
Effect of cycling and thermal control on the storage and dynamics of a 1 

40-L monolithic adsorbed natural gas tank 2 

Matthew Prosniewskia†, Tyler Rasha, Jimmy Romanosb, Andrew Gillespiea, David Stallaa, Ernest 3 

Knighta, Adam Smitha, Peter Pfeifera 4 

a Department of Physics and Astronomy, University of Missouri, Columbia, MO, 65211 5 

b Department of Natural Sciences, Lebanese American University, Byblos, Lebanon 6 

Abstract 7 

Adsorbed natural gas systems have been proposed as a cost-effective storage alternative to compressed 8 

and liquefied natural gas. This has led many groups to search and design sorbent materials with large 9 

methane storage capacities since natural gas is approximately 90% methane. The other 10% of natural 10 

gas contains larger hydrocarbons which can decrease the useable storage capacity of adsorbent 11 

systems. In this work, the effect of large hydrocarbons on the storage and dynamics of a 40-L adsorbed 12 

natural gas system, containing 20.5 kg of monolithic carbon adsorbent, produced by the University of 13 

Missouri, is reported. It was found that over the course of 20 cycles, due to the retention of 1.9 kg of 14 

non-methane components by the monoliths, the useable volumetric storage dropped 16%, and the 15 

amount gas delivered dropped 10%. A second cycling experiment found that by using thermal control 16 

while the system discharged, the mass retention decreased to 0.91 kg, and the useable volumetric 17 

storage and delivered mass only dropped 7% and 5%, respectively. The effects of the mass retention, 18 

storage loss, and thermal control on the system’s charge and discharge dynamics were then analyzed to 19 
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provide a complete picture of the long-term effects of cycling large scale adsorbed natural gas systems 20 

with and without active thermal control.   21 

Keywords: Adsorption, Natural Gas, Cycling, Thermal Control 22 

1. Introduction  23 

Natural gas in recent years has been implemented as an alternative fuel source to gasoline due to its 24 

local abundance and environmental benefits [1–3]. This has predominately been done either through 25 

compressed natural gas (CNG) systems or liquefied natural gas (LNG) systems. However, both these 26 

technologies have high costs associated with them due to the costs of compression or liquefaction and 27 

producing tanks able to withstand either high pressures or low temperatures. Adsorbed natural gas 28 

(ANG) systems have been proposed to increase the energy density of natural gas at low pressures and 29 

room temperature. ANG systems use adsorbent materials to increase the natural gas’s density near the 30 

surface of the adsorbent at any given pressure and temperature, thereby increasing the system’s 31 

storage capacity [2,4–8]. ANG systems typically operate between 35-60 bar and room temperature, 32 

greatly reducing the compression, hardware and container costs associated with CNG and LNG [6,9–17]. 33 

The low operating pressures also allow for conformable non-cylindrical tanks which can more efficiently 34 

use the traditionally square openings in vehicles [16,18,19]. 35 

Despite the benefits of ANG systems, there still exist challenges that need to be studied. Some of these 36 

challenges include the need to effectively pack adsorbent material inside of the ANG tank, managing 37 

flow rates, limited driving ranges, and large temperature shifts caused by the adsorbent’s heat of 38 

adsorption which affect the system’s storage capacities and dynamics [10,12,14,15,20–22].  39 

Another challenge is the storage loss seen in ANG systems due to the non-methane components of 40 

natural gas. Natural gas consists of mostly CH4 ( > 85 mol %) but will also contain non-negligible amounts 41 



of larger hydrocarbons ranging from C2-C7. Large hydrocarbons are selectively adsorbed compared to 42 

CH4 due to stronger interactions with the adsorbent, especially in the low pressure range, resulting in 43 

them being retained during standard discharging procedures [23–27]. The retention of these 44 

components reduces the material’s ability to adsorb new gas and has been shown to decrease the 45 

volumetric storage capacity of certain materials up to 50% [23,27,28].  46 

A proposed solution to the retention of larger hydrocarbons consists of placing a guard bed before the 47 

ANG system to filter out any strongly adsorbed non-methane components [6]. While this has shown to 48 

be effective, this increases the cost and decreases the space efficiency of ANG systems. The guard beds 49 

also need to be consistently regenerated or replaced to be effective over a long period of time.  50 

