
 

 

Box 310 • 631 04 Eskilstuna 
Telefon 016-544 20 00 • Telefax 016-544 20 99 
registrator@energimyndigheten.se    
www.energimyndigheten.se 
Org.nr 202100-5000 

 

 

 E
M

2
5
1
3
 W

-4
.0

, 
2
0
1
6
-0

3
-1

1
  

  RAPPORT 1 (26)  
Datum Dnr 

[Klicka här och skriv] [Klicka här och skriv] 

  Projektnr 

  [Klicka här och skriv] 

 

 

Storage and refuelling of Liquid vs gaseous hydrogen 

Contents 

 

Introduction/Background ....................................... Error! Bookmark not defined. 

Storage on the large-scale ........................................................................................ 2 

As gas ................................................................................................................... 2 

Lined rock caverns ........................................................................................... 2 

Salt caverns ...................................................................................................... 3 

Pipe storage, ..................................................................................................... 3 

Pressurized gas spheres/cylinders .................................................................... 4 

Comparison of the existing technologies ......................................................... 4 

Future type IV high pressure vessels ............................................................... 5 

As liquid ............................................................................................................... 6 

Boil-off............................................................................................................. 6 

How Liquid hydrogen storage works ............ Error! Bookmark not defined. 

Key-features of cryogenic storage vessels ....................................................... 7 

Costs for LH2 storage ...................................................................................... 8 

Example of Liquid hydrogen storage facilities ................................................ 9 

Comparison different storage alternatives ........................................................... 9 

Hydrogen Refueling Stations (HRS) ..................................................................... 10 

Configurations - Illustrations ......................................................................... 11 

Supply ................................................................................................................ 12 

Gaseous supply .............................................................................................. 12 

Liquid supply ................................................................................................. 12 

Refilling ............................................................................................................. 13 

CGH2 refills ................................................................................................... 13 

sLH2/LH2 refills ............................................................................................ 14 

CcH2 refills .................................................................................................... 15 

Handling of Cryogenic Hydrogen at Refuelling Stations .................................. 15 

Cryocooling at the station .............................................................................. 15 

Boil-off at the refuelling station..................................................................... 17 

Warm tank refills ........................................................................................... 18 

Comparison of cost aspects between refueling station configurations .............. 19 

Cost of refueling with gaseous refills ............................................................ 19 

Effect of Heavy-duty refills on cost ............................................................... 20 

Comparative cost estimates ........................................................................... 20 

Conclusion ............................................................. Error! Bookmark not defined. 

References .............................................................................................................. 21 

Appendix ................................................................................................................ 25 

HRSAM inputs .................................................................................................. 25 



  2 (26)  
  

  
  

 

 

Calculation of Ideal Cool Down Work .............................................................. 26 

 

Storage on the large-scale  

For hydrogen storage there are many different technology options, the type and 
function vary mostly between those for smaller storage, e.g. in vehicles and those 
for large-scale storage such as seasonal. Here focus is placed on centralized large-
scale storage solutions as the vehicle type is treated in work package 4. To narrow 
down the field further the technologies described in detail were limited to physical 
storage alternatives and chosen based on maturity.  

As gas 

For storing hydrogen as pressurized gas there are alternatives already available on 
the market. Most commercial solutions are for smaller volumes, below 1000 kg. 
For large-scale applications much of the technology today is still being developed. 
Development is often based on the knowhow of natural gas storage. Still, the 
differences between hydrogen and natural gas are rarely discussed and there is 
little knowledge on hydrogen leakage for the same systems [1]. For 100% large-
scale hydrogen storage there are less than 10 facilities in use today [2].  
 
The technologies expected to be used for large-scale hydrogen storage have quite 
low energy density as the pressure rarely exceeds 200 bar. However, there are 
long-term storages at higher pressure being developed on the research stage. In 
this report five technologies for large-scale gas storage are discussed: lined rock 
caverns (LRC), salt caverns, pipe storage, gas spheres and future type IV high 
pressure vessels. The selection was based on the types more commonly discussed 
and applicable in Europe.  

