel
with internal heat pipes for better thermal control [19]. They analysed a new microporous
adsorbent (active carbon fibre disks, produced from pyrolysis of Busofit) capable of delivering
near 150 (VcHa/Veed) after charging at 35 bar. They introduced a distributed model to predict the
temperature profile during the radial gas discharge inside a cylindrical ANG vessel. The vessel
was equipped with internal finned heaters for thermal control purposes. An ANG vessel
(containing seven cylinders) with a total volume of 43000 cm? was used to gather the experimental
desorption data. The model predictions of the ANG system’s performance were fairly in agreement

with the measurement results.

Kazi et al. (2011) introduced a two-dimensional (2D) distributed model to simulate their custom-
built ANG setup with internal fins and tubes at both charge and discharge conditions [20]. The
simulations showed that the capacity of the charge and discharge processes was notably enhanced
after the fins and tubes' insertion agreed with the experimental results. Khorashadizadeh et al.
(2014) presented a model to mimic the discharge process of an ANG tank [21]. They compared
the experimental data (borrowed from relevant research in the literature) with their prediction



results of the proposed lumped model. The simulation results indicated good agreement between
the proposed model predictions and the validation data. In 2018, Patil et al. theoretically studied
the ANG storage system's performance for different charging conditions (i.e. constant pressure
and constant flow charging) [22]. Comparing the simulation results with their experimental data
showed that the proposed model adequately considered the real gas properties of methane,

variations of adsorbed phase properties, and the heat of adsorption.

In the real condition when an ANG capsule is being set, the inlet gas flow rate is not constant; it
fills with its maximum input rate at the start of the charging process and the flow rate decreases
due to the gradual increase in the storage vessel’s pressure. The charging process terminates as the
downstream pressure reaches a prespecified value. Thus, it is necessary to remark that during the
experimental and theoretical investigations of ANG systems. The fluid properties during injection
should be studied as time-dependent variables mainly due to the tank’s pressure changes as the
bed gets charged. However, according to the literature, the gas flow rate entering the ANG vessel
is usually considered fixed to the best of the author's knowledge, and a flow controller with a
respecified set point was used in the experiments [17, 23-26]. Besides, due to the pressure drop
and gas expansion during the charging, when high-pressure gas is injected into an empty tank, a
relatively significant temperature drop in the inlet gas is expected (especially in a short-initial time
of complete charging) [27]. The inlet gas temperature variation is also neglected in the studies, and
the inlet temperature is considered a fixed value [22, 25, 26, 28].

Here in this research, we collected experimental data for dynamic adsorbed methane storage using
our in-house custom-built ANG vessel. Two different types of homemade coal-based adsorbents
with a high methane storage capacity of >175 (cm3srr)/cm?®) were fabricated, characterised and
used to investigate the thermal fluctuations inside the ANG vessel during dynamic CHs injection.
The collected data was used for validation of our simulated charge endeavour's corresponding
process. In the simulation, the incorrect assumptions of constant gas flow rate and temperature
during charging of ANG capsules, which are usually adopted in the existing research corresponded
to the ANG technique, were waved. Thus, the inlet gas flow rate and temperature were allowed to
vary with time in all the simulations to mimic the actual charging process and the effect of variable
flow rate during the charging process on the ANG vessel's overall performance was investigated.
Besides, the adiabatic expansion effect and the resulting temperature drop of high-pressure gas



after injection into the ANG bed was systematically analysed using Aspen HYSYS Process
Simulation Software. Finally, the ANG storage compartment's thermal behaviour was successfully
modelled by a set of 2D partial differential formulations which were solved numerically using the
COMSOL Multiphysics software.

2. Theoretical background

Modelling strategies are usually based on formulating mass and energy balances for the desired
system, with a greater or lower degree of sophistication in the process's physical description. The
present section's primary intention is to develop a numerical model that provides necessary details

for studying and evaluating an ANG system's performance during the charging condition.

2.1 Mathematical modelling of the ANG vessel

Herein, a two-dimensional axisymmetric mathematical model was used to develop the ANG
system's transient heat and mass transfer analysis during the single component charging. The
output variables of the storage vessel model, T (r, z, t) and P (r, z, t), are obtained from the
simultaneous solution of the differential mass and energy balance equations, subject to the
appropriate boundary and initial conditions imposed to the adsorbent bed. The ANG system
comprises a portable cylindrical vessel with a length of L and inside diameter of D;, filled with a
homogeneous medium of adsorbent powder (i.e. AC1 or AC2). The small opening diameter of Dr,
located in the ANG cylinder's front face, provided the entranceway of gas flow during charging
and withdrawal (see Figure 1).

The following assumptions are made in the analysis to simplify the proposed model:

(i) The 2D-axisymmetric model is studied; the parameters' variations are considered only in radial
and axial directions through adsorbent bed [22, 26, 29].

(i) The adsorbent particles are uniform in size and packed inside the ANG cell with constant bed
porosity [12, 25, 28]. The specific heat and density of the dry adsorbent are constant over the whole

operating conditions.