Some work has been done in quantifying the storage loss due to large hydrocarbons in the absence of a 51 

guard bed [24,27,29], but few have shown the effect these components have on the dynamics 52 

associated with filling and discharging an ANG system [30,31], and none have tried actively 53 

implementing pressure and thermal control while cycling. These studies have found that without a 54 

guard bed, the carbon would also need to be regenerated or replaced at consistent intervals to be 55 

effective for long term use. Regeneration requires heating the carbon under vacuum, pressure swing 56 

methods, or chemical regeneration, all which introduce drawbacks to implementing ANG systems into 57 

automobiles [27,32]. 58 

Groups have also proposed using active thermal control on the tank to increase the delivery of pure 59 

methane gas. These systems suggested using forced convection either by passing hot air, representing 60 

exhaust gas [20], or hot water, representing radiator fluid [22], over the tank to manage the 61 

temperature of the system during discharge. These systems have been shown to greatly increase the 62 

discharge efficiency of ANG systems and led the authors to propose active thermal control as an 63 

alternative to guard beds for reducing the retention of larger hydrocarbons. The use of the vehicle’s 64 



excess heat reduces the costs and machinery needed to provide thermal control, but whether this is 65 

advantageous compared to guard beds would be dependent on the individual system in question and is 66 

not covered in this work. 67 

In this work, the storage loss of a 40-L ANG system filled with 20.5 kg of monolithic carbon due to non-68 

methane hydrocarbons is categorized. The storage loss is then related to the changes in the system’s 69 

dynamics such as the system’s flow rates, storage evolution, and the pressure and temperature 70 

evolution. In this way, a comprehensive picture of how cycling effects an ANG system can be presented. 71 

The effect of pressure control through the use of a compressor and thermal control during the 72 

discharges is also explored to reduce the need for system regeneration.  73 

2. Materials  74 

2.1 Carbon Monoliths  75 

The adsorbent used in this work were carbon monoliths produced by the University of Missouri (MU). 76 

The monoliths were produced from the precursor powdered activated carbon (PAC), sample name 77 

MWV-0260. The precursor PAC was mixed with the binder poly(vinylidene choloride-co-vinyl chloride) 78 

(PVDC) in a 0.5:1 binder to PAC ratio. The mixture was then compressed in a cylindrical steel die at 27 °C. 79 

The monoliths were then heated to 305 °C, under stress, before being allowed to cool for 16 hours while 80 

maintaining the mechanical stress. After removing the monoliths from the die, intermediate products 81 

called green bodies were carbonized under nitrogen flow, and the harmful products caused by 82 

carbonization were removed with a series of traps. Further detail about the production and 83 

characterization of the monoliths can be found in Refs. [15,33,34]. 84 

2.2  40-L ANG Tank and Flat Panel Assembly 85 



The 40-L ANG tank is filled with 20.5 kg of the MU carbon monoliths described in section 2.1. The tank is 86 

made of multiple steel sections, each containing monoliths that have been cut to match the section 87 

openings. A small flow gap was included between the monoliths and the tank wall to allow for increased 88 

axial flow during fills and discharges.  89 

The flat panel assembly (FPA) is used to control the flow dynamics associated with the storage, fill and 90 

discharge experiments. It consists of a pressure regulator at the system inlet, a Bronkhorst mass flow 91 

controller (MFC), a fuel extraction system (FES) consisting of a downstream compressor and associated 92 

tubing, a Kern scale, three pressure transducers (located at the system inlet, tank inlet, and FES output), 93 

and six temperature probes (located at the tank interior, tank exterior, MFC, FES, system inlet, and 94 

vent). In this work, the tank will be considered charged (4.2 kg stored) at a pressure of 35 bar when at 95 

room temperature and discharged (0.85 kg stored) at a pressure of 2 bar also at room temperature. 35 96 

bar was chosen as the charged pressure since this represents the maximum pressure achievable by 97 

many single stage compressors [35].  The tank and FPA are shown in Fig. (1) and further details about 98 

the tank and the FPA can be found in Refs. [14,15]. 99 

 100 



 101 

Figure 1: Picture of the 40-L ANG tank and FPA. 102 

3. Methods  103 

Two different cycling experiments were performed, each of which contained twenty cycles. A cycle was 104 

defined as filling the tank with natural gas supplied by MU from 2 bar to 35 bar and then discharging the 105 

tank from 35 bar down to 2 bar. Between the cycling experiments, the monoliths were regenerated 106 

under vacuum (~0.12 torr) at 125 °C for 1 week. After the regeneration, the evacuated tank mass 107 

returned to its initial value signifying the desorption of all previously retained mass. Table 1 gives the 108 

natural gas’s composition as determined by gas chromatography. 109 

After every fill and discharge, the monolith’s gravimetric excess adsorption, ���, and the tank’s 110 

volumetric storage, ���,��	, were evaluated gravimetrically using the kern scale and Eqs. (1&2).  111 

