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Abstract

Cryo-compressed hydrogen storage promises to deliver highest system storage density

leading to fundamental cost and safety advantages. However, cryogenic vessels are complex 

systems, continuously drifting in thermodynamic space depending on use patterns, insulation 

performance, vessel characteristics, liquid hydrogen pump performance, and para-H2 to 

ortho-H2 conversion.  This paper shows a comprehensive evaluation of all factors affecting 

cryogenic vessel fill density, in an effort to evaluate system performance vs. operational 

parameters over a broad range of conditions.  The results confirm previous experiments and 

models indicating that cryogenic vessels have maximum fill density of all available storage 

technologies, and fill density is most sensitive to daily driving distance and insulation 

performance. It is finally predicted that para-H2 to ortho-H2 conversion will affect most 

automobiles, increasing fill density by up to 5.3%. In a future world dominated by cryogenic 

H2 fueled vehicles, para-H2 to ortho-H2 conversion inside the vessel will be the closest 

contact an average person will have with quantum mechanics outside of consumer 

electronics. 

1. Introduction

Fundamental thermodynamic phenomena constrain the basic approaches to onboard H2

storage. Like all gases, compressed hydrogen (H2) occupies large volumes and warms 

significantly when transferred between volumes (e.g. station storage to car) [1]. Both effects 

compound, creating a limit on driving range. Condensed phase (e.g. solid state) storage 

reduces volume and pressure (and therefore entropy) relative to H2 gas, but this necessarily 

generates even greater refueling heat, limiting refueling speed and/or capacity due to heat 

transfer constraints [2]. In the case of cryogenic adsorbents, pre-cooling H2 (e.g. to 80 K) 

shrinks the entropy gap between condensed and gaseous phases, therefore generating much 

less refueling heat [3]. However, unlike room temperature systems, heat removal during 

refueling is not spontaneous since cryogenic storage lacks a 300 K thermal sink. Heat transfer 

creates even tighter constraints on cryogenic adsorbent capacity and refueling speed. Even 

modest refueling heat can have large impacts: 4-6 kJ/mol H2 adsorption enthalpy is 

comparable to warming H2 from 80 to 300-380 K.
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Onboard refueling capacity and speed constraints are today circumvented upstream by liquid 

hydrogen (LH2) plants, which eliminate the H2 entropy gap, enabling low pressure LH2

transfers along the distribution chain, and automobile refueling without heat generation [4]. 

However, the necessarily low entropy of LH2 creates a new constraint as only 5 Watts of heat 

entry from the environment is sufficient to boil 1 kg of LH2 per day.

High pressure LH2 refueling infrastructure and onboard storage strikes a far more favorable 

balance between both onboard refueling and dormancy thermodynamics, by compressing 

liquid H2 rather than gas and gaining the dormancy of a single-phase gas rather than a two-

phase LH2-vapor mixture [5]. The crucial distinction is that single phase high pressure vessels 

accumulate dormancy as they are driven, ultimately reaching infinite dormancy with 30-60% 

of fuel remaining [6]. High pressure cryogenic (also known as cryo-compressed) H2 can in 

principle achieve lighter and more compact systems than even low pressure LH2 due to the 

thermal expansion and compressibility of LH2, and the low sensitivity to heat transfer 

enabling thinner, lower performance thermal insulation.

Cryo-compressed H2 storage offers substantial benefits over ambient temperature 

compressed H2 gas. There is the obvious low temperature advantage of higher density (up to 

80 g/L) [7] increasing vessel capacity and therefore driving range. In addition to density there 

are cost, weight, and safety benefits. Structural materials (carbon fiber and metals) become 

stiffer and stronger when cold [8], compensating for thermal stresses caused by temperature 

variability of cryogenic H2 storage. Cryogenic capability also creates the opportunity for 

unparalleled safety without additional investment: radically reduced H2 burst energy, ultra-

high on-road safety factor, strong secondary containment, expansion volume and inert 

environment within vacuum vessel [9], and potential for venting avoidance in case of vacuum

insulation failure, even when failure occurs when the vessel stores H2 at maximum density

[10].

