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ABSTRACT

Hydrogen is increasingly recognized as an element in the effort to decarbonize the energy sector. Within the
development of large-scale supply chain, the storage phase emerges as a significant challenge. This study reviews
Life Cycle Assessment (LCA) literature focused exclusively on hydrogen as an energy vector, aiming to identify
areas for improvement, highlight effective solutions, and point out research gaps. The goal is to provide a
comprehensive overview of hydrogen storage technologies from an environmental perspective. A systematic
search was conducted in the SCOPUS database using a specific set of keywords, resulting in the identification of
30 relevant studies. These works explore hydrogen storage across different scales and applications, which were
classified into five categories based on the type of storage application, most of them related to stationary use. The
majority of the selected studies focus on storing hydrogen in compressed gas tanks. Notably, 33 % of the analyzed
articles assess only greenhouse gas (GHG) emissions, and 10 % evaluate only two environmental impact cate-
gories, including GHGs. This reflects a limited understanding of broader environmental impacts, with a pre-
dominant focus on COzeq emissions. When comparing different case studies, storage methods associated with the
lowest emissions include metal hydrides and underground hydrogen storage. Another important observation is
the trend of decreasing COz.q emissions as the storage system scale increases. Future studies should adopt more
comprehensive approaches by analyzing a wider range of hydrogen storage technologies and considering mul-
tiple environmental impact categories in LCA. Moreover, it is crucial to integrate environmental, economic, and
social dimensions of sustainability, as multidimensional assessments are essential to support well-informed,
balanced decisions that align with the sustainable development of hydrogen storage systems.

1. Introduction

production derived from natural gas, 27 % from coal, 22 % from oil (as a
by-product), and only about 4 % produced via electrolysis [2]. While

The need to reduce greenhouse gas (GHG) emissions to meet
decarbonization goals by 2030 and to slow down the progression of
climate change has driven governments, scientists, and society to pursue
cleaner energy solutions. Among various renewable energy carriers,
hydrogen is emerging as one of the most interesting global strategies for
achieving decarbonization by 2050. It is the most abundant element on
the planet, and its appeal as an energy carrier lies in its highly
exothermic reaction with oxygen, which produces only water as a by-
product. Hydrogen energy-to-weight ratio is notably higher than that
of fossil fuels, with 1 kg of hydrogen (Hy) providing the same energy as
2.4 kg of methane (CHy) or 2.8 kg of gasoline [1].

As of the end of 2021, hydrogen production remained heavily
dependent on fossil fuels, with approximately 47 % of global hydrogen
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fossil fuels still dominate hydrogen production, decarbonization policies
are increasingly steering it away from these processes. In response,
hydrogen production through water electrolysis, which generates only
oxygen as a by-product and uses electricity from renewable sources, is
gaining traction. The International Energy Agency (IEA) Net Zero
Emissions by 2050 scenario [3] estimates that $ 41 billion will need to
be invested in electrolyzer installations by 2030 to achieve decarbon-
ization by 2025.

