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Hydrogen is one of the main energy carriers playing a prominent role in the future decarbonization of the economy.

However, several aspects regarding the transport and storage of this gas are challenging. The intermediary

conversion of hydrogen into high-density energy molecules may be a crucial step until technological conditions are

ready to attain a significant reduction in fossil fuel use in transport and the industrial sector. 

energy storage  hydrogen storage

1. Introduction

The current energy crisis associated initially with a higher energy demand after the removal of the pandemic

restrictions and further aggravated by the Russian invasion of Ukrainian territory has set the focus of governments

and society on the vulnerability of energy production and distribution systems. Centralized systems are

characterized by high efficiency thanks to the benefits of lower installation costs which are greatly reduced with the

increase in scale. Electricity generation is still mainly produced worldwide from fossil energy sources (4.4 TW),

although renewables have increased their share in recent years. However, the energy demand has kept increasing

almost linearly since 1990, except for the 2008 economic crisis and the 2019–2020 pandemic . Given this

context, a continuous increase in energy demand is expected in years to come, despite the extensive efforts to

increase efficiency in energy use.

Renewable energies are considered an alternative for reducing CO  global emissions, presenting great

advantages when considering decentralized energy production because of their lower transmission costs and lower

exposure to cascading failures . This feature seems a significant advantage given the high vulnerability of

centralized systems in a war scenario. Additionally, the application of decentralized production in developing

countries is an interesting solution for increasing the energy access of rural populations located far away from

production centers and lacking a good transmission network . However, in developed countries where the

energy market is dominated by centralized systems with a well-developed transmission network, decentralization

does not seem reasonable in many cases unless electricity prices drive the market to increase off-grid energy

systems.

One of the main disadvantages of wind and solar technologies is their intermittent nature, which makes them

unavailable at some specific moments, becoming a serious problem in cases of standalone energy production

systems , needing a backup to cover up for periods of null production. This feature leads to an over-dimension of

installations needed to ensure complete coverage of the energy demand. Energy storage may come into play as a
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reliable solution. However, many storage systems are costly and still present a low energy density if compared with

fuels. Lead acid batteries have a storage capacity of 30–50 Wh/kg, translating into an equivalent mass of methane

of 5.6–9.5 g when considering the efficiency of 38% in electricity conversion. Li-ion batteries with higher energy

density (90–190 Wh/kg)  show an energy storage capacity in terms of methane equivalent to 17–36 g. Although

efforts are being made to increase the energy density of storage, as is the case of aqueous zinc batteries (410

Wh/kg) , long-term energy storage is dominated by technologies capable of accumulating a high amount of

energy per unit volume.

Potential hydro-storage and compressed-air storage systems are examples of long-term energy storage . The

first one is characterized by having a large scale (1000–1500 MW) with high capital costs and highly site limited. In

contrast, the latter requires the availability of high-volume underground reservoirs unless liquefied air is stored in

high-pressure vessels. However, accumulation in underground reservoirs or abandoned mines, if available, is

preferable because it aids in reducing installation costs . A recent innovative way for storing energy at a

large scale was developed by Advanced Rail Energy Storage (ARES) LLC, California. The patented system stores

energy by raising a mass against gravity force when it is at the accumulating energy stage and returning it to its

initial lower position when releasing energy . The use of rails and wagons similar to those of train transportation

gives the name to the system. The GravityLine™ storage system consists of multiple 5 MW tracks using a chain

driver instead of a cable .

Another way of storing energy is by its conversion into hydrogen. If the process is carried out using electricity, it is

denoted as electrochemical conversion. Currently, hydrogen is mainly produced from natural gas reforming and

coal gasification, thus being referred to as “grey hydrogen” in the first case and “brown” in the second. However,

hydrogen is designated as “blue” if carbon storage is attained. When this gas is produced using renewable energy,

it is called “green hydrogen”. The use of this same classification when hydrogen is obtained from low-carbon

emission energy sources (nuclear power) is still the subject of debate . Carbon capture and storage

technologies can serve as a transition technology to reach the objective of producing “green hydrogen” until this

latter can become cost-competitive. However, there is a risk of delaying this transition due to the high cost

associated with carbon capture technologies .