Lined rock caverns  

The technology is as describe a cavern in a rock-base that is lined with stainless 
steel. The lining provides an impermeable barrier when used for natural gas, for 
which the technology was originally developed. Currently there are no facilities 
for 100% hydrogen in use.  The LRC technology is dependent on a stable bed 
rock and is a good option in countries like Sweden. However, in different 
countries it is less applicable depending on the local geology. The LRCs come 
with an above ground facility where compressors and pumps inject/extract the 
gas.  Not all of the injected gas can be extracted as the storage needs to maintain a 
certain pressure, this non-recoverable volume is called cushion gas. The part of 
the hydrogen in the storage that can be extracted is called working gas, in LRCs 
the relative amount of working gas is high around 83% of the storage volume. To 
calculate the useable energy density in the storage only the working gas is 
considered. LRCs have one of the higher storage pressures compared to other 
large-scale alternatives, approx. 200 bar. This results in a potential energy density 
of 533 kWh/m3 for hydrogen.   
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An well-known example of LRC is the storage for natural gas in Skallen, Sweden 
[2]. Furthermore, one of the first LRCs for pure hydrogen is being built in the 
Hybrit initiative in the north of Sweden, where parts of an old mine are utilized. 
From international studies a capital cost for construction of the storage of around 
55 €/kg hydrogen to be stored is estimated when starting from unbroken ground. 
This is a high construction cost compared to other below ground options, but if 
natural caves or old mine can be utilized it could be reduced. For the price of 
hydrogen there will also be an operation and maintenance cost added of approx. 
0.9 €/kg and year [3]. In this operation and maintenance cost primarily the above 
ground facility and structural maintenance is included, the values are based on 
location in the US.   

Salt caverns  

Salt caverns are applied today for hydrogen storage. The technology creates 
caverns in salt deposits deep below ground. The salt is leached from a salt deposit 
to form a hollow with a gas tight layer of salt usually around 0.5-1 m thick. Same 
as for LRCs this type of geological storage requires cushion gas, and here there is 
only about 70% working gas. The amount of working gas decreases slightly with 
how far below the surface the storage is placed. This is counteracted as a deeper 
cavern allows higher storage pressures, up to 150 bar at 1000 m below ground[4]. 
Again there is an above ground facility with compressors/pumps for 
injection/extraction.  Additionally, for gas stored in salt caverns there is often a 
purification facility as there is a risk of impurities in the gas from the geology[5]. 
 
One difficulty with salt caverns is that they need an existing salt deposit, which 
means they are more geologically limited than the LRCs. However, this is the 
only large scale technique that has been tested for hydrogen storage.  Today the 
technique is used primarily in the USA, but there are possible salt deposits also in 
Europe [4]. Installing one of these facilities for hydrogen has been estimated to 
cost around 31-33 €/kg hydrogen to be stored [3]. Mainly because the leaching 
process is time demanding and expensive. The operational cost of storing 
hydrogen in salt caverns is estimated to be approx. 1.41 €/kg y and thereby the 
most expensive to operate [6]. The higher operation and maintenance cost could 
be related to the large depth of the caverns and the need for gas purification.   

Pipe storage,  

To construct pipe storages is relatively uncomplicated as it is welded pipes buried 
a little over a meter below ground. The pipes are produced with a 3-layer polymer 
coating for corrosion resistance in set lengths of around 12 m and a diameter of 
0.45-0.9 m. This technique’s main perk is that it does not put any special demands 
on the areas geological conditions. The downside is that the land above the 
storage facility, for example a field, cannot be utilized for activities such as 
agriculture at the risk of damaging the storage pipes. It therefore needs to be 
bought and reserved for the use of the below ground storage.   
 
Most pipe storages that are available today are for natural gas and the pressure is 
limited to around 100 bar. This contributes to quite extensive areas being needed 
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for the large-scale storage. Still, one positive is that about 90% of the storage 
volume is working gas [3], [6]. Installing one of these facilities for hydrogen has 
been estimated to around 8 €/kg hydrogen, which is the cheapest below ground 
alternative. Furthermore, the operation and maintenance cost is expected to be 
approx. 1 €/kg y [3]. In this operation and maintenance cost the price points were 
estimated for the US with regard to electricity price, maintenance, labour, 
insurance and taxes costs.    