 ��� = ���
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���	

 (2) 

Where ��� is the total mass of gas stored by the tank, �� is the mass of the carbon monoliths (20.5 kg), 112 

���	 is the tank volume (40 L), ��� is the skeletal density of the carbon (2 kg/L) as determined by helium 113 

pycnometry [15], and �� is the gas density at the system’s current pressure and temperature as 114 

determined by NIST [36].  115 

Table 1: Composition of natural gas provided by MU 116 

Component CH4 C2H6 C3H8 iC4H10 
(isobutane) 

C4H10 iC5H12 

(isopentane) 
Mol % 90.584 5.2647 0.8367 0.0847 0.1298 0.038 

Component C5H12 C6H12 N2 CO2 O2 He 
Mol % 0.039 0.2063 2.3875 0.3397 0.0029 0.0567 

 117 

Two types of filling procedures were used during the cycling, but every fill always started at 2 bar. Odd 118 

numbered fills (1, 3, 5 etc.) used a filling pressure of 35 bar while even numbered fills used a filling 119 

pressure of 45 bar. Two filling procedures were used to see if the effect of cycling on the fill dynamics 120 

was dependent on the filling procedure. This methodology was also used to simulate a vehicle being 121 

filled at a home fueling station which would most likely operate around 35 bar, due to this being 122 

achievable by a single stage compressor, and external fueling stations that would most likely use higher 123 

filling pressures to reduce filling times. The filling pressure was set manually at the FPA’s inlet using a 124 

pressure regulator. Once the pressure had been set, the tank inlet was opened. During fills, the gas 125 

bypassed the MFC. In the case of the odd numbed fills, the tank was left open to the system inlet until 126 

the tank had equilibrated to room temperature and 35 bar. For the even numbed fills, the tank was 127 

closed off at the inlet when once it had reached a pressure of 45 bar and a temperature of 128 

approximately 43 °C. This was chosen as the stopping point since previous experimentation showed, 129 

that during equilibration, the temperature dropped approximately 2 °C/bar. Therefore, stopping the fills 130 



here would result in the tank equilibrating to 35 bar at room temperature. After completing the fill, 131 

small amounts of gas would be added or discharged to ensure a pressure of 35 bar. Afterward, the tank 132 

was allowed to equilibrate to 35 bar and room temperature before starting the next discharge.  133 

Discharges always started with the tank at 35 bar and room temperature. At the start of a discharge, the 134 

tank’s inlet was opened, and the gas flow was directed through the MFC while bypassing the FES. The 135 

MFC was set at 0.086 kg/min since this is what a typical car getting 30 mpgge would need to go 60 mph 136 

[15]. Once the tank pressure, read by the pressure transducer at the tank inlet, reached 20 bar, the gas 137 

flow was manually redirected to pass through the FES before reaching the MFC. This was done since the 138 

FES has been shown to increase flow rates and discharge efficiencies and to see if the pressure control 139 

provided by the FES could counteract the storage loss associated with cycling. The tank discharged until 140 

a pressure of 1.3 bar was reached. The tank was then closed off at the inlet and equilibrated to room 141 

temperature. Gas samples taken during the 1st, 5th, 10th, 15th and 20th discharges, at pressures of 35, 20, 142 

10, 4, and 2 bar, were analyzed using gas chromatography. The sampling process involved stopping the 143 

gas flow momentarily and redirecting the flow into the sampling chamber.  144 

During the second set of discharges, heat tape was applied to the tank before the start of the discharge. 145 

The heat tape used was the same heat tape used during the tank’s regeneration and was turned on once 146 

the discharge started. Otherwise, the discharges continued as described above. In cases where the tank 147 

equilibrated to a pressure other than 2 bar, gas was either discharged or added to ensure a tank 148 

pressure of 2 bar before conducting the next fill. 149 

The tank’s storage, pressure, and temperature were monitored and recorded every one second by the 150 

