
UC Davis
Research Reports

Title
Hydrogen Storage and Transport: Technologies and Costs

Permalink
https://escholarship.org/uc/item/83p5k54m

Authors
Burke, Andrew
Ogden, Joan
Fulton, Lewis
et al.

Publication Date
2024-02-27

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/83p5k54m
https://escholarship.org/uc/item/83p5k54m#author
https://escholarship.org
http://www.cdlib.org/


 Reference No. UCD-ITS-RR-24-17 

 

 

 

 

 

 

 

 

 
 

February 27, 2024  

Andrew Burke, Joan Ogden, Lewis Fulton 

Institute of Transportation Studies, UC Davis  

Simonas Cerniauskas  

Consultant 

 

 

 

 

 
 

 

 
 

 Hydrogen Storage and Transport: 
Technologies and Costs 

  



 
 

2 

 

Contents 
Executive Summary ....................................................................................................................................... 3 

Introduction .................................................................................................................................................. 5 

Pressure vessels ............................................................................................................................................ 8 

Cryogenic storage ......................................................................................................................................... 8 

Hydrogen storage in pipelines ...................................................................................................................... 9 

Line packing with hydrogen .................................................................................................................... 10 

Line packing calculations ........................................................................................................................ 12 

Pipeline hydrogen transport ................................................................................................................... 14 

Long duration underground storage ........................................................................................................... 18 

Modeling of underground hydrogen storage costs ................................................................................ 23 

Hydrogen storage at refueling stations ...................................................................................................... 24 

Hydrogen storage cost as a function of duration ....................................................................................... 26 

Summary and conclusions .......................................................................................................................... 27 

References .................................................................................................................................................. 29 

 

  



 
 

3 

Executive Summary 
 

This paper evaluates various options for storing hydrogen and assesses their cost per kilogram stored, 
and the cost of the hydrogen dispensed. The storage options considered are line-packing (increased 
hydrogen density and pressure) in pipelines, underground storage in salt caverns, liquid storage (LH2) 
and high-pressure gaseous storage (CH2) in tanks. We find that cost varies both by technology and how 
it is used, especially the duration of storage. The need for and availability of pipelines is also a key 
consideration. Overall we find that:  

• For pipeline transported hydrogen: 
o Line packing: should be preferably used for very short duration of storage. 
o Salt caverns: all other durations in case geographically available, especially long-term 

storage as no other option offers such a high cost-effectiveness.  
• For truck or trailer transported hydrogen: 

o GH2 tank: should be utilized for short duration (e.g. daily) of storage as a buffer. 
o LH2 tank: can be used as daily or weekly storage and for longer term storage where caverns 

are not available. 
 

The levelized cost ($/kgH2) of the storage for each option was calculated for a typical application. Key 
findings are: 

• For line packing in 36 and 48 inch diameter pipelines of 100 km length, the effective mass of 
hydrogen that could be stored for use in a day is 150-300 tonnes, and the levelized cost is 
$0.05/kg or less. This required the operator of the pipeline to vary the peak pressure to meet 
varying customer demand. This cycling could reduce the lifetime of the pipe. 

• For salt caverns, the typical salt cavern case studied was for storage of 500 tonnes of hydrogen. 
This costs about $18M ($36/kgH2) to prepare. The levelized cost of storing the hydrogen in the 
cavern would be $1.2/kg, if it is stored for 120 days (4 months) and only $0.15/kg if stored for 
15 days on a regular basis.  

• For pressurized storage (such as at refueling stations) using high pressure tanks suitable for a 
1000 kgH2/day station, the tank might store 1000 kg and cost $600,000. The hydrogen 
dispensers at the station would be connected to the tank, so all the hydrogen dispensed at the 
station would be fed through the tank. Hence the tank could store and feed 1000 kg x 365 days 
of hydrogen annually to vehicles for refueling. The resulting levelized storage cost at full 
utilization would be about $0.16/kgH2 with additional 0.4 $/kg for compression.  

• For liquid (cryogenic) storage of hydrogen in large, highly insulated tanks, the cost of the 
storage tank is $30-50/kgH2. If the hydrogen is stored for one week, the levelized cost of 
storage would be $0.055-.091/kgH2 with additional 1.2 $/kg for liquefaction in large-scale 
plant.  

 

This study indicates that the contribution of the cost of providing storage to the cost of the hydrogen 
dispensed in applications requiring short, daily storage is low and the cost of long duration, seasonal 
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storage is much higher, mainly due to the time component. The storage costs are summarized in Table 
ES-1.  

Table ES-1: Summary of hydrogen storage options and costs 

Storage technology Typical duration of 
storage 

Tonnes of H2 typically 
stored 

Levelized storage cost 
range ($/kgH2) 

Line packing 1 day or less 100-300 0.05 or less 
Salt cavern 2-4 months 500-1000  0.6-1.2 
Above ground 
pressurized tank, GH2  

1-2 days 0.3-1.0 0.3-0.5 
 

Above ground liquid 
tank, LH2 

1-2 weeks 5-10  .06-0.12 

 

Storage costs in Table ES-1 do not explicitly include costs for hydrogen compression or liquefaction. 

The typical amounts and cost of storage clearly varies considerably by technology, creating a set of 
niches for each one. In general, salt caverns typically can hold hundreds of times more hydrogen than 
above ground storage tanks. However, for the length of time indicated in the table, we do not find 
storage caverns to be less expensive than other approaches. 