Pressurized gas spheres/cylinders  

Gas spheres have the lowest storage pressure of the studied alternatives and is the 
only above ground alternative. The gas sphere’s are similar in appearance to the 
vessels for liquid hydrogen. The main difference is that a gas sphere has thin walls 
around 10 cm, while a liquid hydrogen sphere has walls over a meter thick [3].  
 
Traditionally gas spheres are used for heavier gases such as propane or butane. 
For the application with hydrogen, they have a very low pressure of around 20 
bar.  The low pressure results in low energy densities for the storage around 26 
kWh/m3. This means that even if large storages up to 32 000 m3 are built they 
will only contain around 25 000 kg of hydrogen [3]. This amount of hydrogen is 
on par with the use during 10 days at a larger HRS meaning it is not a large 
storage in comparison to the other technologies. There are currently no cases 
stating costs for these types of hydrogen facilities, but the relatively simple 
construction and low pressure of a gas sphere indicates that it could be a lower 
cost option.  

Comparison of the existing technologies 

The 4 above technologies are all considered options for large-scale storage of 
hydrogen in gas phase. In Table 1 the data from the text above is summarized and 
compared side by side. There are downsides and advantages to each of the 
different technologies. The LRC type has the highest energy density, but has not 
yet been tested for hydrogen and is expensive to construct. Salt caverns are the 
only technology that have been tested for hydrogen but are known to affect the 
gas purity and have a lower part working gas. Pipe storage is the cheapest to build 
but have a larger land demand and have not been tested for hydrogen. Gas spheres 
are probably low cost, but the energy density is only a 1/20:th of the one for 
LRCs. Notably there are no reported values for hydrogen loss/leakage overtime 
for any of the solutions. This can be attributed to the fact that there are no 
facilities that have been used for storing hydrogen over long periods of time.  

Table 1 - A comparison of the 4 types of large-scale storage presented above. Data is from 

reference [3]. Energy density was calculated based on other values and using the LHV for 

hydrogen.  

 Lined rock 

cavern 

Salt cavern 

 

Pipe storage  Gas spheres 

 

Storage 

pressure 

[bar] 

200  50-150 up to 100 Up to 20 

Storage 

volume [m3] 

40 000  
 

566 000  6 100  32 000  
 



  5 (26)  
  

  
  

 

 

Kg H2 

usable 

640 000 3 720 000 ~45 000 25 000 

Energy 

density 

[kWh/m3] 

533 219 246 26 

Applicability Below ground, 
requires stable 
rock 
foundation 

Below ground, 
but highly 
dependent 
geological 
conditions 

Below ground, 
close to surface 
i.e. no 
agricultural 
work or other 
allowed over 
large areas 

Above ground, 
bulky and 
more safety 
risks than 
below ground.  

Usable 

storage 

volume 

83% 70%  90% 93% 

Advantages Can be 
constructed in 
old mines 

Have been 
applied for H2 

Useful in most 
countries 
Low 
installation 
cost 

Well tested 
technique 
 

Challenges  No data for H2 
High 
installation 
cost 

Can only be 
built in salt 
deposits 
Gas purity 

No data for H2 
Large land use 

Low energy 
density 
Space 
demanding 
No H2 data 

 

Future type IV high pressure vessels  

A Type IV pressure vessel is made mostly of polymer fibre composites with some 
minor details or elements in metal and designed for pressures up to 1000 bar. This 
is a relatively standardized solution for smaller tanks with 6-10 kg of hydrogen 
such as the those found in vehicles.  Ongoing studies aim to create type IV tanks 
storing >1000 kg of hydrogen at 500 bar [6], [7].  Using the hydrogen weight and 
pressure to calculate storage volume give ~25 m3. This results in an estimated 
energy density of 1300 kWh/m3, which is significantly higher than for the long-
term alternatives considered today. Furthermore, type IV tank technology is 
similar to gas spheres and pipe storage, so a high fraction of working gas around 
90% is probable. All of the data is defined per vessel and a number of vessels are 
expected to be used at the same site ton increase storage volume.  
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As liquid 

Storage of liquid hydrogen at 20 K (-253 ℃) has been done since the 60s when 
liquid hydrogen was frequently used in the space programs. For large-scale 

storage there is only one technology implemented today; large spherical vessels. 