Building on this trend, according to the IEA Global Hydrogen Review
2023 [4], the number of projects focused on low-emission hydrogen
production is expanding rapidly. If all announced projects will be real-
ized, annual hydrogen production could reach 38 Mt. by 2030, although
17 Mt. are linked to projects still in the early stages of development. The
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potential hydrogen production from these announced projects is now 50
% higher than it was at the time of the release of the IEA Global Inter-
national Energy Agency Hydrogen Review 2022 [4]. Governments around
the world have adopted various policies to mandate and incentivize the
use of low-emission fuels, such as hydrogen. In the European Union, this
promotion is carried out through directives and regulations such as the
Renewable Energy Directive (RED), the FuelEU Maritime Regulation,
the ReFuelEU Aviation Regulation, as well as initiatives like the
Hydrogen Bank and the Net Zero Industry Act. The RED is central to this
effort, setting targets for low-emission fuels. The current version re-
quires that by 2030, 14 % of the energy used in the transport sector must
come from renewable sources. The 2023 amendment raises this target to
29 % and mandates that at least 1 % must come from renewable fuels of
non-biological origin (RFNBOs), such as electrolytic hydrogen and e-
fuels [5,6]. Additionally, the updated RED states that renewable
hydrogen must account for 42 % of total industrial hydrogen con-
sumption by 2030 and 60 % by 2035. In the United States, there are
incentives at both the federal and state levels. Two main programs
focused on hydrogen are the Clean Hydrogen Production Tax Credit (45
V) and California’s Low Carbon Fuel Standard (LCFS). The 45 V, part of
the Inflation Reduction Act (IRA), provides tax credits to hydrogen
producers who meet defined carbon intensity (CI) thresholds. Cal-
ifornia’s LCFS rewards fuels with a CI lower than the benchmark. Since
2022, the average LCFS credit value has been $ 91.27 per metric ton of
CO: equivalent, reaching $566 in November 2024, depending on market
fluctuations [6]. These programs highlight the crucial role of public
policy in promoting low-emission fuels and enabling the economic
viability of clean hydrogen.

However, the transition to a hydrogen-based energy system presents
significant challenges to meet decarbonization targets, particularly in
developing a supply chain for sectors where it has not yet been widely
applied, such as heavy industry, transportation, fuel production, elec-
tricity generation and storage [7]. Nevertheless, several properties of
hydrogen, such as its wide flammability range in air, extremely low
boiling point, low ignition energy, and low volumetric energy density,
combined with the lack of infrastructures for storage, transport, and
distribution, pose major obstacles to its large-scale deployment and use
in the current energy landscape [8,9]. Due to the unique characteristics
of hydrogen, the development of efficient storage systems is essential,
particularly considering the challenges related to safety, efficiency, and
technical feasibility [10]. Each storage technology presents specific
limitations. Storing hydrogen in liquid form or as compressed gas at high
pressure allows for reduced storage volume, but still faces significant
challenges regarding energy density, especially when compared to other
fuels [11]. The lower volumetric energy density of hydrogen requires
larger storage volumes per megajoule of energy, which in turn demands
more robust, heavier, and costlier storage tanks [7]. On the other hand,
solid-state storage using materials such as metal hydrides or porous
structures like MOFs offers safety advantages due to their lower opera-
tional pressures and temperatures. However, these systems often face
limitations related to overall weight and volume, as well as challenges in
hydrogen adsorption and desorption kinetics [12,13].

Challenges addressed to make the development of a hydrogen
economy feasible include not only techno-environmental issues, but all
three dimensions of sustainability, namely social, environmental and
economic. Indeed, decision-making with regard to the sustainability
assessment of energy technologies is complex due to sometimes con-
flicting goals, such as low costs for end users, minimum environmental
impact, security of supply, maximum social acceptance. Specifically,
regarding hydrogen technologies, integrated studies covering all the
three aspects of sustainability are missing [14]. Concerning techno-
environmental issues, in nature hydrogen is not normally directly
available in its pure form but is bound to other elements, requiring high
energy expenditure for separation. Consequently, the environmental
and energy performance of hydrogen energy systems strongly depends
on the hydrogen donor and the energy source for the conversion process
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[15,16]. Comprehensive analyses are crucial to assess the suitability of
hydrogen energy systems and to prevent the shifting of burdens across
impact categories, or stages of the supply chain. Therefore, scholars are
developing new theoretical frameworks to integrate impact factors of
diverse nature [17,18].