LabView program during the fills and discharges.  151 

4. Results and Discussion  152 



4.1 Storage and delivered mass  153 

During both cycling experiments, it was found that the tank’s charged (35 bar) and discharged (2 bar) 154 

mass increased as cycling progressed, as seen in Fig. (2A). The mass increase was due to the retained 155 

hydrocarbons (C2-C6+) being more massive than CH4 which makes up most of the gas’s composition. 156 

During the first cycling experiment, the discharged tank’s mass increased 1.9 kg while the charged tank’s 157 

mass increased 1.2 kg. When applying external thermal control during the second cycling experiment, 158 

these values dropped to 0.91 and 0.61 kg for the discharged and charged tank, respectively.  159 

The discharged tank’s mass increasing more than the charged tank’s mass is important since it decreases 160 

the theoretical deliverable mass, �	��,�, defined as the mass stored at 35 bar minus the mass stored at 161 

2 bar, given as Eq. (3). 162 

 �	��,� = ����35	bar� − ����2	bar� (3) 

This suggests that the mass delivered during a discharge, �	��, would also decrease as cycling 163 

progressed, which was observed. It is noted that �	�� is not the total amount of gas discharged to 164 

return the tank to 2 bar. Without thermal control, the ending temperature of the tank was well below 165 

room temperature, causing the tank to equilibrate above 2 bar (~2.3 bar). With the thermal control, the 166 

ending temperature was well above room temperature, causing the tank to equilibrate below 2 bar 167 

(~0.6 bar). Figure (2B) shows the changes in both �	�� and �	��,� for both cycling experiments. Figure 168 

(2B) also shows that the decrease in �	��,�, in both cycling experiments, was greater than the decrease 169 

in �	��. This means that even though the total amount of gas delivered decreases, the efficiently of the 170 

discharge,�	 �, defined as �	�� divided by �	��,� in Eq. (4), increased as cycling progressed. 171 

 �	 � = �	��
�	��,�

 (4) 



When not using thermal control during the discharges, over twenty cycles, the discharge efficiency 172 

increased from 0.87 to 0.97. When using the thermal control, since the drop in �	��,� was smaller, the 173 

efficiency increased less changing from 1.06 to 1.12 over 20 cycles.  174 

   175 

Figure 2: A, Mass increase during both cycling experiments for both the discharged and charged tank. B, Change in  �!"#,$ and 176 

�!"# for both cycling experiments.  177 

Using Eqs. (1&2), the increase in stored mass would mean that both ��� and ���,��	 increased as cycling 178 

progressed. This is contradictory to other published results from volumetric methods which determine 179 

storage using the amount of gas added during each cycle [27]. Therefore, the useable tank volumetric 180 

storage, %���,��	, defined in Eq. (5) as the initial 2 bar storage (0.85 kg) plus the mass added during the 181 

filling portion of the cycle, �&		, divided by the tank volume will be considered from here on out.  182 

 %���,��	 = 0.85 + �&		
���	

 
(5) 

Figure (3) shows the %���,��	 at 35 bar for both cycling experiments. In the initial cycling experiment, 183 

where no thermal control was implemented, the %���,��	 dropped 16% from 0.106 to 0.090 kg/L over 184 

20 cycles. When including thermal control during the discharges, the %���,��	 only dropped 7% from 185 

0.105 to 0.01 kg/L over 20 cycles.  186 



 187 

 188 

Figure 3: %�+,,-"!  for both performed cycling experiments. 189 

Without thermal control, the tank’s mass increase, �	��, and %���,��	 start to level out around cycle 15. 190 

Cycle 15 also marks the start of when �	�� became equal to the amount of gas added during the 191 

previous fill, minus the hydrocarbons above and including C3H8. Since approximately 0.08 kg more gas 192 

was discharged after the tank equilibrated, to bring the tank to 2 bar, this suggests that more C2H6 than 193 

was added in the previous fill was being discharged by the tank. Therefore, before the 15th cycle, C2H6 194 

stops being retained and stops contributing to additional %���,��	 loss. It also suggests C2H6 that was 195 

previously causing storage loss was being displaced by the larger hydrocarbons as cycling progressed.  196 