For smaller storage solutions, for example at industrial sites or refuelling stations, 
the cylindrical vessels are most common and fully commercialized. Regardless of 

the size the storages are designed to limit boil-off.  

Boil-off  

Liquid hydrogen storage vessels have excellent thermal insulation to keep the 

hydrogen cold but despite this some heat will always seep through into the tank. 
Over time this causes the liquid hydrogen to warm up and vaporize. To prevent 

excessive pressure-build up inside the vessels some of the vaporized hydrogen 

must be released.  The hydrogen that vaporizes is known as boil-off. The boil-off 
is often vented into the surrounding environment, resulting in a direct loss of 

hydrogen and posing a potential safety hazard if in an enclosed space. There are 

also active solutions to prevent or utilize boil-off which will be explored in later 

sections of the report.  

Losses due to boil-off are measured as a percentage of the vessel’s current 
contents, e.g. x % of the hydrogen in the vessel needs to be vented each day due to 

boil-off.  Typical values for boil-off losses in stationary storage solutions are 1 – 5 

%/day for small storages [8], but as low as 0.1 %/day for larger vessels [9].  

For storage solutions one way to reduce boil-off is through the usage of large 

spherical containers. The sphere has the most optimal shape for minimizing 
surface area in relation to its volume and this minimizes the passive heat transfer 

through the walls. It is also beneficial with larger containers as they have more 

volume of cold liquid in relation to surface area. 

Active cooling is another technique to reduce boil-off losses that is being 

evaluated for large storage facilities. Active cooling uses cryocooling equipment 
to continuously cool the liquid hydrogen thus preventing vaporization/ boil-off. 

The trade-off is additional investment costs for the equipment and energy costs to 

run the equipment. In a NASA report  it was found that 12 – 19 cents worth of 

electricity could save a dollar worth of hydrogen with this type of solution [10].  

Temperature gradients in cryogenic storage vessels 

As the cryogenic storage vessels cannot be completely isolated, the contents are 

rarely in thermodynamic equilibrium and constantly undergoing change. It is 

common that the fluid inside the vessel has both a liquid and vapor phase. 
Therefore, the pressure and temperature are not even through-out the liquid 

hydrogen tank. In contrast gaseous hydrogen will have homogenous the pressure 

and temperature through for example a 200 bar LRC. 

The distribution of temperature, pressure and phases through a liquid hydrogen 

storage vessel depend on its usage and time. In Figure 1 an example of heat 
distribution inside a tank over time is illustrated using the NASA developed 
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Example of Liquid hydrogen storage facilities 

The largest in-use facility for storing liquid hydrogen is at NASA. It can store 
around 460 tons in two spheres with a water volume of 3 400 m3. This storage has 

an energy density of around 2 200 kWh/m3 which is significantly higher than any 

of the alternatives using compressed gas. As mentioned above a known issue with 
the storage of liquid hydrogen is losses due to boil-off. In this facility that has 

been used for a long time the boil-off is now reported to be quite low 0.04 %/day. 

This is on par with new techniques that estimate around 0.04 %/day. Unless the 
boil-off is recondensed or utilized some other way this would mean a loss of 276 

€/day of hydrogen for a large sphere, assuming a hydrogen production price of 3 

€/kg. If the facility is actively cooled and the boil-off reliquefied the cost will 

instead be 15 €/day an estimate based on the energy needed to liquefy the boil-off.  

There are also smaller storage units in use today. Some examples are those 
produced and sold by Linde for commercial use in industrial facilities. These have 

a storage capacity of 400 - 4600 kg liquid hydrogen with a boil-off of 0.5-1%/day. 