Because of the intermittent nature of some renewable energies, coupling these systems into a hydrogen production

chain is an efficient way to store surplus energy and recover it during high electricity demand. This way eliminates

the disadvantage of wind and solar systems that only produce energy when climatic and daily conditions are

favorable, but not when energy is needed . The conversion of excess electricity into an energetic gas enables

the integration of electric and gas networks. Thus, surplus electric power can produce hydrogen using water

electrolyzers and store/transform this gas or distribute it in the natural gas network  or an independent

specialized gas network.

The hydrogen economy concept is not new and has recently awakened renewed interest in politics and society.

The wide use of hydrogen in industry and transport sector is being reconsidered as an alternative for reducing

greenhouse gas emissions. Using hydrogen as fuel and/or energy carrier presents the main advantage of zero
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carbon emission release at the point where energy is used, thus aiding in eliminating dispersed CO  emission

when applied to transport systems or as fuel in industrial equipment. CO  storage can be attained in central

facilities where hydrogen is obtained from fossil fuels, taking advantage of the economy of scale since the high

costs of carbon capture and storage highly influence the final cost of blue hydrogen thus produced . The

tremendous amount of hydrogen needed to act as an economic driver still makes the production of this valuable

gas from fossil sources necessary. The technology is mature enough with several companies offering the combined

technology of hydrogen production and carbon storage, as is the case of Honeywell (Charlotte, NC, USA),

Linde/BASF Technology (Munich, Germany), and Thyssenkrupp AG (Essen, Germany) .

Efforts are being made to produce hydrogen from different renewable sources, but high capital investment costs

and small production scale are still important barriers. Currently, a great amount of hydrogen is needed in industrial

processes, being mainly produced from steam reforming of fossil fuels, and recently the majority of projects deal

with methane steam reforming . Figure 1 shows a schematization of different technologies available for

producing hydrogen.
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Figure 1. Schematization of processes available for hydrogen production.

Biological processes are still underdeveloped, with fermentative hydrogen production probably being the one closer

to reaching commercial status. Bioelectrochemical systems (BES) and photo-fermentation processes are still

costly. The volumetric production of photo-fermentation under batch condition was 1.6 L H /L , as reported by

Das and Basak , or expressed as yield, with a value of 66.03 mL H /g TS, reported by Zhang et al. . For BES,

yields obtained by De Gioannis et al.  were between 75.5–78.8 mL H /g TOC or expressed as a productivity

rate, 0.3 L H /L  d by Rosenbaum et al. . The fact is that after several years of research work, the

experimental scale is still small, and many of these experiments are performed with synthetic substrates. Dark

fermentation presents similar yields (56.7–81.3 mL H /g TS ), but the advantage of a simplified reactor

configuration plays in favor. The main constraints that prevent the increase in scale for BES and photo-

fermentation are associated with the area/volume ratio needed for the reactor, complexity of the configuration,

stability of the process, and difficulties experienced under long-term operation. Sterilization is a requirement that
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should be avoided; therefore, keeping a stable population is challenging due to the risk of the predominance of

undesirable microorganisms with higher growth rates. This phenomenon is known as microbial shifts, and it is a

severe drawback of the process.

The great amount of hydrogen that will be needed in the industrial and transport sector requires solutions capable

of attaining high efficiency and easy and fast scale-up. Current research works and resources should focus on

practical aspects regarding the way hydrogen can be integrated into the economic cycle. Solutions are needed

regarding the logistics associated with hydrogen production, transport, and storage. Future work should deal with

the expected increase in electricity demand associated with decarbonization and the way this energy will be

obtained, considering that the use of fossil fuels should be greatly reduced, water scarcity will need to be

confronted, and social rejection is a phenomenon that is emerging linked to the increased demand of land for

installing windmills and solar panels.