This is also supported by the gas samples taken during latter cycles which showed an increased amount 197 

of C2H6 in the discharged gas, especially at lower pressures.  198 

The leveling out of �	�� also shows that even without a guard bed, thermal control, or regeneration, the 199 

system should always deliver close to 90% of the mass delivered in the first cycle. The addition of 200 

thermal control meant that, even with significant cycling, the system should deliver 95% of the mass 201 

delivered in the first cycle. Therefore, even without regeneration, the system could be considered to 202 

only show a slight decrease in effectiveness.  203 



When including the thermal control, the ending temperature of tank during a discharge was always 204 

above 75 °C, allowing for more than the �	��,� to be discharged. Since the amount of gas stored inside 205 

the tank at 0.6 bar is small compared to the discharged amount, �	�� did not significantly decrease 206 

during the second cycling experiment. During these discharges, nearly all the CH4 and C2H6 were 207 

discharged during the unloading process. The tank’s mass gain and %���,��	 leveled out by the 12th cycle. 208 

At cycle 12, the mass increase of the discharged tank was equal to the mass of the hydrocarbons above 209 

C3H8 added to the system to this point. Suggesting that at this point, newly added C3H8 will not 210 

contribute to the tank’s mass increase or %���,��	 loss. Similarly to C2H6 in the first cycling experiment, 211 

the C3H8 retained to this point is expected to start being displaced by the larger hydrocarbons, but the 212 

increase of C3H8 in the discharged gas was not significant enough to state this explicitly.  213 

If the replacement of the retained components by the larger hydrocarbons seen in these experiments 214 

continued, eventually this would lead to the majority of the tank’s mass gain being caused by retained 215 

C6H14, which is a liquid at 2 bar. This leads to the possibility that, with extended cycling, layers of liquid 216 

C6H14 could accumulate in the tank possible leading to multilayer adsorption, capillary condensation and 217 

pore clogging. It is also noted that all the C2+ hydrocarbons have critical temperatures above 296 K and 218 

can be liquefied under 45 bar at room temperature, therefore, during even fills, it is possible that 219 

multilayer adsorption or capillary condensation occurred for each of these components. For the 220 

components that can be liquified at room temperature and 35 bar, these effects would remain in the 221 

charged tank even after equilibration.  222 

The pore size distribution (PSD) of the monoliths, given as Fig. (4), is heavily bimodal with peaks at 7.5 Å 223 

and 15 Å while the interaction diameters of CH4 through C6H14 range between 3.8-4.3 Å [15,25,37]. This 224 

means that all of the larger hydrocarbons can occupy the majority of the monolith’s pores.  Since the 225 

interaction potential is strongest in the smaller 7.5 Å pores, and the selectivity of larger hydrocarbons 226 



has been shown to decrease with increasing pore width [26], it is likely that the storage loss seen to due 227 

cycling corresponds to pore clogging in pores near 7.5 Å in width. It can also be inferred that the 228 

replacement of the smaller hydrocarbons with larger hydrocarbons that occurred during the latter parts 229 

of both cycling experiments was caused by larger hydrocarbons replacing previously retained smaller 230 

hydrocarbons in these strongly interacting pores instead of adsorbing in the weaker interacting large 231 

pores.  232 

 233 

Figure 4: Pore size distribution for the MU monoliths.  234 

4.2 Fill Dynamics 235 

The mass evolution of the system was monitored by the Kern scale for every fill during both cycling 236 

experiments. The early mass transfer was relatively linear for approximately 1.2 minutes in the even fills 237 

(45 bar filling pressure) and 1.8 minutes in the odd fills (35 bar filling pressure). This was followed by a 238 

leveling off and a long period of slow growth lasting until the end of the fill. These results are similar to 239 

fills preformed using CH4, described in Ref. [14]. Without thermal control during the discharges, as 240 

cycling progressed, the amount of mass added to the system in the same period was seen to 241 

significantly decrease, shown in Fig (5). This was caused by the larger storage loss in the original cycling 242 

experiment, which also shortened the filling times since less gas was being added. This means that 243 



significant %���,��	 loss, caused by the retention of larger hydrocarbons, decreases the mass transfer 244 

rate but also reduces the total filling times. After the 15th cycle, the %���,��	 was relatively constant, and 245 

therefore, the fills showed no noticeable differences. The thermal control used during the second 246 

cycling experiment caused the %���,��	 to level out much earlier, making the mass transfer in fills after 247 

cycle 7 consistent with each other. A slight decrease was observed when comparing fills 1-6 with the 248 

latter fills. 249 

 250 

Figure 5: Storage evolution of the tank for fills 8 and 20 during the unheated cycling experiment. Insert expands the first 3 251 

minutes of each fill. 252 

The decreasing mass transfer rate and decreased adsorption significantly affected the temperature 253 

evolution of the system. The temperature increased rapidly in the early part of the fills, reaching its 254 