For these solutions there is an offer to in-cooperate them in a refuelling station 
system. Additionally, Linde have developed larger solutions for shipping of liquid 

hydrogen, one cylindrical and on spherical tank. The cylindrical version can store 

~19 tons with 0.3% boil-off and the spherical one can store ~70 tons with 0.1% 
boil-off [14]. Similar products are of course being offered by other large gas 

cylinder companies such as Air liquide, Chart or Praxair.   

Comparison different storage alternatives 

As is obvious from Table 2 below the main advantage of liquid hydrogen storage 
is the significantly higher energy density. It is more than 5 times higher than the 

currently most effective gas technology. From the table it is also shown that the 

cost does not vary significantly. However, the main downside of LH2 is difficult 
to compare quantitatively to the gas alternatives, i.e. losses over time. For the gas 

storage alternatives there will probably be some losses during handling and 

storage, but how much is not clear. For LH2 the losses are know and can be 
present either as vented gas, high economic loss or as energy for active cooling, 

lower economic loss.  One practicality that also needs to be considered for all 

technologies discussed is the placement, both geologically and geographically as 
it can affect the end costs for the value chain. On the overall it is difficult to say 

one type is preferable as in the end it will most like vary between countries and 

value chain designs.  
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Table 2 - A comparison of the 5 types of large-scale storage available today. Gas data is from 

reference [3] and LH2 data from [9] in the O&M costs the cost of electricity for surrounding 

equipment such as compressors/liquefier is included. Energy density was calculated based on 

other values and using the LHV for hydrogen. All values adjusted to 2021 years costs when 

estimating inflation.  

 GAS LH2 

Storage type LRC Salt cavern Pipe Sphere Sphere 

Energy 

density 

[kWh/m3] 

533 219 246 26 2192 

Construction 

cost [€/kg 
H2] 

55 31-33 8 No data 28 

O&M Cost 

[€/kg H2 and 

year] 

0.9 1.41 1 No data 1.76 

Hydrogen Refueling Stations (HRS) 

This section aims to illustrate and investigate the advantages and disadvantages of 

using liquid or cryo-compressed hydrogen at Hydrogen Refuelling Stations 
(HRS). There are several ways which LH2 or CcH2 can be used at the HRS. For 

instance, LH2 can be used both as the bulk supply to the station and/or for fuelling 

vehicles at the HRS. It is for example possible to have a HRS with a LH2 bulk 

supply but that refills vehicles with gaseous hydrogen.  

In this study the usage of gaseous, cryo-compressed or liquid hydrogen at the 
refuelling station is categorized as either for supply or refilling. The combinations 

of supply and refilling which are investigated in this report are listed in Error! 

Reference source not found. below.  Depending on the configuration their main-
components can vary, the components for five configurations are illustrated in 

Figures 3 – 7.  

Table 3: Station configurations compared in this report 

Configuration 1 2 3 4 5 

Supply Gaseous Liquid Liquid Liquid Gaseous 

Refill CGH2 CGH2 LH2/sLH2 CGH2 & 

CcH2 

CGH2 & 

CcH2 
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Refilling 

CGH2 refills 

Today (2022), all public and operational hydrogen refueling stations provide 
hydrogen to their customer vehicles as a compressed gas at working pressures of 
either 350 or 700 bar (CGH2). For compressed gas refills there are established 
standards for refueling (such as SAE J2601) [21]. These standards dictate the 
refueling procedure and equipment to enable universal refueling of 
vehicles.However, they are still incomplete, for instance the standard for 700 bar 
refills for heavy-duty vehicles is still under development [22]. Compared to HRS 
with liquid (LH2/sLH2) or cryo-compressed (CcH2) refills the CGH2-type 
stations are well established and understood. Worldwide more than 490 CHG2-
type refueling stations already exist [23] and companies such as Nel, Linde, and 
others already offer turn-key solutions.  
 
The cost of CGH2-stations are still relatively high, but costs are declining with 
increased experience, cheaper components and larger, more cost-efficient stations 
being built [20]. The cost of the refueling station is also largely dependent on the 
choice of hydrogen supply route where LH2-supplied stations have been found to 
be the cheaper option [24].   
 