(iii) Intra-particle and film resistances to mass and heat transfer are neglected [12, 25, 28]. Thus,
no distinct mass and energy balances for the non-adsorbed flowing phase and the adsorbent was

applied.



(iv) Methane is considered as an ideal gas because for the P-T ranges of study (0-35 bar, 283-

363 K), the average value of the methane compressibility factor is 0.97 [25, 28, 30].

(v) The thermo-physical properties of the adsorbent materials (density, specific heat capacity,

thermal conductivity) are assumed to be constant [28, 29].

(vi) The isosteric heat of methane adsorption on each adsorbent was considered constant [25, 26,
28].

(vii) Thermophysical properties of steel, together with viscosity and specific heat of methane, are
assumed to be constant over the operating range of pressure and temperature [25, 26, 28, 31].

The basic structure of our proposed model is founded on transport phenomena relations wherein
mass, momentum and energy balance equations happen inside the porous media [25, 26, 28].
Additionally, the Dubinin-Astakhov (DA) isotherm model was recruited to calculate the
equilibrium adsorption capacity dynamically. Further description of the model was presented as

follows:
Continuity equation

% (o, 0y0) + 2 () + 2 (py) =0 @

Wherein ¢, is total porosity, Py is gas density (kg/mq), p, is bed density (kg/m3), q is gravimetric
amount of adsorbed gas (kg/kg), r is radial coordinate, v, is velocity at radial direction (m/s) and
v, is velocity at axial direction (m/s). Equation (1) illustrates the continuity equation (mass balance)

in both phases of the gaseous (pgzPMCH4/RT) and adsorbed (p,) for the single component

charging process [14, 19, 25].

)

Vi P,
e=ept(1-6p) X, €,= 1

-
Equation (2) represents the total porosity of the adsorbent bed (g;) has contributions from
micropores, mesopores, macropores (¢,,) and interparticle void spaces of adsorbent structure which
is also known as the bed porosity (&5,) [22, 26, 32]. The average value of 0.35 for either of the
adsorbents' bed porosity was assumed based on the experimental data reported in references [18,

21, 32]. To calculate the particle porosity (g,,), two terms of the total pore volume of the adsorbents

8



(Vi), particle density of powder AC (p,) are needed. More information about these parameters has

been declared in Supporting Information (SI), still, the corresponded values are listed in Table 1.

Momentum equation

Navier Stokes equations for homogeneous gas flow in two dimensions of r and z inside the porous

medium are given as [19, 24, 25]:

r-momentum equation

Pe (v Pa( OV 0Ov\_ OP My 10 dvy (O,
2@ b E ) T3 (F) ©
g\ot) g 8r 0z o K g|ror\ or 0z°

Z-momentum equation

Py (Ov.\ Pg( v, v\ OP K 10/ v, (v,

—(—)+ ( z—)— V7P, gtu (—)+ — || @)

g \ot) g " or 0z oz K glror\ or 0z
Wherein ., is gas viscosity (kg/m.s), g is gravity (m/s?) and K is permeability of the bed (m?).

Energy equation

The two-dimensional transient axisymmetric energy equation was used to monitor the temperature
variation through the absorbent bed [18, 19, 22].

oT 6T) 10

(660, (5) 65, (3 5) 75

ror

d o*T q
ieﬁ'a—D gm0y Atz ©)
Wherein C;, is the specific heat capacity at constant pressure (J/kg.K) and AHadS is isosteric heat of
adsorption (J/mol). The effective heat capacity (pCp)eﬂand the effective thermal conductivity (4.4)

for a homogeneous mixture of the adsorbent is given by the following expressions [18, 22].

(pCp)eﬁf (et.pg+ps‘q) Cpg+(1-e,)ps.CpS (6)

p,=(1-e)p , Aeg=e1het(1-e)As  (T7)

In these equations, p_ is solid density (kg/m?), C, and C,, are respectively the specific heat
capacity at solid and gas phase (J/kg.K), 4, and A, are thermal conductivity (W/m.K) at gas and

solid phase separately.



2.2 Adsorption isotherms
The adsorption isotherms data are crucial in the design of the ANG storage system. The quantity
of gas adsorbed per unit mass of adsorbent is defined as concentration, synonymous with loading
or uptake. The equilibrium gravimetric methane uptakes (q) on either of the adsorbents were
measured via our custom-built volumetric gas adsorption apparatus. We have described this
sorption measurement system's details, calibration method, and measurement procedure in our
previous studies [33, 34] and briefly in the Supplementary Information. Moreover, the volumetric
methane adsorption isotherms for the AC1 and AC2 were depicted in Figure S3 and the values
tabulated in Tables S2 and S3. These experimental data have been regressed using the Dubinin-
Astakhov isotherm model; the values of the fitted model fitted parameters were reported in Table
1. Unlike some of the well-known isotherm models, DA isotherm considers surface heterogeneity,
and it is capable of good fitting over a high range of pressure and temperature [12, 20, 24]. The

amount of adsorbed gas (q) inside the ANG cell is calculated by the following equations.