While this paper provides an overview and some specific comparisons of hydrogen storage technologies, 
additional investigation and analysis is needed. This includes into the specific way that the duration of 
storage affects costs, as well as the number of uses (fills and re-fills) over this duration. Deeper analysis 
into new technologies that could cut storage costs, and estimating the combined costs of various 
combinations of components in systems, would also provide additional value to the estimates presented 
here. 
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Introduction 
Hydrogen (H2) can be valuable as an energy carrier and storage medium, particularly for long duration, 
seasonal storage. Even on a daily use basis, hydrogen must be stored to create a secure supply. As 
shown in Figure 1, optimal energy storage approaches vary based on the required levels of discharge 
power and storage duration [1]. Storage options exist for hydrogen that cover wide ranges of 
charge/discharge times, duration of hold time, and quantity of energy stored [1, 2]. Hydrogen can be 
stored for a few minutes, a few hours, a few days, or a few months at relatively low costs. In this paper, 
the technologies for these options are studied and their costs evaluated. The technologies include line-
packing in pipelines, underground storage in caverns, and storage in high pressure tanks. In most 
situations, the H2 must be transported into and out of storage. This will require either truck transport or 
a network of pipelines of various diameters and lengths, and the type of transport is linked to the 
storage system. In addition to the storage cost, the transport cost ($/kgH2) of the H2 will be important 
in determining its dispensed cost.  

A challenge with fully renewable electricity systems is balancing electricity supply from wind and solar 
(which are not dispatchable) and electricity demand [3-5]. It is particularly difficult to balance supply and 
demand over weeks and months when resources and demand may vary considerably. As shown in 
Figure 1, converting excess electricity into H2 via electrolysis and storing the H2 for later reconversion to 
electricity is one of the few options available to balance supply and demand over weeks or months, 
particularly with a variable renewables-intensive grid [1, 4].  

 

 

Figure 1: Optimal power and discharge-duration characteristics of energy storage technologies [1] 
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As shown in Figure 2, hydrogen may be stored near its production or where it is consumed, or both. 
Systems with a pipeline to transport hydrogen may not need storage at the end use location, since the 
pipeline itself provides storage [5]. We consider storage independent of location. 

 

 

Figure 2: Basic overview of storage requirements in the hydrogen supply chain 

Hydrogen can be delivered along two main supply chain routes. First it can be delivered via gaseous or 
liquid hydrogen trailers which provide discrete hydrogen transport one trailer at a time. To allow 
production and consumption of hydrogen while the trailers are on the road, this supply chain pathway 
requires storage at the production and consumption locations, largely decoupling hydrogen production 
and consumption. The second supply chain pathway utilizes continuous hydrogen delivery via pipeline 
to the consumer. Due to the continuity of hydrogen flow, the consumer can draw from the pipeline at 
any point of time and may not require any on-site storage, though this depends on stable operation of 
the pipeline network, with a continuous in-flow of hydrogen that matches the demand and keeps the 
system within the designated pressure levels. This poses a challenge for electrolytic hydrogen 
production from intermittent renewable electricity sources like solar photovoltaic (PV) and wind. Thus in 
such cases, storage at the production site is required. In cases of highly variable hydrogen demands, 
storage at the end use site may also be desirable to increase reliability.  

Typical requirements for hydrogen storage applications can be derived from these two supply chain 
pathways. First, ensuring continuous supply in the pipeline requires balancing the hourly to daily 
intermittency of the electrolytic hydrogen production. An average hydrogen pipeline is expected to have 
a capacity of 100 MW to 5 GW, which would need to be balanced out with the appropriate discharge 
capacity of the storage. Due to the flexibility of the pipeline to operate within a certain pressure range, 
the pipeline itself can be utilized to balance the short intermittencies by temporarily increasing the 
pressure up to the maximum limit along the pipeline until it is discharged up to the lower pressure limit. 

When truck delivery is utilized, storage is needed at the production and consumption sites. A single 
“tube trailer” (compressed gas delivery trailer) can transport 500 kg or more compressed hydrogen 
during a single trip [36] and can be a cost-efficient transport approach up to about 200 miles [37, 38]. 
However, such a distance (with the round trip and trailer fueling time) requires up to a day to complete. 
And for large stations, e.g. over 1-2 tonnes/day capacity, tube trailers become cumbersome and 
expensive, needing multiple deliveries per day. Highway truck stops are expected to have a capacity of 
at least 4 tonnes per day. Storage at stations can be either gaseous or liquid, with the choice potentially 
based on the needed speed of refueling customer vehicles. Liquid refueling systems (even into gaseous 
storage tanks on vehicles) can refill these tanks much faster than can gaseous systems, which is 
particularly important for large trucks. If liquid storage is used at the station, it is likely that hydrogen 
will need to be delivered as a liquid, and liquefied off site. Liquefaction is expensive and tends to be 
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done in central locations at large volume, such as 15-30 tonnes capacity. The combined economics of 
liquefaction, trucking liquid H2, and storing it at the station, vs other options (such as a purely 
compressed gas truck system or a gas pipeline system) are complex and outside the scope of this paper.   

In the electric system, the daily and seasonal variability of renewable power generation creates a 
potentially important role for hydrogen to store energy. It can be generated by electrolysis at times of 
excess capacity, stored, and then used to re-generate electricity via turbines or fuel cells during times of 
capacity shortfall. Electrolytic hydrogen supply in this context necessitates the ability to store hydrogen 
for days, weeks and potentially months. If hydrogen volumes are large, and months-long storage is 
needed, it may be economic to store the hydrogen in low-cost salt caverns, which may be far from the 
points of generation and use. Pipelines are the likely low-cost solution for this transport, since volumes 
may be several times greater than the identified capacities for the individual systems above. As shown in 
Figure 3, a storage discharge capacity in the range of 10 MW to 10 GW can be provided by line packing 
and underground storage, whereas pressure vessels are suitable within a one MW to a few hundred 
MW range.  However, line packing and pressure vessels are not good long-duration storage options.  