A key consequence is that 10 kg cryogenic H2 systems can cost only 30% more than a 5 kg 

system, while improving mass and volumetric efficiency, dormancy, and refueling cost.

Above 8 kg of H2 storage, additional cost of cryogenic H2 storage can be less than $150/kg

[11], limited only by system volume, the chief strength of cryogenic H2 storage.

The limits to cryogenic pressurized H2 storage are not likely to be static or mechanical (since 

weight, volume and particularly cost all improve with driving range), but are instead dynamic 

and thermal, depending instead on refuel/drive/park behavior. Tailoring the mechanical to 

improve the thermal is likely a valuable tradeoff.

How to best implement this tradeoff for optimum onboard storage will depend on design

pressure, thermal insulation performance, driving habits, and para-H2 to ortho-H2 (P-O) 
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conversion. How these key parameters affect fill density and driving range is the topic of this 

paper.

2. Analysis

This paper presents solutions to the mass and energy conservation equations for a cryogenic 

pressure vessel as a function of daily driving distance and vessel design pressure to determine 

storage capacity and potential for H2 venting. The analysis considers (1) vessel wall volume 

and temperature-dependent thermal mass, assumed in thermal equilibrium with the hydrogen 

inside (H2 and vessel are always at uniform and equal temperature), (2) heat transfer from 

the environment, (3) hydrogen extraction due to driving or relief device opening whenever 

necessary to maintain vessel pressure at a safe level, (4) vessel filling with a LH2 pump, and 

(5) P-O conversion and the heat absorption resulting from it. This paper reports results for 

vessel fill density. Other system issues (vent losses and system weight and volume 

performance) will be addressed in a future publication.

We consider a cryogenic pressure vessel made of an aluminum-lined, composite-wrapped 

(type 3) inner vessel, a 1.5 cm thick vacuum gap and a thin (2 mm) outer vacuum jacket made 

of steel. External dimensions of the inner composite vessel are 31.5 cm diameter by 2 m 

length. The long aspect ratio of the selected vessel geometry has been preferred by some 

automobile manufacturers as an efficient configuration for installation along the vehicle 

central tunnel. Outer volume of the inner composite vessel is 151.6 liters. Total system 

volume (including vacuum insulation and outer vacuum jacket but excluding valves and 

controls) equals 187.2 liters.

In the interest of evaluating the full domain of cryogenic vessel operation, we consider the 

effect of varying the composite vessel design pressure over a wide range: 100-700 bar. The 

analysis considers that the external dimensions of the composite vessel (31.5 cm diameter, 2 

m length), vacuum gap (1.5 cm thick), vacuum jacket (2 mm thick), and system volume 

(187.2 L) remain constant as the design pressure is modified, because these dimensions are

typically constrained by available space in the vehicle. Higher design pressure will therefore 

reduce inner volume, as vessel wall occupies space that would otherwise be available for H2.

Composite vessel wall thickness is calculated as a function of design pressure with netting 

analysis: a simplified method for calculating stresses in the fiber assuming that the resin does 

not contribute to structural support and all the fibers work under tension. Netting analysis 

[12] is a common tool in industry to estimate the amount of composite in a vessel design.

Aluminum liner thickness (6.35 mm) is considered independent of design pressure, as this is 

typically determined by manufacturing constraints. A thinner liner demands a longer forming 

process and tighter tolerances, and may result in premature fatigue failure due to crack 
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propagation. The drop test also imposes a minimum thickness requirement: if the liner is not 

strong enough to support the composite then the cylinder will buckle causing vessel failure.