q=p Woexp [- (A/B.Ey)"]  (8)

— ﬁads _ & = l 2
Pads ™ o e A=RTIN () | P, Pc,,(Tcr) 9)

In these equations, p_, is adsorbed density (kg/m?3), Wo is maximum volumetric adsorbate uptake
of the adsorbent (m3/kg), A is Polony's adsorption potential,Bis affinity coefficient, Eois activation

energy (J/mol), nis DA exponent, p . is the density of liquid methane at the normal boiling point
(kg/m3), o is thermal expansion coefficient (1/K), T is temperature boiling (K), R is the universal
gas constant (J/mol.K), Ps is saturation vapour pressure (bar), Pcr is critical pressure, and Ter is the

critical temperature (K).

2.3 Initial values and boundary conditions
As mentioned earlier, COMSOL Multiphysics was used to solve the coupled partial differential
equations (PDEs). The software runs the finite element analysis together with adaptive meshing
and error control using a variety of numerical solvers. A more detailed description of this
mathematical and numerical foundation appears in the COMSOL Multiphysics User's Guide and
the COMSOL Multiphysics Modeling Guide [35].

10



Initially at t=0, the storage vessel is at ambient pressure (P; ) and initial bed temperature (7;), and

g is equal to qeq(Pi, T;). COMSOL Multiphysics software requires time variations of the entering

gas flow rate during the charging process to successfully simulate the entire storage process for
the previously user-defined mathematical models. Therefore, at the opening, boundary (2), for the
inlet gas, the following boundary condition was applied:

For z=0, 0<r<R;, >0

(11)

Vinlet= QanG/Aintet , T=Tinlet
Where Vinlet can be obtained by dividing the gas flow rate (Qanc) at the charging condition by the
cross-sectional area of the inlet (Ainet). The inlet temperature profile (Tinet) was obtained from a
time-dependent equation developed according to the collected experimental data; this equation and
its derivation approach were discussed in section 3.3. From the thermodynamic point of view, the
entering gas experiences an adiabatic expansion that results in a drastic temperature drop, results
in changes in the entering gas flow rate [27]. In this work, it was not operationally possible to
install a temperature sensor right at the entering zone to monitor the temperature drops. However,
we used powerful HYSY'S Software V.11 to systematically analyse the temperature variation right
after the gas entered during the charging condition. More information about this topic was
precisely discussed in section 3.3.2.

As depicted in Figure 1(A), along the longitudinal axis (boundary 1), the symmetry condition can
be written as follow:

or_
> or
Also, the no-slip boundary condition (v,=0) is applied on all rigid walls, boundaries 3-6, depicted

for 0<z<L,r=0, 0 0 (12

in Figure 1(A). The heat source at the inlet boundary (2) is given as:

QBHS:_T,LM@J?’ VT):(pCp)gvinlet(Ts'T) (13)

Where n' is unit outward normal to the surface and Ts is the solid’s temperature (K).

The convective heat transfer boundary conditions are imposed for walls numbered 3-6.

Qconv:_r"" ()'ef VT): hc(Tamb_T) (14)
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Where h¢ is convective heat transfer coefficient (W/m?.K) and 7., is the ambient temperature

(K).
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Figure 1. Schematic diagram of the ANG storage system accompanied by input-output data. (A)
Defined boundaries of the 2D axisymmetric model used for ANG system simulation. (B) Typical

finite element mesh generated over ANG simulation domain.

2.4 Solving the mathematical model via COMSOL Multiphysics
The mathematical modelling for the ANG storage system, which includes the governing equations,
adsorption isotherm model and the boundary conditions (equations (1)-(14)), were numerically
solved using COMSOL Multiphysics 5.3a software. The discretisation domain in an axially
symmetric r-z coordinate system was conducted based on the finite element method. First,
simulation domains meshed with different sizes (i.e. normal, fine, finer and extra fine). Then, to
verify the simulation results, the proper mesh sizing across the numerical calculation will be
selected (section 4.2). As discussed later, all simulations have been carried out using a finer
unstructured grid (triangular elements) mesh with a maximum element size of 0.875 mm,

minimum element size of 0.025 mm, and maximum element growth rate of 1.13 mm. For

12



visualisation purposes, a typical coarse mesh is shown in Figure 1 (B). Based on an absolute error

at the mesh points, a convergence criterion has been set equal to 105,

The thermophysical properties of methane and the relevant input data used in the simulation are
shown in Table 1. Furthermore, the characteristic properties of adsorbents AC1 and AC2 as input
data for the simulation validation have been reported in Table 1, separately.

Table 1. Thermophysical properties of methane and the adsorbents characteristic data used in the
simulations.