 

 

Figure 3: Storage duration and discharge power of hydrogen storage systems using data from [1] 

 

The following sections discuss the characteristics of individual hydrogen storage options and relevant 
characteristics to the described use cases.  
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Pressure vessels 
By increasing the volumetric energy density of gaseous hydrogen through compression, the necessary 
storage volume can be decreased. For instance, hydrogen has a density of 0.084 kg/m3 at 20 °C and 1.01 
bar of pressure, while when hydrogen is compressed, this value rises to 7.80 kg/m3 at 100 bar of 
pressure. Further compression to 1000 bar results in a volumetric energy density of 49.9 kgm3, which is 
consistent with the less-than-ideal properties of hydrogen at high pressures [34]. Different types of 
compression and cooling require different compression work. The least energy-intensive method is 
isothermal compression, which theoretically results in 1.5 and 2.0 kWh of work per kilogram of 
hydrogen compressed to pressures of 253 and 1013 bar (250 and 1000 atm), respectively [34]. The 
power demand increases to 2.5 and 4.0 kWh/kg because in reality there are other losses, such as 
parasitic compression losses, and because the compressor station's overall energy consumption must be 
taken into account. This is equivalent to 7.5% and 12% of the hydrogen using lower heating value (LHV). 
The industrial gas handling, chemical, and oil industries, as well as a relatively large number of other 
industries, all successfully employ hydrogen compressors, which are currently considered to be state-of-
the-art [39] [45]. 

The container used for compressed gas storage must be able to withstand the pressure difference 
between the gas and the surrounding atmosphere, with repeated pressurization events over time. The 
differential pressure of the working gas determines the maximum mass of gas that can be stored in this 
container. The container, which has a minimum and maximum permissible pressure, always contains 
some gas, known as cushion gas, depending on the minimum pressure. Numerous specific technologies 
exist, with choices depending on the size and specific role of the unit.  

Cylindrical pressure vessels are used for stationary hydrogen storage at a hydrogen filling station or for 
small-scale hydrogen storage, such as in a vehicle. Serving as the foundation of various types of these 
gas-tight pressure vessels are four types of liner, which are made of either metal (types I–III) or plastic 
(type IV). This liner is partially (type II) or fully (type III) covered by a network of plastic fibers that have 
been impregnated with resin to provide the necessary strength. 

 

Cryogenic storage 
Another storage option is cryogenic liquid hydrogen. Because all hydrogen production methods first 
create gaseous hydrogen, liquefaction is an additional required step before storing hydrogen in 
cryogenic form, which raises a challenge of adding energy intensity. Although the theoretical minimal 
electricity demand of hydrogen liquefaction is 2.9 kWh/kgH2 [45] which corresponds to 8.7 % of the 
lower heating value of hydrogen, today's hydrogen liquefaction plants, however, operate at much lower 
efficiency in the range of 9 - 15 kWh/kgH2 [45] . Newer plant designs with higher efficiency could 
operate at a specific electricity demand of 6.8 kWh/kgH2 [45] [, but this still corresponds to about 20 % 
of the energy content of the hydrogen and thus adds considerable energy demand. For comparison, a 
compression of gaseous hydrogen to 500 bar for transportation or storage purposes requires ca. 2.4 
kWh/kgH2  corresponding to 7% of the hydrogen energy content [40].  
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Due to hydrogen’s low boiling point of 20 K, actively cooling liquid hydrogen is not feasible. In order to 
maintain the liquid state, therefore, insulating the storage tanks is essential. Such containers are a 
mature technology and have been used for many years, especially in the space sector [41]. However, 
completely preventing heat flow is not possible, so despite insulation, liquid hydrogen evaporates. The 
evaporated gas is discharged via a pressure relief valve to allow the tank to be operated almost without 
pressure, a process called "boil-off" [42]. As the size of the storage tank increases, the specific boil-off 
amount decreases due to a lower surface-to-volume ratio. While small tanks with a storage volume of 
60 m³ still lose about 0.4 % hydrogen per day, the boil-off rate at today's largest hydrogen storage 
facility, NASA’s 3000 m³ storage unit, is about 0.07 % per day. For future storage facilities in the range of 
100,000 m³, the boil-off rate might even drop to less than 0.01 % per day and would be almost negligible 
[43]. Additionally, in the case of large liquid storage facilities, it is feasible to harness the boil-off and 
store gaseous hydrogen in pressurized vessels, effectively removing the boil-off losses.  

 

Hydrogen storage in pipelines 
If an extensive pipeline network is developed for hydrogen transmission and distribution, a considerable 
volume of hydrogen would automatically be stored in that network. This has been the case for natural 
gas (NG) in the extensive pipeline systems for that fuel [8-10], although at a higher energy density than 
is possible for hydrogen.  Comparing the energy (MJ) stored in the NG network [9] to the MJ that could 
be stored as hydrogen, the same volume NG stores 4 times the energy at 90 bar as would be stored in 
H2 at that pressure (Table 1).  If the current US NG network consisted of all 36-inch pipes, it would store 
about 4% of annual NG usage.  For the same annual usage, H2 would store about 1%.  In the case of NG, 
4% corresponds to usage for about 15 days, and for H2 (at the same use level), about 4 days.  In both 
cases, static line pipe storage serves only short durations, for several days or less, since the gas is 
continually moving toward markets.  