Considering a typical automotive grade carbon fiber [13] with 65% fiber volume fraction, 

epoxy resin, a safety factor of 2.25, and 85% fiber efficiency, we calculate composite wall 

thickness as a function of pressure (Figure 1). This figure also shows total vessel mass 

(composite and liner), and inner vessel capacity. It is observed that vessel mass increases by 

a factor of 2.4 and inner volume decreases by 24% as design pressure increases from 100 to 

700 bar.

Figure 1. Composite thickness and composite vessel inner volume and mass (composite 

and aluminum liner), as a function of design pressure, for a composite vessel with 2 m total 

length and 31.5 cm outer diameter. 

For safe operation, it is considered that the relief valve opens 50 bar above the vessel design 

pressure. Relief device operation will result in vent losses in infrequently used vehicles as 

the vessel pressurizes due to heat transfer from the environment.

Heat transfer rate into the cryogenic pressure vessel through the 1.5 cm thick vacuum 

insulation is assumed constant at 4 Watts. This level of high performance robust insulation 

will demand a practical solution to composite outgassing into the vacuum space – a

challenging problem for cryo-compressed technology [9]. The results presented here for 4 W 

heat transfer can be (approximately) used for other heat transfer rates by scaling heat transfer 
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vs. driving distance, i.e., a vehicle driven 50 km/day with a 4 W vessel has similar thermal 

behavior as a vehicle driven 100 km/day with an 8 W vessel1.

The vessel is filled with a LH2 pump that takes LH2 from the station Dewar and pressurizes 

it to the vessel in two stages of piston compression. Recent experiments conducted at 

Lawrence Livermore National Laboratory (LLNL) have demonstrated that cryogenic vessel 

filling with a LH2 pump can be accurately analyzed for pressures up to 345 bar by considering

10 J/g K constant vessel inlet (delivery hose outlet) H2 entropy [7]. In this paper, we assume

that vessel inlet entropy remains constant at 10 J/g K for the whole range of pump delivery 

pressures up to 700 bar, even though no experiments were run above 345 bar. Future LH2

pump experiments with a well-insulated and instrumented 700 bar vessel are necessary to 

confirm this hypothesis.

The LH2 pump fills the vessel to the design pressure, leaving 50 bar margin before the relief 

device opens – more than enough to avoid H2 venting for even long parking periods after 

refueling.

Most calculations assume that the vessel is filled every time its residual H2 mass drops to 1

kg, sufficient for 100 km of driving in a 100 km/kg H2 fuel efficient vehicle. Additional runs 

for other refueling conditions are also presented to evaluate sensitivity.

P-O conversion has the potential to improve cryogenic capacity, slowly absorbing energy 

over days to weeks and mitigating heating from the environment during parking periods. P-

O conversion is modeled with a correlation from Milenko et al. [14] that has been validated 

in the range of interest by some of the authors [15-16], demonstrating up to 85% increase in 

dormancy due to P-O conversion. Because the ortho-H2 molecule has a magnetic moment 

(parallel nuclear spin), it acts as a catalyst, and therefore P-O conversion rate is proportional 

to ortho-H2 fraction up to the point when equilibrium P-O composition is approached, and 

conversion slows down. Milenko’s correlation applies to natural P-O conversion. Faster 

conversion (and therefore more rapid cooling) could be obtained by introducing a P-O 

catalyst into the system [17]. This possibility is not considered in this paper.

Important P-O conversion parameters including equilibrium ortho-H2 and P-O conversion 
cooling are shown in Figure 2 as a function of conversion temperature. Equilibrium ortho-H2

varies from near zero at 20 K to 75% (normal hydrogen) at ambient temperature and above. 
P-O cooling specific energy remains approximately constant at 708 J/g for temperatures up 
to 70 K and decreases as P-O temperature increases. In contrast, the enthalpy of vaporization 
of LH2 at atmospheric pressure and 20.3 K is 445.4 J/g [18].