Most CGH2-refill HRS use so called “cascade filling” (Figure 8). This uses a 
cascade storage, a series of high-pressure hydrogen storage that operate between 
different pressure intervals, one for high-high pressure, one for high -medium 
pressure and one for high to low pressure. These containers inside the station are 
used to achieve rapid refills. When a vehicle connects to the HRS hydrogen will 
flow from the high pressure in the cascade storage to the lower pressure in the 
vehicle tank. How it is filled from the three cascade steps will depend partly on 
the current storage levels.   
 
The cascade storage is constantly being refilled by the specially designed 
compressors or pumps at the refueling station to maintain pressure. These multi-
stage compressors, made for gaseous supplied HRSs, compress the hydrogen from 
30 – 500 bar up to the cascade storage pressure of max 1000 bar. At liquid 
supplied stations a pump can be used instead, it vaporizes and compresses the 
hydrogen up to the required pressure. A vaporizer may be used in combination 
with the pump [24]. The pumping option tends to be cheaper and more energy 
efficient than compression. One important aspect of cascade refilling is that after a 
refill is completed the amount of hydrogen and pressure inside of the cascade 
storage will have decreased. It will take time for the pressure and hydrogen level 
to recover and if it is too low inside proper refills will not be possible. Therefor 
every HRS has a limited number of “back-to-back” refills it can complete before 
the cascade storage is too low. To achieve more back-to-back refills the size of the 
cascade or the rate at which the cascade can be refilled can be increased. Large 
fuel tanks (such as for in heavy-duty vehicles) require larger cascade storages.  
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So far, few companies other than Daimler and Linde have presented concrete 
plans for liquid-refill HRS and no prototypes have been built nor test-results 
publicized. However, Daimler and Linde have announced that they want sLH2 to 
be an open standard that others can use, probably to promote development.  

CcH2 refills 

“Cryo-compressed hydrogen” (CcH2) was defined by the company Cryomotive as 
hydrogen stored at elevated pressures (<350 bar) and very low temperatures (>60 
K). CcH2 offers the advantage that it has a high energy density, equal to that of 
liquid hydrogen, but less risk of boil-off [16]. Similar to the case of Daimler & 
Linde and their liquid refill stations Cryomotive is the only company known to 
actively work on this type of solution. They have presented a design for a vehicle 
fuel tank and information on the workings of this technology. Still, the 
information available is limited and one-sided.    
 
Additionally, Cryomotive has presented two types of hydrogen refueling stations 
that are capable of CcH2-refills (at 350 bar), one type is liquid supplied and the 
other gaseous. The liquid supplied CcH2-refill station has a main storage of liquid 
hydrogen, either by a permanent container or by LH2-trailers left by the station, 
just the same as the other liquid supplied stations. The liquid hydrogen is 
compressed and vaporized by the cryopump. The compressed and low 
temperature now gaseous hydrogen can either be fed to the CcH2 dispenser or to a 
cascade storage system which then connects to a dispenser for regular CGH2 
refills at 350 bar. Little is publicly known about the gaseous supplied CcH2-refill 
station design. In principle its function should be similar to the one of a regular 
gaseous supplied CGH2 station, but with the addition of a cryocooler which can 
cool the hydrogen down to temperatures of around 80 K [16]. Other than the 
addition of a cryocooler the cascade storage of the station must also be able to 
handle the low temperatures which current commonplace cascade storages are not 
able to.   

Handling of Cryogenic Hydrogen at Refuelling Stations 

Cryogenic hydrogen (either sLH2/LH2 or CcH2) introduces some new challenges 

for the HRS to handle. In this section of the report some of these aspects are 

explored. 

Cryocooler functionality at the station 

There could be several advantages of having refueling stations equipped with 

cooling systems for cryogenic temperatures as it would enable the delivery of 
CcH2-fills without LH2 supply. Despite this, cryocoolers (sometimes also called 

cryogenic refrigerators) have some technical challenges that must be addressed 

such as special demands of the HRS, the efficiency, cost and size.  