The total NG stored in the US is 1.3 billion m3 , or 4.7 trillion MJ.  The size (volume) of H2 underground 
storage would have to be 3.6 times larger (4.7 billion m3 ) to store the same MJ at 90 bar pressure. 
Hence if a similar amount of H2 were stored, it would require larger caverns for storage than natural 
gas.  

However, a recent report by the Fuel Cell and Hydrogen Energy Association (FCHEA) and McKinsey 
modeling a future US Hydrogen Roadmap estimated 2050 H2 demand of about 90 million t/y for all uses 
including transportation, industry, and heating. Since one tonne of H2 has an energy content of 120 GJ, 
so the total 2050 demand for H2 was estimated to be 90 x 120 million GJ/y or 1.1 trillion MJ of H2 
energy. This is about ¼ as much energy as the total energy storage in the US natural gas system. Thus in 
this example, the H2 storage needed would be similar to that for the current NG system [35]. 
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Table 1: Comparison of the storage of natural gas (NG) and hydrogen (H2) in the US NG pipeline 
network  

 
 

 Stored in  
36 inch pipe 
37.3x103 ft3 /mi 

Stored in 
24 inch pipe 
16.5x103 ft3 /mi 

Stored in 
18 inch pipe 
9.3x103 ft3 /mi 

Natural Gas 
(NG) 

31 trillion MJ used in 
2019 
 (1 TCf =1 MJ); 321,000 
miles of pipelines 

   

 NG Stored in pipelines at 
90 bar 

25 billion kg 
1.3 trillion MJ 
(4.2%) 

11 billion kg 
0.6 trillion MJ 
(1.9%) 

6.3 billion kg 
0.33 trillion MJ 
(1.1%) 

Hydrogen (H2) 
 

H2 stored in 
 pipelines at 90 bar  

2.6 billion kg 
312 billion MJ  
(1%) 

1.14 billion kg 
137 billion MJ 
(0.44%) 

.647 billion kg 
78 billion MJ 
(0.25%) 

H2/NG blend 15% H2/NG mix  
At 90 bar 
15% by vol is 2.13% by 
weight 

554 million kg H2 
66.5 billion MJ H2  
5.3% H2 energy 

  

 

The data in Table 1 indicate that the hydrogen stored in a pipeline network could function as daily 
storage for hydrogen. If the pressure of the system is increased, more hydrogen can be stored, a type of 
storage often referred to as line packing. There is considerable analysis in the literature of line packing 
with NG [11-14], but little considering line packing with hydrogen [15]. 

Line packing with hydrogen 
Most of the references to H2 in pipelines are concerned with calculating flow and pressure drop in the 
pipes [16, 17] or potentially using or retrofitting NG pipelines for use with hydrogen [18, 19]. However, 
the analyses of line packing with NG [10-13] offer guidance for analysis with H2. The pressure in a 
pipeline will vary as gas is discharged from the pipeline and charged into it (Figure 4). The operator of 
the pipeline must control the discharge and charge functions to meet the demand of customers and the 
availability of NG. The pressure in the pipeline must be maintained within specified limits by material 
properties of the pipes and satisfactory operation of the system. The pipeline should be operated to 
maintain the pressure in the area between the pressure lines. The storage limit or line-pack flexibility is 
the mass of gas storage available to operate the pipeline. The line-pack flexibility can be estimated by 
calculating the mass of gas corresponding to the conditions in the pipe between the two pressure curves 
in Figure 4.   
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Figure 4: Line-pack flexibility in a pipeline [14]  

  

The simple calculation of the kgH2 stored in the pipeline involves only the volume of the pipeline and 
the density of the hydrogen stored in the pipeline with consideration of the flow in the pipeline.  

         kgH2 stored = ρH2 Volpipe,  ,,    ρH2 = P MWH2 /ZR0 T, Volpipe =( πD2 /4) Lpipe  

The primary effect of flow in the pipe is the pressure drop due to friction, which is given by 

                     ∆𝑃𝑃 = 1/2. ρu2 f L/D,   

The above equation defines f, the friction coefficient for a pipe [20, 21]. As shown in Figure 5, f depends 
on the Reynolds number (Re= uρD/µ) of the flow in the pipe and its roughness.  
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Figure 5: Friction coefficient for pipe flow [20] 

 

The mass flow M(kg/sec) in the pipe is  

             M=uρA  

 Hence  

                P dP/dx = ½ (M2 /A2) f/D (ZRT), R=R0/gmMWH2  

Integrating, one obtains the equation for pressure drop in the pipe. 

(1)    P1
2-P2

2
 = CL, C=f (M2 /A2D) (ZRT),    ρ2/ρ1 =P1/P2   

The average pressure is given by 

               Paver = 2/3 (P1
3-P2

3 /P1
2 -P2

2) 

The line-pack flexibility can be calculated using these equations. 

 
Line packing calculations 
We created a model to analyze the line packing of hydrogen in pipes of various diameter. This calculates 
the storage potential (kg/day) of the pipeline and the effective cost ($/kg) of utilizing the pipeline for H2 
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storage. It calculates the kgH2 stored in a specific length of pipeline during a flow of hydrogen from a 
specified initial pressure. However, those calculations do not estimate the kgH2 that can actually be 
used for storage. Any real storage situation must separately consider charging and discharging of the 
storage, as well as how long the hydrogen is held in storage. What is calculated in this analysis is the 
difference in the H2 mass in the pipeline flows from packed and unpacked initial conditions as a 
measure of the line packing potential of the hydrogen pipeline. The operator of the pipeline must 
continue to provide the H2 mass flow even during periods of packing. 