2. Hydrogen Storage

Among the important factors that make the expansion of hydrogen as an energy carrier difficult are the low

volumetric energy density and safety issues, making the transport and storage of this light gas complex. These two

aspects impair serious constraints if a fast introduction into the market is desirable. Hydrogen has a lower heating

value (LHV) of 120 MJ/kg. However, when translated into volumetric units, this value falls to 10.8 MJ/m , a much

lower value than that of methane (35.8 MJ/m ) at the same standard conditions. If compared with liquefied natural

gas (with a value of 21–24 MJ/L) or gasoline (32 MJ/L), the volumetric energy density of hydrogen is disappointing,

with a value of only 3.1 MJ/L at 350 bars, or 5.0 MJ/L at 700 bars . The transport and storage of hydrogen

present serious challenges starting with the amount of energy needed for increasing its volumetric density to reach

storing conditions at high pressure and/or low temperature and the lack of feasible solutions for attaining storage in

a compact and lightweight manner  capable of reaching energy densities comparable with that of conventional

fuels. Figure 2 shows a schematization of different technologies available for hydrogen storage.
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Figure 2. Technologies currently available for hydrogen storage.

Different storage tanks are available in the market with pressure ranging between 250 and 700 bars. There are

several advancements regarding the use of different materials. Metal hydrides, nanostructured carbon-based

clusters, activated carbon, metal–organic frameworks (MOFs), and liquid organic hydrogen carriers (LOHCs) 

 are the examples of materials and ways for storing hydrogen. Cho et al.  reviewed different

hydrogenation and dehydrogenation reactions using different types of LOHCs and catalysts. Formic

acid/formaldehyde/ammonia, homocyclic compounds, and nitrogen and oxygen-containing compounds are

considered in their review as feasible organics for developing a technology pathway. The full development and

economic feasibility of this alternative are still under research, with several pilot-scale and large-scale projects

being implemented. The LHyTS project is an example. The project aims to demonstrate the feasibility of exporting

hydrogen from Scotland to Rotterdam using methylcyclohexane (MCH) as a hydrogen carrier . Another example

is the SherLOHCk project aimed at developing suitable catalysis to optimize the loading and unloading stage of

LOHCs and determine the economic feasibility of the process . These different options involve the use of

organics. Nevertheless, the technology would be more interesting if carbon recycling could be integrated into the

process, as would be the case of using previously sequestered and stored carbon dioxide. Other large scale-

projects involve the construction of a long-distance transport system using pipelines to create an H  gas network or

developing national H  gas grids using current natural gas infrastructure, as is the case of the Get H  Nukleus

project, where a gas grid of about 130 km would connect green hydrogen production centers and industrial

consumers from Lingen to Geselkirchen .
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Hydrogen storage under cryogenic conditions has been employed in rocket applications and aerospace missions.

Although experience has been gained, the technology is full of challenges if an expansion is to be envisioned for

commercial aviation, road transport, and other industrial sectors. The liquefaction attains a density of 70.9 kg

H /m , which is much higher than the density obtained by other methods, such as hydrides, adsorption-based

systems, or transformation into other chemical compounds . High-pressure vessels or vessels capable of

withstanding a temperature of 20 K at lower pressures are needed. Materials capable of resisting such conditions

safely are scarce since diffusion of hydrogen into the metal structure causes embrittlement and fracture of the

recipient . Most storing vessels are made of stainless steel and aluminum alloys. Composite materials offer

the advantage of a lighter weight, but hydrogen permeation is still a problematic issue . Additionally, the amount

of energy needed for liquefaction is about 35–45% of the lower heating value of hydrogen. Other limitations include

gas losses during storage, transportation, and handling, which may be as high as 45% of the initial volume

acquired .