Methane Adsorbents
Value
Input data Value Reference | Input data Reference
AC1 AC2
Mg (kg/mol)  16.04x10>  [36] oo (g/em?®) 0.50 0.73 This work
(Cp)g(J/kg.K) 2450 [30] pp (g/cmd) 0.39 0.49 This work
R (kJ/mol K)  8.314 [25] ps (g/cmd) 1.90 1.90 This work
Ag (W/m.K) 0.0343 [29] (Cp)S(J/kg,K) 900 740 [22] & [37]
u, (kgms) 125107 [18] J, (W/mK) 054 054 [22]
P (bar) 45.99 [36] & 0.86 0.92 This work
T (K) 190.56 [36] n 1.33 1.84 This work
Te(K) 111.67 [36] Eo (J/mol) 5261.1 5842.6  This work
pads (g/cm®) 0.42 [36] Vi (cm®/g) 0.84 074 This work
B 0.35 [38] Ti (K) 2825 289 This work
he(W/m?K) 5 [22] Tamb (K) 2825 289 This work
a, (1/K) 0.0025 [22, 26] AHags (I/mol) 19400 24650 [28] & This work

3. Experimental

This section presents a brief overview of the equipment and experimental technique for data

collection during the charging process.

13
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Figure 2. (A) A schematic diagram of the experimental setup (1) gas cylinder, (2) pressure

regulator, (3) valves, (4) doser, (5) pressure gauge, (6) PT 100 temperature sensor; (7) metering
valve; (8) ANG storage vessel; (9) PT 100 temperature sensors; (10) temperature data logger;
(11) computer; (12) pressure gauge. (B) Arrangement of seven custom-built temperature sensors
inside the ANG vessel.

3.1 ANG setup description
The experimental apparatus was constructed in our laboratory to study the performance of various
ANG system elements. As shown in Figure 2 (A), the testing apparatus consists of a high-pressure
reference vessel (usually referred to as "doser") with a volume of 1000 cm? to control the amount
of methane injection to the ANG cell (adsorption vessel). The ANG cell is a high-pressure
stainless-steel cylindrical vessel with an internal cylinder length of 130 £ 0.1 mm and an inside
diameter of 50 £ 0.1 mm. The vessel's wall thickness is 25 + 0.05 mm, and the corresponding top
and bottom caps thicknesses are 30 = 0.05 mm and 25 + 0.05 mm, respectively. The cell's internal
volume is 292 + 0.05 cm?. The vessel has a small opening in the top cap centre with a 4 + 0.03 mm
diameter used to charge and discharge the cell. Both doser and ANG vessels were made under

14



ASME code recommendations (ASTM A-516/A516M-17 steel) and tested at 100 bar pressure for
several days [39].

As schematically depicted in Figure 2(B), the ANG storage vessel is equipped with seven PT100
temperature sensors (with an accuracy of £0.1 °C). The sensors are distributed through the vessel
as follows: two sensors are placed at the midst of cylinder with the radial spacing of 11 + 0.5 mm,
four sensors are located along the cylinder axis with the axial spacing of 25 £ 0.1 mm, and the last
sensor measures the inlet gas temperature before entering the adsorption bed. Two portable
pressure indicators (MN18/L nuovafima, with the accuracy of 0.1% FS) were used to monitor the
doser and ANG vessel's working pressure. A metering valve (valve number 7) was placed between
the doser and the ANG vessel to provide accurate gas flow rate control entering the ANG vessel.

During all tests, the metering valve was set at the 50% opening position.

3.2 Materials
Two different types of powder coal-based activated carbons (AC1 and AC2), fabricated and
characterised in our previous works for ANG application [33, 34], were used as the adsorbents in
the ANG vessel. Summary of the preparation condition, porous structural properties and CHs
storage/delivery capacity of the adsorbents are reported in Table 2. Ultra-high purity methane of
99.999%, provided by Technical Gas Services, UAE, is used as the adsorbate.

Table 2. Characteristics properties of the in-house fabricated adsorbents used in our ANG setup.

CHq4 CHg4
uptake™  delivery™
(Ve V) (Vs V)

Thermal Condition Sger Viot Dpack
Carbonisation ~ Activation (m?/g)  (cm®g) (g/cm?)

Adsorbent | Precursor

ACL | Anthracite - 1003K forih 2160 1.12 053003 175 100
AC2 ;‘;’;’1 @r - g73Kkforsh 1073Kfor3h 2261  1.23 0.70+0.03 184 110

“Packing density or bulk density calculated by pressing the powder to 500 kg/cm? [40].
" Measured at 40 bar pressure and 298 K. Calculation method was described in Supporting
Information (see Eq (S1)).
™ Obtained by the difference of methane adsorbed between 35 and 5 bar at 298 K. Graphical
calculation method was depicted in Figure (S3).
3.3 Experimental procedure
About 200 g of the ACs were degassed in an oven at 383 K overnight before each experiment. The

adsorbents were manually packed inside the ANG vessel, and then the cap was closed and sealed
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carefully. The doser was filled with methane by opening the high-pressure valve (3), up to 40-
45 bar pressure. Dynamic charge tests were conducted by fully opening the high-pressure valves
of (a) and (b) (Figure 3). The charging was deliberately terminated when the pressure of the ANG
vessel reached 40 bar. The variations in the cell's temperature were carefully recorded during each

charging experiment.