In the present analysis, the packed pressure limit is 90 bar, and the unpacked pressure limit is 70 bar. 
The initial hydrogen flow was set to yield reasonable pressure drops in the pipe for the assumed friction 
coefficient of .025. The average densities in the flows were calculated using the average pressure Paver 

assuming a constant temperature along the pipe. The section of the pipeline considered was between 
the compressor stations along the pipeline where hydrogen could be charged or discharged. The 
distance between compressor stations is customarily 50-100 miles. In this analysis, the pipe length 
between stations was taken to be 100 km. The results of the line-packing calculations are summarized in 
Table 2 for 48, 36, 24 and 12 inch diameter pipes. The pressure drop in a 36 inch pipe for 90 bar is 
shown in Figure 6. The maximum line-packing available per day was assumed to be the difference in the 
kgH2 in the 90 and 70 bar flow of the hydrogen in the 100 km pipe. The pipeline operator could vary the 
inlet pressure between 70 and 90 bar to control the H2 delivered to his customers. Figure 6 shows 
tradeoffs between pipeline diameter, pressure, and gas velocity in terms of pressure drop and the need 
to re-pressurize the pipeline at specific distance intervals.  Small diameter pipelines, moving hydrogen at 
high pressure and high speed, have the greatest pressure drops. 

The results indicate that line-packing in the larger pipes offers good opportunities for accommodating 
relatively large variations in daily hydrogen demand even if the hydrogen demand reaches 1.5 billion 
kg/yr (Table 1). The active pipelines needed for line-packing would only be 2000-4000 km. Line-packing 
cannot be utilized for long duration storage because it is necessary to keep the hydrogen moving 
through the pipeline network in order for customers to receive hydrogen and the pipeline operators to 
continue to receive revenue for their service.  As shown previously in Table 1, large quantities of 
hydrogen could be statically stored in pipelines, but that quantity would be a small fraction of the total 
hydrogen demand. The projected cost ($/kgH2) of line-pack storage is low. For the larger pipe 
diameters, the cost is about $.05/kgH2 or less.  
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Table 2: Line-packing results for 70-90 bar for various size pipes, pipeline length 100 km 

Pipeline packing situation 
Pipe diameter, inches 

48 36 24 12 

Packed 
90 bar 

Outlet pressure  
(Bar) 

81 78 72 47 

H2 flow (kg/da/km) 81.5k 48.2k 20.5k 4.3k 

Unpacked, 
70 bar 

Outlet pressure 
(Bar) 

63 61 56 37 

H2 flow (kg/da/km) 59.8k 33.1k 14.2k 38.5k 

Line-packing 
10% flow 
extracted 
100 km pipe 

KgH2 packing 
differential (kg/day) 

277k 151k 62.5k 3.8k 

Fraction met* 
(kgH2/da/100km) 

.067 .036 .025 .0014 

Total km pipeline 
CA* 

1492 2777 4000 72k 

H2 cost ($/kgH2) .015 .05 .057 .20 
        * assumes CA needs 1.5 billion kgH2/yr in 2040 for fuel cell vehicles 

 

 

Figure 6: Pressure losses in relation to pipeline diameter, pressure, and gas velocity. Blue: 30 bar, 
green: 65 bar, gray: 100 bar [44] 

Pipeline hydrogen transport 
In many situations, hydrogen is transported over long distances to and from the underground storage 
sites before it is used. The cost of transporting the hydrogen will be considered in this section. There 
have been numerous reviews of pipeline costs [22-25] in the literature in which detailed calculations of 
converting NG pipelines for H2 and the building of new H2 pipelines are presented. Figure 7 shows the 
cost as a function of pipe diameter [22]. The costs are given in terms of the parameter $/meter/yr. 
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Figure 7: Levelized Cost comparisons of pipeline reassignment alternatives of inhibitors (O2,SO2, CO) 
and pipeline without modifications (PWM) and new H2 pipelines with natural gas (NG) pipeline [22] 

In the case of new H2 pipelines, the parameter $/meter/yr can be fit using the expression  

        $/meter/yr = 343-132 (dia) +889 (dia)2 , dia in meters 

The cost, which is the levelized cost per year, can be used to determine the cost of transport ($/kgH2)  

     $/kgH2 = ($/yr)/(KgH2/yr), where KgH2/yr = Apipe VH2 ρH2 3600 24 365, V m/sec , ρ kg/m3  

The hydrogen flow (kgH2/day) is dependent not only on the diameter of the pipe, but also on the 
pressure drop between compressor stations and the flow velocity (m/sec). The flow velocity varies with 
pressure and density in the pipe due to friction. It is convenient to use the density and flow velocity at 
the compressor station to calculate the mass flow through the pipe. The flow velocity V is calculated 
using Eq(1) of Sec 2. 

      VH2=(( P1
2/P2 -P2)*D)/(f*ρ2*Lcomp*1000) , where Lcomp is the distance between compressor stations 

The transport costs of the pipeline were calculated for various combinations of pipeline design and 
pressure operating conditions. As indicated in Figure 8 and Table 3, the transport costs ($/kgH2) vary 
over a wide range depending on pipe diameter, pipe length, and flow through the pipe. For all large 
diameter pipes, the cost is less than $.5/kgH2, but for small diameter, relatively long pipelines, the cost 
can be high (> $2/kgH2 ). Hence in assessing transport costs for pipelines, knowing the diameter and 
length of the pipeline is required.  
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Figure 8: Transport cost ($/kgH2) of H2 in pipelines of various diameter and length 