Another way for storing hydrogen is by transforming it into small molecules to increase its energetic density, as it is

the conversion into methane or ammonia. This strategy allows for reducing constraints associated with gas

storage. It also takes advantage of the use of well-developed technology at a large scale and the availability of

existing infrastructure without summing up additional restrictions , thus favoring a fast technology transition.

Ammonia can serve as a suitable mediator since this gas has a high density as a hydrogen carrier (17.7 wt %),

being liquefied at 8.58 bars. Therefore, carbon steel tanks can be used for storage. In addition, a vast network of

pipelines is already available, offering a much lower transport cost than that estimated for compressed H  .

Ammonia can be used directly as a substitute for fossil fuels, although having a lower heating value (18.6 MJ/kg)

and lower flame speed than gasoline  (Kobayashi et al., 2019). However, these disadvantages can be

compensated by applying a higher compression ratio and by the fact that it can be used in both spark ignition

engines and compression–ignition engines . Ammonia is currently being considered a feasible alternative fuel

for decarbonizing deep-sea vessels  or as a sustainable fuel for aircraft . However, in this latter case, due to

engine constraints, the implementation would be more challenging regarding NOx control and corrosive behavior

. In addition, several barriers must be overcome, such as production costs, availability close to ports and

airports, safety considerations, and toxicity effects on humans and the environment .

The feasibility of reverting the process to release hydrogen from ammonia at a relatively low temperature (400 °C)

was demonstrated by Zhang et al.  using Ruthenium catalysts. However, the use of this high-cost metal and its

low abundance keep pressure on developing new bimetallic catalyst systems with similar capabilities to those

based on noble metals . Ammonia borane (NH BH ) is another interesting candidate for storing hydrogen thanks

to its high H  density (19.6% hydrogen). Çelık Kazici et al.  reported on the feasibility of releasing hydrogen from

ammonia borane using PdCoAg/AC nanoparticles at temperatures between 20 and 50 °C. Similarly, Xu et al. 

developed an Ag@Pd core–shell catalyst for releasing hydrogen from this same compound.

Methane is the other small molecule produced from the catalyzed conversion of hydrogen, but in this case, the

Sabatier process is used, which is currently experiencing a renaissance . This strategy is known as Power-to-
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Gas (PtG) technology, or specifically Power-to-Methane (PtM), where the excess electricity, mainly from renewable

sources, is used to produce hydrogen by water electrolysis and then transform it into methane . Hydrogen and

CO  react at relatively high temperatures (200–350 °C) with the aid of a catalyst. The reaction has an exothermic

behavior; thus, temperature control is needed to avoid catalyst sintering problems . The result is methane and

water formation, with a maximum conversion efficiency of 83% . The process is well developed, and if high-

activity catalysts are available at a lower cost, then the process would attain a status close to industrial

commercialization in a short time. An industrial plant was built in 2013 by ETOGAS GmbH (now acquired by Hitachi

Zosen Inova) in a project owned 100% by Audi .

Hydrogen may also be transformed into methane by biological means. The conventional anaerobic digestion

process can serve as a technology for storing energy in line with the PtG concept, having a similar global warming

potential as that of the Sabatier process, as reported by De Roeck et al.  from results of the life cycle

assessment of the two processes. The amount of raw energy stored at 60–180 bar as methane is about 2.1–6.3

MJ/L, whereas this value falls to 0.6–1.9 MJ/L when hydrogen is considered under equivalent conditions. Farghali

et al.  proposed the integration of anaerobic digestion and pyrolysis systems along with the conversion of

hydrogen into biogas, thus upgrading its quality and storing carbon as biochar after the thermal processing of

digestate. Several technologies can be integrated into the PtG concept, which would aid in increasing the circularity

of the economic model and, at the same time, help reduce fossil fuel use. However, many of these approaches

deal with thermal technologies that, at present, are not widely extended due to their low economic feasibility.

Therefore, pyrolysis, gasification, and hydrothermal conversion of biomass are technologies that may seem a

valuable ally in the integral transformation of biomass, but high installations costs prevent this approach from

becoming a reality, although their coupling with digestion processes demonstrated higher energetic efficiency 

. Table 1 summarizes the energy density of different chemical compounds.