Like liquefaction technologies, cryocoolers have higher cost and energy efficiency 

as they increase in size [30], this could present a challenge for the size of HRSs. 
There are many examples of cryocoolers to reach very low temperatures for 

various gases [30], but no known commercial solutions suitable to the demands of 
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rather than passive heat transfer [34]. For instance a LH2 cryo-pump used for 

refueling is estimated to cause boil-off losses of 7 %/day for small stations (200 

kg H2/day) down to 2 %/day for large stations (2000 kg H2/day) [34].  

Strategies can be applied to utilize the boil-off at the refueling station. For 

example the boiled-off gas can be fed to a fuel cell to generate electricity, to a 
compressor for storage or to re-cooling and/or re-liquefaction with the use of a 

cryocooler [34]. In G. Petitpas, 2018 [34] four such solutions for boil-off 

utilization were compared: fuel cell, mechanical compressor to 290 psi (20 bar), 
electrochemical compressor to 1000 psi (70 bar) and a Gifford-McMahon type 

cryocooler. It was shown that all solutions have the potential to be economically 

beneficial over ventilation of the boil-off, but that the economics were dependent 
on factors such as the configuration of the HRS (350 & 700 bar were compared), 

the price of electricity, and the value of the hydrogen. Overall, the mechanical 

compressor presented the greatest potential for overall cost reduction whilst the 

fuel cell presented the least.    

Warm tank refills  

A challenge to overcome for stations with CcH2 or LH2 refills is how to handle 

refills when the vehicle tank is significantly warmer than the supplied fuel. For 

instance, if a room-temperature vehicle tank was to be filled with LH2 the 
temperature difference of more than 250 K would cause large amounts of 

hydrogen boil-off and possible loss. Stations and vehicles must develop strategies 

to deal with this issue, solutions have been suggested, but there are no 

standardized methods yet. 

A practice that is common for LNG vehicles1 is to only fill the tank partially if the 
tank is warm [35]. The cool fuel will cause the tank to cool down while too high 

pressure build-up is prevented. Since the tank is now cooler than previously it will 

be possible to refill larger amounts of fuel on the next refills, until a full refill is 
possible. The consequence of this strategy is that the vehicle will have reduced 

range per refill until a low enough temperature is reached to enable full refills.  

Another method for CcH2 refills is to use the cryogenic hydrogen as a cooling 

medium to precool the vehicle tank down to the desired temperature as suggested 

in Ming He et al., 2020 [36]. The hydrogen used for cooling of the vehicle tank is 
recirculated to the station and reutilized with the use of a cooling system. A 

simplified flow-diagram of the process is illustrated in Figure 11.  

 
1 Liquid Natural Gas vehicles 
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[20] , [24] which may further favor liquid supplied stations since the physical 

space required for a liquid supplied station is smaller [18].  

NREL with its analysis tool has previously estimated that the future cost of 

refueling contributed by the refueling stations could be about 2 $/kg H2 for a 

liquid supplied station and 3 $/kg H2 for a gaseous supplied station [24]. This 
under the assumptions of a 1000 kg H2/day station and cost reductions for much 

of the equipment compared to current costs.  

Effect of Heavy-duty refills on cost 

For stations with gaseous refills the high-pressure cascade storage must be 

configured to accommodate the desired refueling characteristics. As explained 
earlier, vehicles with large fuel tanks require larger cascades. Because of this, 

stations equipped for heavy-duty gaseous refills will have a higher cost.  

For stations with LH2 or CcH2 refills a cascade storage2 is not required, this 

means that they could be more cost and space-efficient, especially when intended 

for heavy-duty usage. However, even though the arguments for this are strong, 
today there is a lack of empirical and publicly available information to quantify 

and substantiate the claims. 

Comparative cost estimates 

Although the information required to make a full comparison between the 

different station types is lack a qualitative assessment can be made. For instance, 
information about energy use is known for all station types, and cost estimates for 

CGH2-refill type stations can be made with the tool HRSAM [37]. The CGH2-

refill type stations (1 & 2) in Table 4 have a capacity of 1200 kg H2/day and the 
costs are representative of a future scenario where some cost reductions have 

taken place (more information about this is found in appendix). It can further be 

seen that the energy demand per station configuration is 5>1>2>4>3 in decreasing 

order.   