To this purpose, three important methodologies can be utilized: Life
Cycle Assessment (LCA), Life Cycle Costing (LCC) and Social-Life Cycle
Assessment (S-LCA). These analytical approaches are functional for
evaluating and implementing the most sustainable hydrogen supply
chains and can be integrated within a Life Cycle Sustainability Assess-
ment (LCSA) [19]. LCA is a method used to analyze the environmental
impacts of a product or a service, aiding in the selection of production
methods that support a sustainable future in a low-carbon economy.
When correctly applied, LCA can identify the stages of a process or
service that significantly contribute to the product’s environmental
impact. One of the main applications of LCA is to provide technical
support for the development of decarbonization policies and the adop-
tion of low environmental impact technologies. In this context, several
hydrogen incentive programs include, among their criteria, the quanti-
fication of environmental impacts through LCA, aiming to guide the
selection of the most effective and sustainable technological pathways
for implementation [6]. LCC is a methodology used to account for all
costs associated with a product. It is also widely utilized as a tool to
identify cost hotspots within products or projects, demonstrating the
system’s economic viability [20]. Although this is a highly relevant topic
in the literature, due to the presence of other reviews focused on the
economic feasibility of hydrogen storage, this aspect will not be spe-
cifically addressed in the present study. S-LCA is a methodology devel-
oped to assess the positive and negative social and socio-economic
impacts of a product throughout its life cycle [21]. S-LCA is primarily
based on the ISO 14040 standard for environmental LCAs. Nevertheless,
the United Nations Environmental Program has additionally updated the
dedicated S-LCA guidelines, with the objective of refining and stan-
dardizing the methodology regarding potential social impacts [22].
These include six categories of stakeholders: workers, local community,
value chain actors, society, consumers, and children. Each stakeholder
category is associated with a set of impact subcategories. These sub-
categories represent socially relevant issues that may affect the people
involved in the system under analysis. Nonetheless, there is ongoing
work to develop methodological recommendations for conducting
rigorous S-LCAs of hydrogen-related systems [23]. This undertaking is
rendered challenging by the limited level of readiness and deployment
at scale of these technologies. It is worth considering that the social
assessment of hydrogen storage systems is not the focus of any of the
existing literature and the S-LCA studies of green hydrogen were not
sufficiently numerous to be included in the literature review in order to
provide a meaningful overview of the data obtained and, consequently,
suggestions on the social implication of the hydrogen storage use
[23,24].

This work is focused on LCA, which allows for the development of
new strategies to make the production more sustainable [25]. The rules
and requirements for LCA are defined by international standards ISO
14040 and ISO 14044. ISO 14040 addresses the principles and frame-
work of LCA, while ISO 14044 provides detailed requirements and
guidelines. LCA is structured into four stages: (1) Goal and Scope Defi-
nition; (2) Inventory Analysis; (3) Impact Assessment; and (4) Inter-
pretation of Results. In this context, this study aims to review LCA
related to hydrogen storage, given that other research has already
evaluated the results of LCA in hydrogen production [26,27]. The focus
is on identifying areas for improvement in these systems and the most
effective solutions found in existing studies. The approach for this re-
view is to identify, analyze, and map the existing body of research that
applied LCA to energy storage systems that utilize hydrogen as an energy
vector. Although other forms of hydrogen storage can be considered,
such as Liquid Organic Hydrogen Carrier (LOHC) systems, composed of
pairs of organic compounds in hydrogen-lean and hydrogen-rich states,
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such as ammonia and methanol [28], this modality will not be addressed
in this study, which focuses on hydrogen as an energy vector for storing
renewables. By reviewing and synthesizing these studies, we aim to
provide a comprehensive understanding of the current landscape,
highlight gaps in the research, and offer insights into the environmental
impacts associated with hydrogen-based energy storage technologies.
Additionally, the study highlights gaps that need further investigation to
provide a comprehensive overview of the various technologies applied
to hydrogen storage, from environmental perspectives. The existing
body of literature on S-LCA studies of green hydrogen is, at present, only
in its infancy. In fact, the majority of studies focus on hydrogen pro-
duction or electrolyzer and fuel cells. To the best of our knowledge, there
is no S-LCA of hydrogen storage. For this reason, we have not included a
literature review of hydrogen S-LCA in this work.