Table 3: Transport cost ($/kgH2) of H2 in pipelines  

Pipe length km 100 200 350 700 1500 2500 
Pipe diameter        
.305 m    12 inch .29 .59 1.35 2.06 4.45 7.33 
.458         18 .13 .26 .45 .905 1.94 3.23 
.61           24 .08 .16 .28 .56 1.20 2.0 
.915         36 .05 .09 .165 .33 .708 1.18 
1.22         48   .125 .25 .537 .90 

 

It is useful to compare the costs of transporting hydrogen by pipelines and truck. There have been 
several detailed analyses of the transport cost of hydrogen by truck as a compressed gas or as a 
cryogenic liquid [26-27]. Results from those studies are shown in Figure 9 and Table 4, and compared 
with our pipeline transport cost calculations in Table 3. In general (and for large pipes and volumes), the 
cost ($/kgH2) is significantly lower for transport in pipelines than in trailer-trucks even for distances of 
100 km. The cost of H2 transport as a cryogenic liquid is close to that in pipelines for 12 inch diameter 
pipes, but for larger diameter pipes, the pipelines offer lower transport costs. Cost of transport of H2 as 
a high pressure gas by tube-trailer truck is high compared to pipelines for all diameters and distances. 
Much larger weights of H2 are transported as LH2 than as a compressed gas (4000 kg LH2 vs 600-800 kg 
250 bar gas). The cost of transportation ($/kgH2) are much lower for LH2 as shown in Table 4. 
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Table 4: Comparisons of the levelized cost of H2 ($/kg H2)  in pipelines and trucks [26, 27] 

 
 
Distance  
km 

Hi Press 
Gas  
Truck 
[26] 

Hi Press 
Gas 
Truck 
[27] 

Cryogen 
Liquid 
Truck 
[x] 

 
Pipeline 
12 inch 

 
Pipeline 
18 inch 

 
Pipeline 
24 inch 

 
Pipeline 
36 inch 

100 1.4  
160 km 

1.1 0.4 0.29 0.13  0.08 .05 

200 2.0 
320 km 

1.9 .6 .59 .26 .16 .09 

350 2.6 
480 km 

2.9 .9 1.35 .45 .28 .165 

700  4.9 1.25 2.06 .905 .56 .33 
 

 

Figure 9: Costs of transporting hydrogen by truck as a high-pressure gas [26] 
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Table 5: Cost of transporting H2 in trucks [10] 

 

 

Long duration underground storage 
There has been considerable experience and literature [8-10] on storing natural gas underground, but 
little for hydrogen. The data on storage of NG given above in Table 1 show that there is capability for 
storing underground about 15% of annual usage of NG. This is about 1.3 billion m3 in which 3.7 trillion 
MJ of NG can be stored. In this same volume, 9 billion kgH2 (1 trillion MJ) could be stored at 90 bar. 
Most of the NG has been stored in depleted oil and gas reservoirs (see Figure 10). Hence there has been 
limited experience with salt and rock caverns with NG. On the other hand, there has been limited 
experience storing hydrogen in depleted oil and gas reservoirs, with salt caverns considered a more 
reliable storage type for hydrogen. 

               

Figure 10: Working reservoirs for NG [8] 
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There are several strategies for underground storage of hydrogen, including salt caverns, depleted oil 
and gas wells, and hard rock caverns. As shown in the Table 6 [1], there are strengths and weaknesses 
for each type of storage, though salt caverns have the strongest set of positives overall. There are a few 
negative (minus sign) or neutral aspects (o) for oil or gas field storage, while salt caverns have inherent 
advantages in each of several key aspects, including investment and operation cost. Figure 11 from the 
EIA shows how underground storage is used for seasonal storage of natural gas. Underground storage 
could be used in a similar way for H2.  

  

Table 6: Characteristics of various underground storage options for hydrogen [1] 

 Salt 
caverns 

Depleted 
oil fields 

Depleted 
gas fields 

Aquifers Lined rock 
caverns 

Unlined 
rock 

caverns 
Safety ++ + -- -- -- -- 
Technical 
feasibility 

+ ++ ++ ++ o -- 

Investment 
costs 

++ o o o + + 

Operantion 
costs 

++ -- o + ++ + 

Note: adapted by [1] from HyUnder (2013), Assessment of the Potential, the Actors and Relevant Business Cases 
for Large Scale and Seasonal Storage of Renewable Electricity by Hydrogen Underground Storage in Europe: 
Benchmarking of Selected Storage Options. 

  

Figure 11: Natural gas working storage levels showing seasonal storage over several years [9] 
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Figures 12-14 provide a general sense of the distribution of potential geological storage sites throughout 
the United States. Salt deposits, which provide the lowest cost geological storage, are not particularly 
common in the Western US [2, 28, 29]. Figure 12 shows the size (billion ft3) the various underground 
storage sites. 

 

Figure 12: Locations of Underground storage sites in the United States [1, 28] 
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Figure 13: Field capacity (B ft3) of natural gas storage sites in the United States [28] 

 

Figure 14: Detailed locations of underground storage for gases in the United States [29] 

Figure 15 shows the capital cost per unit of hydrogen storage capacity and annual storage cost for salt 
caverns and lined rock caverns of different sizes [1, 2]. The storage costs are strongly dependent on the 
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size of the storage (tonnesH2). The cost curves are still falling at 1000 tonnes and a capital cost of about 
$25/kgH2.  