                                                  
1 The main difference in thermal behavior between the two vessels is due to P-O conversion, because H2 resides 
longer in a vehicle driven 50 km/day and it therefore has more time for conversion.  
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Pumped LH2 during vessel filling is obtained from equilibrium LH2 from the Dewar at 3 bar 

and 24.5 K and therefore it is 97.5% para-H2 [16]. Vessel filling will therefore result in 

considerable ortho-H2 depletion, potentially slowing P-O conversion due to ortho-H2

catalytic effect. P-O conversion will later accelerate as an ortho-H2 population is established 

after 1-2 days’ residence time inside the vessel.

Figure 2. Equilibrium ortho-H2 fraction (red), energy of P-O conversion (black), and 

rotational energies of ortho-H2 (green) and para-H2 (blue), all as a function of temperature.

Thermodynamic properties for para-H2 and ortho-H2 are obtained from a real gas model 

proposed by Leachman [19], incorporated into REFPROP [20], and adjusted to establish a 

consistent energy reference point for both spin isomers.

We analyze vessel performance considering a vehicle with a very regular duty cycle with 

constant daily driving distance between 10 and 150 km. To model typical use, the vehicle is 

driven half of the daily driving distance in the morning, parked for 8 hours, driven the second 

half of the daily distance, and parked for 16 hours until the next day. Vehicle fuel economy 

is set at 100 km/kg H2.

Parameters introduced in this section for pressure vessel liner and composite thicknesses, 

vacuum gap thickness, vacuum insulation performance, and LH2 pump performance are 

considered conservative, since they have all been measured and demonstrated in experiments 
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conducted by some of the authors [5-7, 9]. A later publication will consider potential 

improvements to these parameters that, although not experimentally demonstrated to date, 

show promise of being feasible in the future as their level of technical maturity increases.

3. Results

We start by considering a 350 bar cryogenic vessel installed onboard a vehicle driven 50 km

per day, divided into 25 km morning and afternoon drives. We assume that the drive starts at 

near maximum H2 density: 70 g/L, at 350 bar, 64 K and 2.5% ortho-H2 [7], although other 

initial points would lead to the same steady state behavior. 

For best visualization of the results, the evolution of the vessel thermodynamic state is shown 

in a specific internal energy vs. density H2 phase diagram (Figure 3) that includes lines of 

constant pressure (green), temperature (blue), and entropy (black) in addition to a thick red 

line separating the two-phase region (liquid-vapor, left) from the single-phase region (gas, 

right). Starting from point 1, the vessel depressurizes and cools down when driven, and heats 

up at constant density (horizontal segment) when parked. This stairway pattern (red dotted 

line) is maintained until the vessel reaches the refueling residual density (point 2). Filling at 

this point leads to the end of the red dotted line (point 3), where a new cycle of driving and 

parking starts. The second drive and fill cycle is shown in blue, followed by a third (orange) 

cycle. By the fourth cycle (black), the vessel has reached steady state, and subsequent cycles 

lie on top of each other, so long as drive and fill patterns remain unchanged. Steady state fill 

density is 56 g/L for a vehicle driven 50 km/day.

Figure 4 shows temperature, ortho-H2 fraction, and equilibrium ortho-H2 fraction during the 

four drive and fill cycles of Figure 3. The figure shows that P-O conversion is slow during 

the first cycle because ortho-H2 fraction is quite low (2.5%) at the beginning of the process 

(for a recently filled vessel). It takes one full cycle to develop an ortho-H2 population that is 

sufficient for efficient P-O conversion. Figure 4 also shows that refueling initiates and ends 

at nearly equal temperature (91 and 94 K for the first cycle and 97 and 96 K for subsequent 

cycles). This is typically the case for fill temperatures between 80 and 100 K and was 

previously demonstrated experimentally [7].



8

Figure 3. Evolution of the thermodynamic state for a cryogenic vessel initially filled to 70 

g/L, 350 bar and 2.5% ortho-H2 (point 1) and then driven 50 km/day in two parts: a 

morning 25 km drive and an evening 25 km drive. The figure shows that the 

thermodynamic state evolves into a steady drive and fill cycle (black) after three initial 

cycles shown in red, blue, and orange.