Table 1. Energy density of gases and fuels commonly used for energy storage. The value of energy volumetric

density for lithium-ion batteries was added for the sake of comparison.
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Compound Energy Density (MJ/L) References

H  (STP) 1.08 × 10  

CH  (STP) 3.58 × 10  

LNG 21–24  

Gasoline 32  

Compressed H  at 350 bar 3.1

Compressed H  at 700 bar 5.0

Liquefied H 8.5

Ammonia at −33 °C 12.7
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STP: standard temperature and pressure conditions, LNG: liquefied natural gas. MCH: Methylcyclohexane, Li-ion:

lithium-ion.  Value estimated using a density of 769 kg/m  for MCH and an atomic hydrogen content of 6.16%

(w/w). LHV of hydrogen was 120 MJ/kg.

Biological methanation is a naturally occurring process that takes place in the later stages of digestion. The

reactions of this conversion route are hydrogenotrophic methanogenesis and homoacetogenesis. In the first case,

organisms use H  and CO  as sole energy and carbon sources, and in the latter, H  is converted into acetate and

subsequently oxidized into methane by acetoclastic methanogens . Using existing anaerobic digesters to either

upgrade biogas or as conversion units for storing extra energy derived from renewables to reduce the mismatch

between production and demand is a technological option with great potential for success. This strategy is based

on using existing infrastructure, allowing energy storage and aiding in increasing the decentralized production of

the energy since many digestion plants already count with combined heat and power operating units or biogas

upgrading units, thus accelerating the transition into the hydrogen economy.

Biomethanation aids in generating local energy sources capable of substituting natural gas in a decentralized

manner, thus reducing transportation costs. Tauber et al.  assessed the biomethanation conversion potential in

Austria and estimated a conversion capacity of about 2.9–4.4% of the country’s yearly renewable electricity

production under the PtG concept. In the case of Spain, the energy mix is characterized by a high share of

renewables, causing the system to be over-dimensioned. The total installed power is 107,505 MW, with 58.4%

associated with renewables (wind accounting for 25.7% and solar for 22.8%). However, on the day of maximum

energy demand (41,483 MWh on 8 January 2021), only 33% of wind energy and 16.2% of solar energy out of the

installed capacity was available to cover the demand , thus requiring import energy from other countries and

needing for nuclear energy to serve as a reliable back-up system.

Valle-Falcones et al.  studied the feasibility of producing hydrogen from wind energy surplus and its further

storage in an underground salt dome. The surplus wind energy reported for only one Spanish community (Castilla

y León) was estimated to be 503 GWh for a 9-month period in 2020. However, some other aspects also result

crucial to guarantee the feasibility of the PtG concept, as demonstrated by Bekkering et al. . The efficiency of the

electrolyzer, investment costs, and electricity price are the most sensitive factors remarked by these authors as

having the main influence on the economic viability of the process. Thus, if biological conversion is to be run only

with surplus electricity as a way to favor the economic balance, a detailed analysis regarding the effect of

intermittency in the biological reactor should also be assessed.

Hydrogen transport and storage are full of challenges. Given the flammability limits of this gas and explosive

behavior, it seems reasonable to wonder if the proper route should be the centralized production and subsequent

transport in pipelines which may be subject to climatic stress and high maintenance costs. The high diffusivity of

hydrogen also creates concerns regarding hydrogen losses during handling operations and associated safety

issues. Economic and risk assessments are needed as part of future research work that may help decide if

decentralized hydrogen production or storage and transport of hydrogen in a more stable form should be the best

option. The quality of water and scarcity of this resource are other factors that should be carefully evaluated. How

Compound Energy Density (MJ/L) References

MCH when used as hydrogen transport 2.8

Li-ion batteries 0.97–2.7
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would society react to using water for hydrogen production under a scenario of extreme drought? This is a question

needing an answer.
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