2. Literature analysis

To understand the current state of the research on energy storage in
the form of hydrogen, we identified the number of relevant articles using
a suitable research tool. To identify relevant LCA studies on hydrogen
storage technologies, an initial search was performed using the SCOPUS
database, Fig. 1 presents the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework.

The search results were refined by limiting them to English-language
articles published in peer-reviewed scientific journals, ensuring that the
selected literature was both relevant and accessible, obtaining a refined
set of 147 articles. A manual skimming process was then undertaken,
where only studies that specifically employed case study of LCA to
evaluate hydrogen storage systems or to compare various energy storage
systems (with hydrogen storage being one of the options) were selected.
This process resulted in the final selection of 30 relevant articles, which
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were included in the review.
3. Life Cycle Assessment

It is important to consider the sustainability and carbon neutrality of
hydrogen systems to ensure that their deployment contributes effec-
tively to the overall goals of the energy transition. Although hydrogen is
a clean and environmentally friendly fuel, the production methods can
result in different levels of environmental impact [29]. LCA are
employed to evaluate the overall environmental performance of
hydrogen systems, encompassing the entire supply chain from produc-
tion to end use. These assessments offer valuable insights into the carbon
footprint, energy consumption, and other environmental indicators
linked to hydrogen production and utilization [26].

In this context, several LCA studies have been conducted across
different segments of the hydrogen supply chain to evaluate the envi-
ronmental performance of proposed solutions and to identify areas for
improvement. Fig. 2 presents a cluster map of keywords from retrieved
articles using the Scopus tool with the search terms {“Hydrogen”} and
{“Life Cycle Assessment,” or “LCA”}. The size of each cluster reflects the
number of articles associated with that keyword.

The cluster related to hydrogen production is approximately the
same size as the one for LCA, whereas the cluster for energy storage is
significantly smaller. This suggests that, compared to other topics, there
are relatively few LCA studies conducted on energy storage, indicating
that this area is underexplored. Given that hydrogen storage is a critical
component in the development and implementation of the hydrogen
supply chain, further research in this area is essential. Indeed, the
optimal solution is highly dependent on the scale and specific boundary
conditions of each application, which must be clearly defined for both
renewable energy production and storage. Therefore, developing a

Records identified through database searcher

( Field: Title, Abstract, Keyword: ({"life cycle assessment" OR "Ica"} AND {"hydrogen
storage" OR "energy storage"} AND {"hydrogen"})
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Fig. 1. The PRISMA framework outlining the criteria used for article selection in this review.



E. Alves et al.

ammenia

emissions

steam reforming

solar gnergy

climategghange
electrolysis

hydrogen

fuel cell

environm@fifal impact

energy life cycl*sshent

carbonif@otprint u

exergy
alternative fuels

life cycle asggssment (Ica)

environmepital impacts &
energyi§torage

green hydrogen
poweréfo-gas

circular @onomy

hydrogewoduction

L
renewaBle energy

Journal of Energy Storage 133 (2025) 118008

methanol

fuel cellvehicle

global warming potential

natugal gas ' greenhguse gas

energy capsumption

economi@analysis
ghg enaissions

techno-economic assessment

life cyclgianalysis

process-simulation
biogass
pyralysis

®

techno-ecofi@mic analysis

biorefinery

biohy@rogen

life cyclescosting

anaerobiddigestion

Fig. 2. Cluster map of keywords from articles retrieved using the Scopus tool with the search terms {“Hydrogen”} and {“Life Cycle Assessment,” or “LCA”}.

comprehensive database of case studies could serve as a foundational
basis for establishing general strategies [30].