Figure 4. Ortho-H2 fraction, equilibrium ortho-H2 fraction, and temperature during the first 

four drive and fill cycles (Figure 2) for a cryogenic vessel initially filled to 70 g/L and 350 

bar and then driven 50 km/day in two parts: a morning 25 km drive and an evening 25 km 

drive. 
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Figure 5 shows the evolution of the thermodynamic state of 350 bar vessels installed on 

vehicles driven 20 km/day and 100 km/day, in addition to the 50 km/day previously shown 

(Figure 3). All cases start from the same initial condition (70 g/L, 350 bar, 64 K, and 2.5% 

ortho-H2). The figure shows once again that vessel state rapidly (4-5 cycles) evolves toward 

a steady condition (shown in black) where successive cycles no longer change.

Figure 5 shows that there are no vent losses for the three cases considered, even though the 

vessel started at the near maximum possible density. This can be observed by noticing that 

vessel pressure never approaches the relief valve setting (400 bar). Favorable 

thermodynamics in cryogenic vessels where H2 is extracted at relatively elevated temperature 

and entropy results in rapid depressurization, thereby eliminating the need for H2 release. H2

venting will be analyzed in detail in a later publication.

Figure 5. Evolution of consecutive drive and fill cycles for a vessel initially filled to 70 

g/L, 350 bar and 2.5% ortho-H2 and then driven 20, 50 and 100 km/day in two parts: 

morning and afternoon drives of half the daily distance each. The first cycle for all cases is 

shown in red, followed by blue, orange and black (steady state).

Figure 6 generalizes the results of Figure 5 by showing steady state fill density as a function 

of daily driving distance for a 350 bar vessel onboard a vehicle driven between 10 and 150 

km/day. The figure shows that fill density increases monotonically with driving distance. Fill 

density is dominated by heat transfer from the environment. Increased driving distance 
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rapidly depletes H2 in the vessel, reducing time available for heat transfer, leading to colder 

vessels and higher fill density. From Figure 6 we can conclude that vehicles driven frequently 

will arrive at refueling stations colder, improving capacity. This is synergistic with H2 storage 

needs of frequently driven vehicles: more capacity in the vehicles that most needed it.

A secondary and opposite effect is P-O conversion. Increased driving shortens H2 residence 

in the vessel, therefore reducing P-O conversion (and P-O conversion cooling). While heat 

transfer is the dominant effect, P-O conversion cooling is also significant, flattening the 

density vs. distance curve, as can be seen by comparing the solid (predicted fill density) and 

dashed (fill density with no P-O conversion) lines in Figure 6. It is also apparent that P-O 

conversion is most significant at moderate driving distances (20-60 km/day) where it is 

responsible for an increase of fill density of as much as 2.7 g/L. Considering that average 

driving distance for automobiles is in this range, we conclude that P-O conversion will make

a significant contribution to fill density (up to 5.3%) for the majority of drivers.

Figure 6. Steady state fill density for a 350 bar vessel continuously driven the same daily 

distance. In addition to the predicted fill density (solid), the figure shows a dashed line 

indicating fill density if P-O conversion were absent. 

The details of P-O conversion as a function of driving distance during steady state drive and 

fill cycles are illustrated in Figures 7 and 8. Figure 7 shows the evolution of ortho-H2 fraction

for several daily driving distances. The figure shows that minimum P-O conversion occurs 

for long driving distances that (1) rapidly deplete H2, limiting residence time available for 

conversion, and (2) start up with lower ortho-H2 fraction after filling, slowing down 
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conversion because ortho-H2 is the catalyst that drives P-O conversion. Vehicles driven 10 

km/day refuel approximately every three weeks, and therefore the vessel has enough time to 

reach ambient temperature and P-O equilibrium, ultimately reaching the composition of 

normal hydrogen (25% para-H2 and 75% ortho-H2).