 

Figure 15: Storage costs of salt and rock caverns [1, 2] 

There have been several detailed projections of the cost of building cavern facilities for storing hydrogen 
[2,5, 29, 30]. One study’s summary of the total capital cost of preparing various types of underground 
hydrogen storage is given in Figure 16 along with the resultant cost ($/kgH2) of the hydrogen. There are 
several contributors to the total cost which must be included in projecting the impact of the cost of 
storage on the dispensed cost of hydrogen, and these can vary significantly by type of geologic storage. 
Hard rock caverns are the most expensive to prepare, while depleted oil and gas reservoirs are the least 
expensive. Availability of any of these types of storage is always a key factor in choosing what type of 
storage to develop. 

 

Figure 16: Projected cost of hydrogen for several underground storage options [29] 
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Detailed cost data for storing hydrogen in salt caverns of varying sizes is given in Table 7. This cost data 
is used in our cost estimates of H2 storage presented in the next section of this report.  

 

     Table 7: Breakdown of capital costs for deep cavern storage [2]

  

Modeling of underground hydrogen storage costs 
As part of the present study of hydrogen storage, a model was prepared to analyze the cost of storing 
hydrogen underground in caverns and above ground in tanks. The above ground tank approach is 
suitable for short duration storage (up to several days) and the underground approach could be used for 
longer duration, seasonal (120-150 day) storage. The cost of the tank storage is often quoted as $400-
600/kgH2, which is expensive compared to the low cost of underground storage. This could lead the 
reader to conclude that the tank storage contribution to the cost of hydrogen dispensed is high while 
the contribution to cost of underground storage is low. The analysis discussed in this section will show, 
however, that this is not usually the case.  

The results yielded by any model depend on the inputs used to make the calculation.  In the case of the 
underground hydrogen storage model, the key inputs and associated values are shown in Table 8 for 
typical cost calculations. The inputs values are based on those found in the literature [2, 5, 30].  
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Table 8:   Input parameters for the underground storage model 

Parameter Ranges of values 
Cavern size   ( tonnes  500-1000 
Cavern capital cost       ($/kgH2) 20-40 
Storage pressure    (bar) 150-200 
Average hold time in storage (days) 15-150 
Max fill rate    (kg/h) 5000-10000 
Compressor cost   ($/kg/h) 200-400 
Energy requirement (kWh/kgH2) 0.8-1.0 
Electricity cost      $/kWh .05-.10 
Capital cost recovery factor   CFR .08-.11 

 
Model results for salt cavern storage are shown in Table 9 for a range of hold times. The hold time has a 
large effect on the contribution of storage to hydrogen cost ($/kgH2). In fact, for a few days of storage 
the cost of storage is less than $0.2/kgH2, and for several months the cost can be is more than $1/kgH2. 
In assigning a cost to seasonal storage, the effect of hold time must therefore be considered. The 
expected cost of seasonal storage will not be low for suitable hold times. 

Table 9: Model results for underground H2 storage 

Parameter Value 
Cavern size    tonnes kg  500 
Cavern cost       $/kgH2 20 
Storage pressure    bar 150 
Max fill rate     3 days 
Compressor cost   $ 
million 

2.2k 

Cavern cost   $ million 10 
Electricity cost   $/kWh .05 
Average hold time    
days                            

Levelized cost 
$/kgH2 

15 .235 
30 .429 
60 .815 
120 1.59 

 

Hydrogen storage at refueling stations 
At refueling stations, hydrogen must be stored between deliveries and refueling events. The hydrogen 
can be stored either as a high pressure gas or as a cryogenic liquid (LH2). Storage as LH2 allows faster 
refueling and is more likely at large stations (>2000 kgH2/day). The physical characteristics and example 
capital cost estimates of storing hydrogen as a liquid and as a gas are shown in Table 10 and Figures 17-
18. The LH2 is stored in highly insulated tanks that limit the boil-off to 0.5-1% per day [33]. The cost of 
LH2 storage is much lower than the storage of hydrogen as a high pressure gas (although the cost of 
liquefaction is substantial, not included here).  
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Table 10: Capital costs of hydrogen storage at refueling stations as a compressed gas and cryogenic 
liquid [33-34] 

Hydrogen 
Phase 

Temperature 
Deg K 

Pressure 
atm 

Density 
Kg/L 

Capital cost 
$/kgH2 capacity 

Compressed gas 
1500 kg 

300 350 .0235 ~700          Steel 
with liner 

Compressed gas 
1500 kg 

300 350 .0235 ~650          Steel 
concrete 
composite 

LH2- 3000 kg 15-20 5-10 .075 ~70          Highly 
insulated  

LH2-1000 kg 15-20 5-10 .075 ~105 
Highly insulated  

 

 

Figure 17: Capital costs of an example LH2 bulk storage system [33] 

Analyzing the breakdown of expenses in these vessels reveals substantial allocations across various 
components [33]. In the case of INOXCVA's LH2 storage (Figure 17), the foremost expense pertains to 
material costs, predominantly constituted by Stainless Steel and Carbon Steel Shell, encompassing 
approximately 33% of the total expenditure. Nearly as significant are the costs attributed to valves and 
piping, comprising over 30% of the overall vessel expenses. Comparisons with alternative cited values, 
exhibit similar patterns in total cost allocation, with significant reductions from scaling of storage 
volume. These findings underscore the intricate balance of cost components within LH2 storage vessels, 
indicating potential variations influenced by differing materials, design paradigms, or operational 
requisites like scale.  

Capital costs for a steel/concrete composite vessel are shown in Figure 18, for a situation with a 1500 kg 
storage tank, 6 foot diameter vessel. The charts show a) that the costs drop for higher pressurization 
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levels, but also that over time, the expected costs have dropped, finally to a level below targets (based 
on US DOE targets as described in the paper).  However as shown in Table 10, the associated costs per 
kg of hydrogen stored are likely to be relatively high compared to liquid storage.  