As previously explained, only studies that employed LCA to evaluate
hydrogen storage systems or to compare various energy storage systems,
with hydrogen storage as one of the options, were selected for this re-
view. The selected articles included in this study are presented in
Table 1. An important observation is that 33 % of these articles only
analyze GHG emissions, while 10 % examine just two environmental
impacts, with one of them being CO2¢q emissions. Studies that analyzed
a broader range of impacts emphasize the importance of examining
multiple aspects across four main impact categories, as certain tech-
nologies have a high impact on specific categories [31,32]. Focusing on
a single impact, such as COeq emissions, is insufficient to grasp the
overall environmental performance of the system. The exclusive focus
on Global Warming Potential (GWP) overlooks other critical environ-
mental impacts, such as human toxicity, related to the adverse effects of
chemical substances on public health, or resource depletion, which in-
volves the excessive consumption of minerals, rare metals, water, and
non-renewable energy. Technologies with low carbon emissions may
require large amounts of natural resources. As demonstrated by Le et al.
[31], the complete replacement of energy from fossil sources with
renewable sources in an energy production and storage system resulted
in burdens across several impact categories, including ozone layer
depletion, particulate matter formation, acidification, eutrophication in
all its subcategories, and the use of fossil, mineral, and metal resources.
This limited approach, therefore, may favor solutions that, while
appearing environmentally advantageous from a climate perspective,
end up with shifting impacts to other equally important environmental
categories. Thus, to ensure a truly sustainable analysis and to support
well-informed technical and policy decisions, it is essential that LCA
incorporates multiple impact categories in an integrated and compre-
hensive manner.

A recurring characteristic observed (Table 1) in the evaluated studies

is the predominant adoption of cradle-to-use approaches, with 54 % of
the works not including the End-of-Life (EoL) phase. Although LCA is, by
definition, a methodology that considers all stages of the life cycle of a
product, process, or service, there is a clear tendency to omit this final
phase in many studies. This limitation can be attributed to several fac-
tors. Firstly, there is a notable lack of reliable data regarding the final
destination of products, which generates high uncertainty in the
modeling of disposal scenarios. As highlighted by Fischer et al. [33], this
uncertainty often leads to excessive simplification of EoL models,
compromising the robustness of the results. Furthermore, there is no
clear methodological consensus, either in standards or in reference
guidelines, on how to appropriately model this phase in LCA [34]. The
additional complexity of incorporating the EoL phase, combined with
the lack of consistent data and guidelines, often discourages researchers
from including it, especially in studies that are already complex due to
raw material extraction and use stages. However, this omission can
significantly compromise the completeness of the analysis, particularly
in renewable energy systems, where the consumption of raw materials
tends to be high, making the disposal phase even more relevant to the
overall results [35].

Fig. 3 illustrates the different technologies examined in selected
studies for hydrogen storage. It is evident that the majority is focused on
storing hydrogen in gas tanks compared to other technologies, even if
several other strategies are taken into consideration. The widespread
presence of studies on hydrogen storage in the form of compressed gas is
due to the fact that this is the most established and widely adopted
method in industrial practice. It is a mature technology that offers high
efficiency in hydrogen charging and discharging processes, which is a
key aspect for energy storage systems [63].

The second most studied hydrogen storage method is as a solid in
metal hydrides. The solid state storage is based on the ability of certain
metals and metal alloys (such as magnesium, nickel, and titanium) to
absorb hydrogen under low pressure and moderate temperature
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Table 1

List of hydrogen-focused LCA articles selected for the literature review.