3.3.1 Measurement of the inlet gas flow rate

A reliable volumetric approach was applied to estimate the flow rate of inlet gas to the ANG vessel
at any time during the charging process. This was done by resorting to the flow resistance concept
in a constant restriction. The restriction was included both fully opened gate valves of (a) and (b)
and half-opened metering valve (7), as schematically depicted in Figure 3. At the start of each
experiment, valves (7) and (b) were kept half and fully opened, respectively, and valve (a) was
fully closed. Then the doser was filled with methane up to a certain pressure of about 40 - 45 bar.
Afterwards, valve (a) was opened to initiate the charging of an empty tank (with no adsorbents)
similar to a compact natural gas (CNG?) tank. After opening valve (a) at t=0, the history of various
parameters (P4, Td, Pcne & Tens) Were accurately recorded at different time intervals. The
laboratory environment (P,=1.014 bar) was used to calculate the absolute pressures in both doser
and CNG vessels from their corresponding gauge readings. Peng—Robinson equation of state [41]
was used to compute methane molar contents of both CNG and doser (d) vessels at any desired
time (equations (15) to (17)).

Ni=(PiVi)/(ZiR T) where i=CNG or d (15)
AN, tNd _ (VP (16)
l_-’(; "t_fp ZRT,
0

In these equations, AN, AP,V, Z, R, T respectively denotes the molar flow at a specific time interval
of t, the pressure change in the vessel from the initial state (Po) to the final pressure after a specific
time (Py), vessel's volume, gas compressibility factor, the universal gas constant and vessel's
temperature. It should be noted that subscripts of "d" and "CNG" indicate the corresponding

parameters of doser and CNG vessels. According to Table 3, the pressure difference between two

L CNG vessel is an ANG vessel in the absence of adsorbent.
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specific time intervals in doser and CNG vessels result in estimating ANg and ANcng respectively.
From the theoretical point of view, the molar flow that leaves the doser (ANg) at a specific time
interval must be equal to those that enter the CNG vessel (ANcng). However, these two parameters'’
obtained values were not the same at any desired step (see Table 3). The reasonable explanation
for such differences might be related to the fact that all experimental measurements have some
degree of uncertainty that originated from random or systematic errors. To reduce these unwanted
errors in mole content calculation, we used averaging molar flow (ANawe) over ANgand ANcne

according to equation (17).

ANave = (ANd +ANCNG)/2 (17)

-—————
- - . =~ -~
e Metering valve (7) S
N

'Gate valve (a) Half open Gate Valve(b)\
Fully open Fully open

Doser %—N CNG Vessel

AP=P;-P= Q/R

- -

— -

Figure 3. Schematic representation of flow resistance of the entire valve system between doser
and CNG vessel.

Table 3 provides the experimental results obtained to find an overall resistance (R) for the entire
valving system. Figure 4 illustrates the computed valving system resistance (R) variations versus
the doser and CNG tanks' corresponding pressure difference. The fitted line was used in all ANG

experiments to predict the gas's initial flow rate entering the CNG capsule.
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Table 3. Experimental readings and calculation results during pressure changes in doser and CNG

cells.
time | Pq T4 ANy Pene Tene ANene ANaye AP = R=
(s) (bar) (K) (mol/s) (bar) (K)  (gmol/s) (gmolls) p,.poye  AP/ANave
0 425 290  0.055 0 290 0.045 0.0500 42.5 935.429
2 40 290  0.061 7 288 0.047 0.0540 33 694.737
4 375 289  0.039 14 282 0.032 0.0350 235 731.815
7 35 289  0.024 21 287 0.029 0.0260 14 481.188
12 325 289 - 31 287 - - - -
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Figure 4. Variations of valving system resistance with the corresponding pressure difference

between doser and CNG tank.

3.3.2 Boundary conditions data collection and pre-processing for ANG charging process

After packing the ANG tank with each of the adsorbents, a data set was collected to assess the

current modelling and corresponding simulation’s performance. Table 4 provides the dynamic

pressure variations of both doser and packed ANG vessels during the charging process. The

estimated mole differences (4Ns) between the vessels were used to find the inlet gas flow rate (L/s)
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entering the ANG tank. Aspen HYSYS Process Simulation Software V.11 was employed to predict
the ANG temperature drop across the valving system (due to adiabatic expansion) and the
corresponding compressibility factor. The Peng—Robinson equation of state was considered as a
property package for this simulation study. Figure 5 illustrates the fitted trends and the
corresponding equations for inlet temperature and the actual volumetric flow rate. These equations
are used in COMSOL Multiphysics software to predict the inlet boundary condition at any desired

instance.