 

Figure 18: Cost of hydrogen storage by pressure level in steel/concrete composite vessels (SCCV) [34] 

 

In a hydrogen refueling station of, for example, 1000 kgH2 per day capacity with high levels of utilization 
(e.g. refueling 150 cars per day at 6kg/car), the need to rapidly refuel successive cars requires high-
pressure tank storage, typically around the size of the maximum daily utilization (1000kg for close to 
100% utilization).  We estimate the capital cost of a tank of that size at around $600/kg, for a $600,000 
total cost.  If this tank stores and dispenses the full 1000 kgH2 each day, and thus 365,000 over the 
course of a year, the annual levelized cost (with a capital recovery factor of 0.106) is 63,600.   The 
levelized cost of the storage is thus $63,600/365000 kg = $0.16/kgH2.  However if the utilization is only 
50% (500kg per day on average), then the levelized cost of the storage would double to $0.32/kgH2.  
This is still a low cost of storage, though more than the cost of liquid storage on a daily basis.  

Hydrogen storage cost as a function of duration 
Hydrogen hold time and the total volume of hydrogen passed through the storage system are critical 
factors in determining the cost($/kgH2) of storage per unit in a particular situation. Each day hydrogen is 
stored, the net volume is constant but costs rise. This rising cost of storage with increasing hold times is 
illustrated in Figure 19, which also compares the costs of different storage options. As shown, for a 
single day all the options can be fairly low cost, with line packing being the most expensive, followed by 
pressurized storage.  Liquid storage is slightly cheaper than salt cavern storage. However, even with just 
a few days of storage, salt caverns become cheapest, and pressurized storage the most expensive.  Costs 
then tend to flatten (per kg stored) with longer storage times, but salt caverns are clearly the cheapest 
option if available. 

Not all options, however, are available or practical in all situations. Due to their typically large volumes, 
salt caverns are generally supplied via hydrogen pipelines, with a minimum hydrogen storage of one 
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week, in part since it takes up to 3 days to fill the cavern. Given the use of a pipeline, line packing is 
preferable for very short durations.  

For intermediate periods, such as one week to one month, liquid hydrogen storage is likely to be 
cheaper than line packing. Liquid storage also has the advantage of being available for systems without 
pipelines, and is therefore more geographically flexible. High pressure storage is only cheaper than line 
packing for a very short (e.g. single day) duration, and is more expensive than liquid storage across all 
time frames.   

 

Figure 19: Impact of storage duration on levelized hydrogen costs (incl. compression and liquefaction 
costs; estimates generated by authors for this study). 

 

Summary and conclusions 
In this report, the literature and its estimates of technical and costs of various options for storing and 
transporting hydrogen were reviewed, with some original estimates also provided. The storage options 
considered were line-packing in pipelines, underground storage in salt caverns, liquid and high-pressure 
storage in tanks.  

A key issue for cost is the duration of time that the hydrogen is held in storage before it is used. In the 
case of line-packing and high-pressure storage in a tank, the most cost-effective hold time is short, i.e. a 
day for high pressure storage or up to a week for line packing. Liquid storage can be cost effective for 
somewhat longer periods. Large volume storage in salt caverns can be cost effective for longer periods, 
i.e. many days or months, which is often referred to as seasonal storage.  
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The levelized cost ($/kgH2) of the storage for each option was calculated for a typical application. Our 
specific cost estimates can be summarized as follows.  

• In the case of line packing in 36 and 48 inch diameter pipelines, the effective mass of hydrogen 
that could be stored for use in a day was found to be 150k-300k kg, and the cost was $.05/kg or 
less. This required the operator of the pipeline to vary the peak pressure to meet varying 
customer demand.  

• The typical salt cavern case studied was for 500 tonnes of hydrogen storage. That cavern stored 
hydrogen at 150 bar and was projected to cost about $18M to prepare. The cost of storing the 
hydrogen in the cavern would be $1.6/kg, if it was stored for 120 days (4 months) and only 
$.24/kg if it was stored for only 15 days on a regular basis.  

• Storing hydrogen at refueling stations for vehicles is done using high pressure tanks. At a 1000 
kgH2/day station, the tank might store 1000 kg and cost $600,000. The hydrogen dispensers at 
the station would be connected to the tank, so all the hydrogen dispensed at the station would 
be fed through the tank. Hence the tank stored and could feed 1000 kg x 365 days of hydrogen 
to vehicles for refueling. The resultant cost would be about $.16/kgH2, with additional cost of 
0.4 $/kg for compression.  

• Alternatively, a LH2 storage for 14 days would cost 1.32 $/kg when liquefaction costs are 
included. This study indicates that the contribution of storage in applications requiring short, 
daily storage is low, and the cost of long duration, seasonal storage is much higher. 

Regarding related hydrogen transport costs, the analysis showed significantly lower costs for transport 
in pipelines than in trailer-trucks, even for distances of 100 km. The cost of H2 transport as a cryogenic 
liquid is close to that in pipelines for 12 inch diameter pipes, but for larger diameter pipes, the pipelines 
offer much lower transport costs. Transport of H2 as a high-pressure gas by tube-trailer truck is high 
compared to pipelines for all diameters and distances. 

Thus the costs of hydrogen delivered to stations is affected by both storage and transport costs, along 
with things like compression, liquefaction, and station costs associated with dispensing the hydrogen to 
vehicles.  Production costs are also a major aspect of overall costs. This paper has focused on the 
storage cost of hydrogen with some related transportation cost detail; these estimates can then be 
added to estimates of other costs in the supply chain to derive a total cost per kg of hydrogen. 
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