Journal of Energy Storage 133 (2025) 118008

Reference Description/ System Functional Energy Hydrogen Methodology Impact category Purposes for
goal boundary” unit source storage energy
storage
Metal hydride Global Warming Potential, Ener
. LCA of different Abiotic Depletion Potential, &Y
Agostini et al. Cradle-to- 1 kWh energy I storage for
hydrogen - - Acidification, Freshwater .
[36] grave stored Gas tank .. . terrestrial
storage system eutrophication, Marine
o transport
eutrophication
Surplus Surplus
electrical 2.78 x 1074 P I Non-Renewable Unit Exergy Storage of
Altea et al. . Cradle-to- electricity in R
[37] energy in the use kWh energy Brazil’s Gas tank - Cost, Total Unit Exergy Cost, renewable
) Brazilian power produced . CO3eq emission cost energy
X power grid
grid
Belmonte LCA of different Cradle-to Power
et al. [30] energy storage use 3 kW power Solar energy Gas tank IPCC Global warming potential supply to a
’ system building
Belmonte ?or;esrtgaiiitr?;age Cradle-to Hydrogen
et al. [38] and mobilery use 1 kW power Solar energy Gas tank IPCC Global warming potential storage
o assessment
applications
Climate change, Ionizing Energy
Benitez et al Energy storage Cradle-to- Impact per km German radiation, Fossil depletion, storage for
o electricity Gas tank ReCiPe 2016 . L ’ .
[39] in the car grave traveled mix Terrestrial ecotoxicity, terrestrial
Human toxicity transport
P 1 ly f
Bionaz et al. ower supply to Cradle-to- 1 MWh energy =~ Renewable Gas tank and . . Supply for
a remote . IPCC Global warming potential remote
[40] . grave produced energy batteries .
location locations
1 k iP 1d 201 P,
Florio et al. Energy storage Cradle-to- 1 kWh energy Gas natura Gas tan ReCiPe world 2016 All the impact categories of ower
[41] for house use roduce Solar ener Natural gas IPCC 2013 GWP ReCiPe supply to a
P & § 100a building
Global warming potential,
Enerav storage Acidification potential, Storage of
Fiaschi et al. 24 s Cradle-to- 1 MWh energy ReCiPe world 2016 Human toxicity potential, g
- to an energy Solar energy Gas tank RS . L renewable
[42] use produced MidPoint Particulate matter formation,
system . energy
Photochemical ozone
formation
Climate change, Ozone
depletion, Photochemical
ozone formation, Particulate
matter, Acidification,
Power supply to 1 kWh of Eutrophication - Freshwater. Power
Gandiglio Y Cradle-to- Metal hydride Environmental . R ’ supply for
a remote energy Solar energy . . Eutrophication - Marine,
et al. [43] . grave and batteries Footprint L ' remote
location produced Eutrophication - terrestrial, .
. locations
Ecotoxicity - Freshwater,
Resource use - fossil,
Resource use - Minerals and
metals
E ish H,
Garrain et al. nergy storage Cradle-to- Useful life of Spanl? . . Environmental All the impact categories of ydrogen
for a portable electricity Metal hydride . storage
[44] . use the fuel cell . Footprint EF
device mix assessment
Power supply to Gas tank Power
ietal dle-to- ly fi
Groppi et a a remote Cradle-to - Solar energy Batteries and - COx¢q emission Supply for
[45] . use remote
location gas tank .
locations
i E f
Jlaooand nergy storage Cradle-to- 1 kWh energy Solar and . . Storage o
Mansson to an energy . Gas tank IPCC Global warming potential renewable
grave stored wind energy
[46] system energy
. Energy storage Storage of
K le-to- 1 kWh
atsigiannis to an energy Cradle-to Wh energy - Gas tank IPCC Global warming potential renewable
et al. [47] use produced
system energy
Austrian Energy
Konrad et al. Energy storage Cradle-to- 1 kWh energy energy mix Global warming potential, storage for
. Gas tank IPCC .
[48] in the car grave produced Renewable Energy demand terrestrial
energy transport
Climate change, Ozone
depletion, Photochemical
ozone formation, Particulate
matter, Acidification,
Eutrophication — Freshwat P
Power supplyto  Cradle-to- 1 kWh energy Batteries and Environmental Htrop fca %(m res. water, ower
Leetal. [31] o Solar energy . Eutrophication - Marine, supply to a
a building grave produced gas tank Footprint . . s
Eutrophication - terrestrial, building