maximum temperature between 1.5 and 2.5 minutes. After reaching the maximum temperature, the 255 

system’s temperature decreased slowly until room temperature was reached. As cycling progressed, the 256 

temperature evolution of the tank slowed, the maximum temperature reached during the fills dropped, 257 

and the maximum temperature was reached later in the fill, as shown in Fig (6A). Without thermal 258 

control, the maximum temperature reached dropped 12.5 °C (fill 3 used as 1st point due to an outlier at 259 

fill 1) and 14.6 °C for the odd and even fills, respectively. Since the thermal control limited the %���,��	 260 



loss, the maximum temperature only dropped 9.0 and 8.6 °C for the odd and even fills, respectively, as 261 

shown in Fig. (6B). The lower maximum temperatures also meant that the system was able to reach 262 

room temperature (odd fills) or 43 °C (even fills) faster, decreasing the fill times as cycling progressed.  263 

 264 

Figure 6:  A, Temperature evolution for select fills in both cycling experiments. B, Maximum temperature reached during each fill 265 

performed. 266 

4.3 Discharge Dynamics 267 

Though the amount of delivered mass decreased due to cycling in both experiments, the cycling did not 268 

show a significant effect on the system’s flow rates. Therefore, in all cases, the 0.086 kg/min flow rate 269 

was initially maintained for approximately 2.5 minutes and started to decrease when the tank pressure 270 

dropped below 27 bar, as described for CH4 in previous works [14]. When the FES was turned on, the 271 

0.086 kg/min flow rate could be maintained for approximately another 2 minutes.  272 

The thermal control used during the second cycling experiment did not significantly affect the early flow 273 

rates since the heat tape also needed time to increase in temperature. The heated discharges did show 274 

higher flow rates in the latter parts of the discharge, as shown in Fig. (7A).  This is because the flow rate 275 

of the system is related to the pressure gradient by Darcy’s law, Eq. (6), where . is the flow velocity, / is 276 

the permeability, � is the gas’s viscosity and 01 is the pressure gradient [12].  277 



 . = /
2� 31	 (6) 

The externally applied heat caused the temperature, and therefore, the pressure in the tank to be 278 

higher, after 10 minutes, than when not using thermal control. The higher tank pressure caused by the 279 

higher tank temperature increased the pressure gradient allowing for higher flow rates after 10 minutes 280 

of discharging. The higher pressures also caused the heated discharges to be longer since the discharges 281 

ended when a tank pressure of 1.3 bar was reached. The tank’s pressure evolution for both the heated 282 

and unheated discharge 19 is shown in Fig. (7B). 283 

 284 

Figure 7: A, Flow rate evolution for both the unheated and heated discharge 19. B, Tank pressure evolution for both the 285 

unheated and heated discharge 19. 286 

Though the cycling did not cause any significant changes in the flow rate or pressure evolution of the 287 

system during the discharges, it did significantly change the temperature evolution of the system. In the 288 

absence of thermal control, it has been shown that an ANG system’s temperature will decrease due to 289 

the endothermic nature of desorption and cooling due to gas expansion. In both cycling experiments, 290 

the decrease in the %���,��	 and �	�� with cycling implies that less desorption occurs during latter 291 

discharges compared to earlier discharges. This lessened desorption caused the tank’s temperature to 292 

decrease less, raising the minimum temperature reached during the discharges, as seen in Fig. (8).  293 



Without thermal control, cycling caused the minimum temperature to rise 3.2 °C, over 20 cycles, from    294 

-11.3 to -8.1 °C. The external thermal control in the second cycling experiment caused a significant rise 295 

in the minimum temperature compared to the first cycling experiment but showed a similar 296 

dependence on cycling with the minimum temperature reached rising from 5.9 °C in heated discharge 1 297 

to 7.7 °C in heated discharge 20. The thermal control also caused the minimum temperature to be 298 

reached much earlier than without thermal control. Without using thermal control, the minimum 299 

temperature was reached approximately 60 minutes into the discharge, but with the addition of thermal 300 

control, the minimum was reached in approximately 16 minutes. The average length of the heated 301 

discharges was 123 minutes. Since the temperature started to rise after the 16 minute mark during the 302 

heated discharges, the temperature rose for approximately 107 minutes before the discharge ended. 303 

This allowed the heat tape to significantly raise the temperature of the tank. During the heated 304 

discharges, tank temperatures always ended above 79 °C. Therefore, the heated discharges showed a 305 