Figure 7. Evolution of ortho-H2 fraction inside a 350 bar vessel for several daily driving 

distances between 10 and 80 km during steady state drive and fill cycles.

The concept of apparent heat transfer (defined as heat transfer from the environment minus 

cooling due to P-O conversion) is important to appreciate the magnitude of P-O cooling 

effect. Figure 8 shows that minimum apparent heat transfer is obtained for 20 km daily 

driving distance because this case combines relatively high fill density (Figure 6) and rapid 

P-O conversion (Figure 7). For 20 km/day, apparent heating approaches zero the day after 

fill but does not turn negative where the vessel would cool down even as it absorbs heat from 

the environment. Apparent heat transfer increases for longer driving distances due to lower 

rates of P-O conversion. Very little P-O cooling is observed for 10 km/day due to low fill 

density (Figure 6) and low specific energy of P-O conversion due to conversion occurring at 

near ambient temperature (Figure 2).
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Figure 8. Apparent heat transfer, defined as heat transfer from the environment minus 

cooling due to P-O conversion, for several daily driving distances between 10 and 80 km 

during steady state drive and fill cycles in a 350 bar vessel.

In a further generalization, Figure 9 shows steady state fill density as a function of daily 

driving distance for cryogenic pressure vessels with design pressures between 100 and 700 

bar, with and without P-O conversion. The figure shows that fill density increases 

monotonically as vessel design pressure increases, reaching 76 g/L for a 700 bar vessel driven 

150 km/day. The figure also illustrates the importance of P-O contributions to fill density, 

especially for daily driving between 20-60 km where most automobiles operate.

P-O conversion during steady state drive and fill cycles is illustrated in Figure 10. The figure 

shows “initial” ortho-H2 fraction (dashed lines) at the beginning of the drive cycle 

(immediately after filling) and “final” ortho-H2 fraction (solid lines) at the end of the drive 

cycle (immediately before the next fill) as a function of daily driving distance for design 

pressures between 100 and 700 bar. P-O conversion for any vessel design pressure and 

driving distance can be determined by vertically subtracting ordinate values. For example, 

for a 100 bar vessel driven 30 km/day, initial ortho-H2 fraction is 20% and final ortho-H2

fraction is 57%. Therefore, 37% of para-H2 converted into ortho-H2 for this case. Please 

notice that ortho-H2 conversion fractions in Figure 10 cannot in general be directly converted 

to cooling because the energy of conversion is a function of temperature (Figure 2).

Figure 10 once again shows that considerable P-O conversion occurs for moderate driving 

distances (10-60 km) due to longer H2 residence inside the vessel and higher initial fraction
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of ortho-H2. The 700 bar vessel has maximum conversion for any driving distance due to 

higher H2 fill density leading to longer residence time inside the vessel. For 10 km/day 

driving, there is enough residence time (3+ weeks for design pressures 350 bar and higher) 

to reach full conversion at near ambient temperature, and the final composition approaches 

normal H2 (75% ortho-H2, 25% para-H2).

Figure 9. Steady state fill density for 100-700 bar vessels continuously driven the same 

daily distance. In addition to the predicted fill density (solid), the figure shows a dashed 

line indicating fill density if P-O conversion were absent. 
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Figure 10. Steady state ortho-H2 fraction for 100-700 bar vessels continuously driven the 

same daily distance. The figure shows “initial” ortho-H2 fraction (dashed lines) at the 

beginning of the drive cycle (immediately after filling) and “final” ortho-H2 fraction (solid 

lines) at the end of the drive cycle (immediately before the next fill) as a function of daily 

driving distance. 