Ecotoxicity - Freshwater,
Resource use - fossil, Water
use, Resource use - Minerals
and metals

(continued on next page)
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Table 1 (continued)
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Reference Description/ System Functional Energy Hydrogen Methodology Impact category Purposes for
goal boundary” unit source storage energy
storage
Mostert et al Energy storage Cradle-to Renewable Storage of
’ to an energy 14.60 MWh Gas tank IPCC Global warming potential renewable
[49] use energy
system energy
4 MWh (heat
Naumann Power supplyto  Cradle-to produced) and Environmental All the impact categories of Power
o PPy 2350 kWh Solar energy Gas tank . P 8 supply to a
et al. [50] a building grave Footprint EF g
(energy building
produced)
Belgium
electricity .
E t Climate ch H St f
Oliveira et al. nergy storage Cradle-to- 1 MWh energy  mix . 1r.na.1 e an.g S uman orage o
for an energy X - ReCiPe 2008 toxicity, Particulate matter renewable
[51] . grave produced Wind energy ! . .
grid formation, Fossil depletion energy
Solar energy
UCTE 2004
. Energy storage Wind energy Storage of
bil 1. le-to- 1 kWh
0z 1, en eta to an energy Cradle-to Wh energy Gas tank CML 2001 Global warming potential renewable
[52] grave produce Hydro energy
system energy
1.47 kKWh CML 2001 Acidification .Potentlal,' Power
Peppas et al. Power supplyto  Cradle-to- Greek energy Global warming potential
[53] a building use energy grid mix Gas tank Photochemical oxidant supply to a
produce ReCiPi 2008 . building
formation
Power
P I} le-to- Eco-indi
Qi et al. [54] ow-er s-upp yto  Cradle-to Solar energy Gas tank . co-indicator 99 Single score supply to a
a building grave impact adapted s
building
Gas tank Energy
H; Metal hydri
Roes and ydroge‘n Cradle-to- 4.1 kg H2 eta y-drlde Depletion of fossil, Global storage for
storage in the - Cryogenic tank - . . .
Patel [55] use stored . warming potential terrestrial
car Metal organic
transport
framework
Rossi et al Energy storage Cradle-to 1 MWh ener: Ecosystems-total, Human Power
: 2 s & Solar energy Gas tank ReCiPe 1.1 (2014) Y ’ supply to a
[56] for house grave produced Health- total, Resources -total 1
building
Energy
Teng et al. F.nergy storage Cradle-to- 1 kg of H2 B Gas tank B CO3eq emission storage.for
[57] in to bus use stored terrestrial
transport
Acidification, Depletion of
abiotic resources,
Eutrophication - Freshwater
Hyd: 0.28 kWh toxicity, Global i Hyd
Tschiggerl yarogen Cradle-to- Wind and Underground eco OX}Cl ¥, roba Wf.ir'mmg verogen
storage energy CML potential, Human toxicity, storage
et al. [58] use solar energy gas storage . .
assessment produced Photo-oxidant formation, assessment
Resource Depletion,
Stratospheric ozone
Depletion
Abiotic depletion,
Acidification, Eutrophication,
Ozone layer depletion, Land
Energy storage competition, Photochemical Storage of
lente et al. dle-to- 1 MWh
Va[;;]e e to an energy E;: eto m;ﬁceznergy Hydro energy ~ Metal hydride CML method oxidant formation, Global renewable
system P warming potential, energy
Cumulative non-renewable
energy demand, Cumulative
total energy demand
7.7 GWh Solar energy Gas tank . . Power
. Power supply to . Depletion of mineral
Viole et al. Cradle-to- (energy Environmental . supply for
a remote . . . resources, Water use, Climate
[60] . grave produced per Diesel Batteries Footprint remote
location change .
year) locations
. h )t k . X P
. Power supply to 7.7 GW Solar energy Gas tan . Depletion of mineral ower
Viole et al. Cradle-to- (energy Environmental . supply for
a remote . . . resources, Water use, Climate
[61] . grave produced per Diesel Batteries Footprint . remote
location change impact .
year) locations
Renewable Climate change,
energy Photochemical ozone
Eneray storage formation, Particulate matter Storage of
Wevers et al. 24 i Cradle-to- 1 kWh energy Underground . formation, Terrestrial 8
to an energy ReCiPe 2016 e . renewable
[32] use produced gas storage acidification, Marine
system Natural gas . . energy
eutrophication, Mineral
resource scarcity, Fossil
resource scarcity
Gas tank Energy
Ye and Lu Energy storage Cradle-to- CML- Climate change storage for
[62] in the car use Cryogenic tank  IAdatabasever.2016 8 terrestrial
transport
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@ Cradle-to-grave = the life cycle impacts from raw material extraction (cradle) through disposal (grave). Cradle-to-use = the life cycle impacts from raw material