Table 4: Station comparison - 1200 kg H2/day 

Configuration 1 2 3 4 5 

Supply Gaseous Liquid Liquid Liquid Gaseous 

Refill CGH2 CGH2 LH2/sLH2 CGH2 & 

CcH2 

CGH2 & 

CcH2 

CAPEX 2.48 M€ 1.75 M€ No Data No Data No Data 

Average 

Energy use  

1.8 
kWh/kg 

H2 

0.54 
kWh/kg 

H2 

0.05 
kWh/kg 

H2 [39] 

0.5 
kWh/kg 

H2 [16] 

6.2 
kWh/kg 

H23 

Station cost 2.44 €/kg 
H2 

1.98 €/kg 
H2 

No Data No Data No Data 

 

 
2 For CcH2 this depends, see later sections of the report 
3 Estimate based of average energy use for station 1 (1.8 kWh/kg H2) for compression and an 
additional 4.4 kWh/kg H2 for cryocooling.  
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Appendix 

HRSAM inputs 

HRSAM – Hydrogen Refuelling Station Analysis Model - is a tool developed by 

the National Renewable Energies Laboratory of the U.S. Department of Energy. 

The tool lets the user compare costs of alternative hydrogen refuelling options and 
to identify cost drivers for various station configurations and more. The tool 

calculates the cost of refuelling based of current costs for the key components of 

the refuelling station such as compressors and storage units. The tool is also able 
to provide cost estimates for future scenarios where due to increased production 

volumes the costs of refuelling stations has decreased from current levels. In 

Table 4 the costs presented are assuming a “mid-sized” production volume which 
results in costs 40.7 % and 32.5 % lower for configuration 1 and 2 (from Table 4) 

respectively than if a “low-sized” production volume is used. All specific inputs 

used for the results in Table 4 are presented below in Table 5. All other inputs are 

left as default.  

Table 5: HRSAM specific inputs 

Configuration 1 2 

Station type Gaseous H2 Station Liquid H2 Station 

Hydrogen Source Tube-trailer supply - 

Dispensing  700 bar Cascade 

dispensing 

700 bar via LH2 

pump/vaporization 

Refueling Station Size 1200 kg H2/day 1200 kg H2/day 

Production Volume Mid Mid 

 

Download HRSAM from: https://hdsam.es.anl.gov/index.php?content=hrsam 

  

https://hdsam.es.anl.gov/index.php?content=hrsam
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Calculation of Ideal Cool Down Work 

The ideal cool down work (least possible work) required to cool down a gas from 
one temperature to another at a constant pressure can be calculated with the 

formula presented below [40]: ∆𝑊 =  ∫ 𝑚𝑐𝑝(𝑇) [𝑇ℎ𝑇 − 1]𝑇ℎ𝑇𝑐 𝑑𝑇 

  ∆𝑊 − 𝐼𝑑𝑒𝑎𝑙 𝐶𝑜𝑜𝑙 𝐷𝑜𝑤𝑛 𝑊𝑜𝑟𝑘 [𝑘𝐽] 𝑇 − 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [𝐾] 𝑚 − 𝑀𝑎𝑠𝑠 [𝑘𝑔] 𝑇ℎ − 𝑂𝑢𝑡𝑠𝑖𝑑𝑒 & 𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [𝐾] 𝑐𝑝(𝑇) − 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐻𝑒𝑎𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [𝑘𝐽 𝑘𝑔 𝐾]⁄  𝑇𝑐 − 𝑇𝑎𝑟𝑔𝑒𝑡 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [𝐾] 
For 1 kg of hydrogen at a constant pressure of 350 bar, an outside and starting 

temperature of 300 K and a target cold temperature of 80 K is calculated to be 

2469 kJ which equals 0.656 kWh/kg H2. The specific heat capacity for hydrogen 
at 350 bar (Figure 12) is received from the NIST Thermophysical properties of 

Fluid Systems database [41].  

 

Figure 12: Specific heat capacity for hydrogen at 350 bar. Data source: NIST 
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