4. Sensitivity to Vehicle Utilization and Refueling Patterns

This paper evaluates refuel density under a very rigid set of driving habits: fixed daily driving 

distance and residual density at refueling time. Considering that these habits do not apply to 

most drivers, it is important to determine how representative the results presented here may

be to “real” drivers following their own patterns of use and refuel. A sensitivity analysis is 

therefore necessary to establish applicability to more general cases, while at the same time 

recognizing that results presented here are no substitute for detailed analysis of “real” driving 

and refueling patterns that individual vehicles may follow.

Figure 11 shows fill density for a 350 bar vessel as a function of average daily driving 

distance. The figure includes the following cases:

1. Base case with constant daily driving and refueling at 1 kg residual H2 (red)

2. Constant daily driving and refueling at 2 kg residual H2 (light blue)

3. Constant daily driving and refueling at 0.5 kg residual H2 (green)

4. Constant daily driving Monday-Friday, no driving during weekend and refueling at 1 

kg residual H2 (dark blue)
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5. Daily driving represented by a normal distribution with 20 km standard deviation and 

refueling at 1 kg residual H2. Standard deviation is appropriately reduced for 

infrequently used vehicles to avoid negative driving distances.

The figure shows very little sensitivity to driving patterns. So long as the average daily 

driving distance is used in the x-axis in the figure, the fill density remains close (±2 g/L) to 

the base case. The results may therefore be expected to have more widespread applicability 

than may at first be expected from the very rigid drive and refuel patterns proposed here. 

However, it is recognized that further research into driving patterns is necessary to establish 

broad-based generality of these results.

Figure 11. H2 fill density for 350 bar vessel as a function of average daily driving distance 

for five drive and fill scenarios: base case with constant daily driving and refueling at 1 kg 

residual H2 (red), constant daily driving and refueling at 2 kg residual H2 (light blue), 

constant daily driving and refueling at 0.5 kg residual H2 (green), constant daily driving 

Monday-Friday, no driving during weekend and refueling at 1 kg residual H2 (dark blue), 

and daily driving represented by a normal distribution with standard deviation = 20 km and 

refueling at 1 kg residual H2. The figure shows dashed lines indicating fill density if P-O 

conversion were absent.
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5. Conclusions

Cryo-compressed H2 storage promises to deliver highest system storage density in addition 

to fundamental weight, cost and safety advantages. However, unlike other H2 storage 

technologies, cryo-compressed H2 storage performance is a strong function of (1) vessel 

characteristics, (2) driving habits, (3) LH2 pump performance, (4) heat transfer from the 

environment, and (5) conversion between the spin isomers para-H2 and ortho-H2. This paper 

shows a comprehensive evaluation of all factors affecting cryogenic vessel fill density, in an 

effort to evaluate the effect of operational conditions. Key results are listed next.

 Fill density increases monotonically with driving distance (Figure 6). The main effect 

determining this behavior is heat transfer from the environment. Increased driving 

distance rapidly depletes H2 in the vessel, reducing time available for heat transfer, 

leading to colder vessels that fill to higher density. This is synergistic with H2 storage 

needs of frequently driven vehicles: more capacity in the vehicles that most need it.

 Para-H2 to ortho-H2 conversion absorbs heat and cools down the vessel, leading to 

significant increases in fill density (up to 5.3%). P-O conversion is most active for 

vehicles driven 20-60 km/day, and therefore will have a major effect on most personal 

vehicles (Figure 6).

 Apparent heat transfer, defined as heat transfer from the environment minus cooling 

due to P-O conversion, reaches a minimum of near zero for a vehicle driven 20 

km/day. Longer driving distances decrease P-O conversion cooling due to shorter 

residence time (Figure 8). 

 Fill density increases monotonically with vessel design pressure, reaching 76 g/L for 

a 700 bar vessel driven 150 km/day (Figure 9). 

 This paper evaluates fill density under a very rigid set of driving habits: fixed daily 

driving distance and residual refueling density. However, sensitivity analysis reveals 

little effect from driving and refueling habits, indicating the potential of broader 

applicability of the results that may at first be expected (Figure 11).  
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