�	 � greater than 1.  306 

 307 

Figure 8: Temperature evolution for selected unheated and heated discharges. 308 

During the heated discharges, the mol% of C2H6 in the discharged gas showed a sharp increase at low 309 

pressures compared to the unheated discharges, shown in Fig. (9). 310 



 311 

Figure 9: Mol% of C2H6 in the discharged gas for the unheated and heated discharge 15. 312 

This combined with the large increase in �	�� during the heated discharges suggests that the addition of 313 

external thermal control limited the C2H6 retention of the system. The limited C2H6 retention is most 314 

likely the reason why the %���,��	 dropped less and leveled out earlier during the heated discharges. 315 

This increase in mol% was not seen for hydrocarbons larger than C2H6, implying temperatures greater 316 

than 70 °C are needed to effectively discharge these components. Therefore, to completely remove the 317 

need for regeneration, heating systems would likely need to operate above 100 °C. 318 

5. Conclusion  319 

In this work, the effect of cycling natural gas on a 40 L ANG system with and without thermal control 320 

was studied. Tank mass and volumetric storage measurements were used to characterize the cycling’s 321 

effect on the system’s storage while the FPA tracked the changes in the system’s filling and discharge 322 

dynamics.  323 

Without active thermal control, the %���,��	 dropped 16% over the course of 20 cycles while the �	�� 324 

only dropped 10%. Most of the decrease occurred in the first 15 cycles, after which, the values for both 325 

%���,��	 and �	�� started to stabilize. Therefore, when implementing ANG systems into automobiles, if 326 



the design allows for a 10% drop in delivered mass, the tank would not need to be consistently 327 

regenerated.  328 

When using thermal control, the %���,��	 dropped 7% over the course of 20 cycles and �	�� dropped 329 

5%. The improvement was due to the thermal control allowing C2H6 to be efficiently discharged, limiting 330 

the mass retention of the system. The thermal control did not show significant improvement in reducing 331 

the retention of hydrocarbons larger than C2H6. The thermal control also greatly increased the ending 332 

temperature of a discharge which allowed for longer discharges and, on average, a 25% increase in 333 

�	��. Therefore, enacting thermal control during a discharge not only limits the mass retention and 334 

%���,��	 loss but also allows for greater discharge efficiencies. 335 

The composition of the discharged gas during the unheated discharges also showed an increase of C2H6 336 

in the latter cycles. This combined with total amount of discharged gas during these cycles, compared to 337 

the amount of gas added, suggested that larger hydrocarbons were displacing previously retained C2H6 338 

as cycling progressed. This suggests that with extended cycling, the majority of retained components 339 

should be hydrocarbons above C2H6. More cycles would need to be performed to know if this would 340 

cause a significant change in the system’s storage or dynamics.  341 

The effect of the cycling and thermal control on the fill and discharge dynamics was also explored. The 342 

retained mass limits new adsorption that can occur in latter fills. This meant that less gas needed to be 343 

added in latter fills and caused the reduced mass transfer rate seen in latter cycles. Since adsorption is 344 

an exothermic process, the lessened adsorption also caused the temperature shifts inside the tank to be 345 

less severe, dropping the maximum temperature of the fills 12.5-14.6 °C without active thermal control 346 

and 8.6-9.0 °C when using active thermal control. 347 

During the discharges, cycling did not affect the system’s flow rates, but the thermal control increased 348 

the flow rates observed after 10 minutes of discharging. This increase was due to the increased tank 349 



temperature raising the tank pressure. Since the flow rates in ANG systems follow Darcy’s law, given as 350 

Eq. (5), the increased tank pressure increased the pressure gradient, and therefore, the flow rate. This 351 

increase did not occur early enough to lengthen the time that the desired 0.086 kg/min flow rate could 352 

be maintained, but it would decrease the compression ratio needed to maintain this flow rate.  353 

The decrease in the useable gas storage associated with cycling ANG systems has always been a concern 354 

when considering implementation of this technology in automobiles. This work showed that when 355 

cycling natural gas, even without the use of a guard bed, thermal control or regeneration, ANG systems 356 

will deliver approximately 90% of the gas delivered in the first cycle. This can be improved to 95% by 357 

using thermal control during the discharge. Therefore, if ANG systems are made to initially deliver 358 

approximately 10% more gas than is needed, they will not need a guard bed or consistent regeneration.   359 
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