Table 4. Dynamic pressure variations and calculation results during pressure changes in both
doser and ANG cell packed with different adsorbents of AC1 and AC2.

: Pq PanG _ R AN=AP/R TANG,in ANG
Tme @) | bary (o) 2P7P4PANC parimoless))  (gmolels)  (K) (QL/s)
AC1
0o | 55 0 55 1084.060 0.051 2564 1.084
39 | 50 95 405 881.727 0.046 2646 0103
11 | 475 18 29.5 728.233 0.040 271 0048
134 | 45 23 22 623.578 0.035 2752 0031
153 | 425 30 12.0 491.015 0.025 2802 0.018
170 | 40 39 1 330.544 0.003 286 0.002
AC2
0o [ 55 0 55 1084.060 0.051 2578 1089
3 |s15 9 425 909.635 0.047 2648 0112
116 | 4875 17.75 31 749.164 0.042 2714 0051
139 | 455 24 215 616.601 0.035 2766 0.032
157 | 43 2050 135 504.969 0.027 2808 0.019
175 | 40 39 1 330.544 0.003 2871 0.002

“Calculated from the fitted equation presented in Figure 4.
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Figure 5. Fitted profiles for (A) inlet temperature and (B) corresponding flow rates used as the
dynamic boundary conditions in COMSOL software.
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4. Results and Discussion

The experimental records of pressure and temperature inside the ANG vessel during continuous
charging were first described and discussed in this section. Afterwards, the distributed
mathematical model's simulation results were validated with the data obtained from the

experimental charging process.

4.1 ANG charging process data collection

After filling the doser, methane was charged into the prototype ANG vessel packed with
regenerated adsorbents of AC1 or AC2, according to the experimental procedure described in
section 3.3. The pressure profiles inside the bed were measured during the charging, and the results
are illustrated in Figure 6. The results confirm a pressure enhancement inside the vessel during the
charging, resulting from the accumulation of gas molecules in the void spaces between the solid
particles. During the continuous gas loading, depending on the inter and intra-particle mass transfer
resistance inside the bed and the rate of gas adsorption, part of the gas molecules will be adsorbed,
and the balance remains in the bed's empty spaces. The pressure rise in the tank is expected to
increase faster after the saturation of the adsorbents when no further adsorption occurs inside the
tank [41].
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Figure 6. Pressure profiles for AC1 and AC2 during the charging process.
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Figure 7 provides part of the collected temperature data at eight different points of the ANG bed
(Figure 2(B)) during the charging process. The corresponding temperature values are also reported
in Tables S4 and S5 of the SI. These temperature profiles later were used for validation of the
simulation results. The bed temperature variations in points 1 to 7 for both adsorbents follow a
similar trend, showing an ascending path consisting of two regions before and after 20 seconds.
In the first 20 seconds of gas loading, "Region I" of the tank's temperature profile graph (Figure
7), a significant temperature rise was observed in a short duration resulting from the heat of
adsorption after introducing the gas to regenerated solids [10]. The width of this zone depends on
the porosity and surface chemistry of the adsorbent. In other words, adsorbent characteristics play
a significant role in temperature enhancement, especially in the Region I, where the adsorption
process happens quickly. This region holds useful information regarding the initial temperature
distribution and storage start-up heating function [17]. After 20 seconds, in Region Il, the
temperature gradient increase becomes slower. The main reasons for the lower slope than the first
region are saturation of adsorption sites and heat transfer flux from the ANG tank's walls to the
surrounding environment [12, 17]. The second region helps to understand the maximum
temperature in the tank and its influence on storage efficiency during charging.

During the gas loading, the ANG bed's centre filled with AC1 was heated up to 322.1 K and
319.8 K at sensors 3 and 2, net rises of 33 K and 31 K, respectively. In the same adsorbent system,
sensors 1 and 5, located at the inlet and bottom of the ANG chamber, show a temperature rise to
303.1 K and 304.1 K, equivalent to a net increase in temperature 20.1 K and 21.1 K, respectively.
Similarly, the maximum temperature rise in the AC2 bed was at the central sensors of 2 and 3,
where the temperature reached 322.1 K and 319.8 K, respectively (with a net increase of 33.1 K
and 30.5 K). Moreover, the lowest sensed temperature values in the absorption chamber were

related to sensors 1 and 7, with a temperature variation of 315.9 K and 316.9 K, respectively.

Table 5 reports the average temperature values of the bed as well as the axial and radial directions
during the charging process. Temperature enhancement in the AC2 bed is higher than those
recorded for the ANG tank filled with AC1. The high-temperature values reported for the AC2
bed can be explained by the higher methane uptake capacity of AC2 (184 cm3stey/cm?) in
comparison with that of AC1 (175 cm3stp)/cmd).
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Table5. Average ANG bed temperatures during methane loading.

Adsorbent | Time(s)

Average bed
Temperature (K)

Average axial
Temperature (K)

Average radial
Temperature (K)

AC1 170 317.69 323.67 322.41
AC2 175 331.00 338.10 337.26
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Figure 7. Measured temperature profiles for both doser and ANG vessel during the charging

process using two various adsorbents of AC1 and AC2.

From a practical point of view, the entire ANG vessel warms up during charging. However, at the

ANG vessel entrance, a temperature drop is expected because of the adiabatic expansion of
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compressed methane [17, 25]. The low temperature of the inlet gas disappears immediately with
further gas loading and pressurising the bed. In the present study, the temperature variation of the
inlet gas was not experimentally measured at the entering point; however, this cold region's effect
is visible on the temperature profiles of sensor 1 (nearest sensor to the gas entrance zone) for both

absorber systems.

4.2 Simulation results of ANG system during the charging process
The simulation results of the ANG vessel's pressure and temperature profiles are separately
presented in Figures 8 and 9. As shown in Figure 8, continuous methane loading makes the
pressure contour curves inside the tank predict the rising trend during the charging process. Over
higher loading times, a uniform pressure distribution was achieved throughout the ANG bed. This
result proves the adsorbent bed's high permeability, which allows the gas to transfer all over the
bed freely (i.e. AC1 and AC2) [12].
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Figure 8. Pressure contours inside ANG vessel (filled with AC1 adsorbent) for different times of

50, 100 and 170 s of the charging process.

As the adsorption process begins, the adsorbent bed’s temperature increases due to the release of
adsorption heat. The ANG bed suffers from further adsorption heat due to the low heat transfer
rate from the bed to the surrounding environment by elapsing the loading time. The heat generated
inside the adsorption chamber affects the central points more than the other sections. All the results
mentioned above are presented in 2D and 3D temperature profiles of Figure 9.
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0s ' 100 s 150 s

Figure 9. 2D and 3D temperature profiles inside the ANG vessel (filled with AC1) initially (0 s)
and at different gas loading times of 50, 100 and 150 s.

Figure 10 compares the simulation results and the experimental data for the pressure variations
inside the ANG bed during the charging operation. The solution domain was discretised by
different sizes (i.e. normal, fine, finer and extra fine) to select a proper mesh sizing across the
numerical calculations. The numerical solution results obtained from the proposed model
formulation can accurately predict the increasing trend of experimental data related to the tank’s
pressure during the charging operation. The results are almost identical for ‘finer' and 'extra fine'
mesh sizes. Therefore, ‘finer' mesh size has been chosen for further numerical calculation over the
two adsorbent systems. As shown in Figure 10, the ANG vessel’s pressure increases quite fast
during the loading cycle. The model predictions are close to the actual pressure data measured
inside the ANG bed, especially the initial points. The excellent model’s ability for pressure

prediction results from applying the appropriate and reality-based boundary conditions.
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Figure 10. Experimental data and simulation results for pressure variations inside the cylinder as

a function of time during the charging process. The term M.S. denotes the mesh size.

Figure 11 shows the simulation and the experimental temperature profiles at the centre of the ANG
tank (i.e. sensors 2 and 3) as a function of time during the charging process for both AC1 and AC2

adsorbents. The experimental data and the corresponding model-predicted values for the rest of
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the temperature sensors located in various axial and radial positions were illustrated in Figure S4

of the Supporting Information.
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Figure 11. Experimental data and model-predicted temperature profiles at the centre region of

the ANG cylinder (i.e. sensors 2 and 3) as a function of time during the charging process.

The overall trend of the predicted temperature change matches the experimental data though a
higher temperature increase was predicted at the early stages of charging. For instance, 5.6%
error, or a temperature difference of 17 K, is observed between the predicted and measured
values for sensor 3 at t=20 s, when the ANG vessel is filled with AC1. The deviation of the
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model’s temperature prediction from the experimental data was also reported by other
researchers [22, 25, 29]. One possible reason for the model deviation is the variation of the heat
of adsorption during the charging process; this parameter was assumed to be a constant in the
simulation. Possible experimental errors, such as miscalculation of the packing density, are other
possible reasons for the deviation of the simulation and observed values. The ANG tank was
filled with the adsorbents by pouring the ACs powder inside the cell, followed by pushing to
ensure that the powder was softly packed. Unfortunately, there is no way of ensuring that there
are no undesired voids in the packed bed.

5. Sensitivity analysis

The proposed model for the simulation of ANG vessel during the charging process is used to study
the effects of two critical operating parameters of (i) geometrical configuration of ANG vessel and
(i1) the specific heat capacity of the adsorbent on the entire system's thermal behaviour (at the
centre of the ANG bed) and storage capacity. In each case, all the base parameters were kept
constant, and only input variables of the designation of ANG bed and the specific heat capacity of

the adsorbent were changed.

5.1 Effect of the geometrical configuration of the ANG vessel
Here, the impact of different L/D ratios in ANG vessels' geometrical design on their performance
has been investigated. Simulations were conducted for four different geometries of (L, D), (2L, D), (L, 2D)
and (2L, 2D), where L= 130 mm and D=25 mm. The values of L and D follow the dimensions of

our costumed-built ANG bed described in section 3.2.

Figure 12 (A) illustrates the effect of various 2D unit dimensions and geometry on pressure
variations inside the ANG bed. Although a similar trend was observed for the pressure changes in
different ANG geometries, the maximum pressure limit (40 bar) has been reached within a longer time
(245 s) for the largest ANG vessel (2L, 2D). In other words, increasing the diameter and length
extends the ANG bed volume, which results in a longer required time for charging the bed up to

the desired pressure point.
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Figure 12. (A) Effect of different ANG vessel geometries on the tank’s pressure profiles, (B)
Two-dimensional demonstration of the effect of different ANG vessel geometries on the thermal

behaviour (T) and gravimetric storage capacity (q) at the pressure of 40 bar.

As the two-dimensional temperature distribution curves in Figure 12 (B) show, most thermal stress
is at the bed's centre in all diverse geometry designs. Amount of heat flux released inside the
chamber decreases by moving from the centre towards the wall. Generally speaking, the heat
transfer rate is higher around the wall than the bed's centre. Moreover, since storage efficiency is

significantly affected by the bed's temperature fluctuations, the potential regions for the lowest and
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highest gas uptake correspond to the ANG bed's centre and entrance, respectively [13, 15, 17, 22,
25].

5.2 Effect of specific heat capacity of adsorbents (Cp)

The adsorbent's specific heat capacity plays a significant role in controlling the temperature
fluctuations and, consequently, the ANG vessel's thermal regulation [42]. Here, the effect of
different adsorbent heat capacity values on ANG bed performance is studied during the charging
operation. As depicted in Figure 13 (A), the bed's thermal fluctuations have been increased by
decreasing the adsorbent's specific heat capacity. The minimum (45 K) and the maximum (74 K)
temperature variations inside the bed are associated with the highest (1350 J/kg.K) and lowest (650
J/kg.K) C,, values, respectively. These findings agree well with those reported in the literature [12,
22, 26].

Figure 13 (B) exhibits the impact of different values of the adsorbent’s heat capacity (800, 1100
and 1350 J/kg.K) on the thermal fluctuations and storage efficiency of the ANG vessel. Increasing
the specific heat capacity leads to a decrease in the temperature variations inside the bed,;
consequently, this issue positively affects the system's gas storage efficiency. For instance, when
the heat capacity rises from 800 to 1350 J/kg.K, the temperature variations are reduced to 37% and

the results show the 7.7% enhancement in gravimetric methane storage efficiency within the bed.
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Figure 13. (A) Effect of the adsorbent’s specific heat capacity on the ANG chamber's
temperature profile at the ANG bed centre. (B) Two-dimensional demonstration of the effect of

adsorbent’s specific heat capacity on the thermal behaviour (T) and gravimetric storage

capacity (q) at the pressure of 40 bar.

6. Conclusion

As a primary aim of the present study, we investigated the behaviour of dynamic CH4 storage
inside an ANG tank filled with carbon-based adsorbent through experimental and theoretical

analysis. The variable charging flow rate was considered to mimic the actual condition when an
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ANG capsule is set. The obtained experimental data of the CH4 loading were used to validate the

simulation results calculated from a 2D-distributed model, which included partial differential

formulations. According to the experimental and modelling findings, the following points can be

drawn:

Due to the release of the heat of adsorption during the charging process, adsorbents’
structural properties and thermal conductivity strongly influence the bed's temperature and,
as a result, its efficiency.

During continuous charging, the ANG bed temperature profiles showed a sharp increase in
the first 20 seconds of dynamic CHs loading due to the higher rate of methane adsorption
on fresh/regenerated adsorbents.

The high-temperature profile of AC2 compared to AC1 was observed, which is attributed
to their methane uptake capacity of 184 and 175 cm3(STP)/cm?, respectively.

The maximum temperature rise occurred at the storage bed's central region.

A good agreement was observed between the proposed model's and experimental pressure
and temperature profiles according to numerical solution results. Superior correspondence
of model prediction with collected data is the consequence of applying the appropriate and
reality-based boundary conditions.

The effect of tank geometry (L/D ratios) on the ANG performance was studied, and it was
noticed that a longer time (245 s) is required for the largest studied ANG dimension (2L,
2D) to reach the maximum pressure limit (40 bar).

Application of adsorbents with the high and low adsorbent specific heat capacity of 1350
J/kg.K and 650 J/kg.K results in a minimum (45 K) and maximum (74 K) temperature

variations inside the bed, respectively.

The present study's combined theoretical and practical research could be extended for modelling

ANG vessels using novel high capacity adsorbents such as MOFs and COFs PAFs and hybrid

structured adsorbents. Future studies can also assess the employment of cold media such as

nanofluids for circulation around the ANG vessel to improve storage operation efficiency.
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