extraction (cradle) through use phase (use), the disposal phase is not evaluated.

25
21
20

15

10

5 4 4
H = = - 1§
, H N -

Gas tank Metal Hydride Cryogenic tank Underground Metal organic Hydrogen and

gas storage framework battery
Fig. 3. Number of articles of LCA each hydrogen storage system studied.

conditions, forming solid hydrides compounds. Hydrogen is released
upon heating the material under reduced pressure. Since the hydrogen is
chemically incorporated into the crystalline structure of the metal, it can
be stored safely without the need for extremely high pressures or cryo-
genic temperatures. Due to these characteristics, metal hydrides stand
out as one of the safest hydrogen storage alternatives [13,63].

Hydrogen storage in liquid form is rarely addressed in the literature,
with only two studies identified. This limitation is linked to significant
technical and energy-related challenges. Liquid hydrogen requires
highly specialized cryogenic systems capable of maintaining extremely
low temperatures, around 21 K [64]. Additionally, the liquefaction
process consumes a substantial portion of the fuel’s own energy. In fact,
up to 35 % of hydrogen’s energy content may be used solely for lique-
faction and maintaining its liquid state [11]. These demands directly
impact the Energy Return on Energy Invested (EROI), defined as the
ratio between the net energy produced and the total energy invested in
the system [65]. The resulting low EROI and the high costs associated
with effective thermal insulation make liquid hydrogen a technically
challenging and economically less attractive option, which may explain
the limited interest and low number of studies dedicated to this
technology.

Another strategy that has been not extensively explored is under-
ground hydrogen storage, with only two studies evaluating this tech-
nology. Underground gas storage involves the artificial creation of
reservoirs within deep geological formations, where gas is stored in two
forms: working gas (injected and withdrawn according to demand) and
cushion gas (permanently retained to maintain minimum pressure and
prevent water intrusion). Underground hydrogen storage follows prin-
ciples similar to those used for natural gas and carbon dioxide (CCS). Its
main advantages include enhanced safety, efficient land use, and eco-
nomic viability especially when compared to above-ground storage
tanks. [66].

Hydrogen storage using metal-organic frameworks (MOFs) remains
underexplored in Life Cycle Assessment (LCA) studies, with only one
identified to date. MOFs are crystalline materials characterized by high
porosity and surface area, enabling efficient hydrogen adsorption
through van der Waals forces. Although promising, their large-scale
application is limited by challenges such as moisture sensitivity, struc-
tural instability, and low electrical conductivity. Enhancements through
metal doping, nanoparticle incorporation, and cryo-adsorption strate-
gies may improve performance, particularly under ambient temperature
and moderate pressure conditions [12].

The combination of different technologies of hydrogen storage and
battery is a really well-developed approach, and can help reduce the
CO2¢q emission of energy equipment.

Selected articles of LCA in hydrogen storage were -classified

according to their specific purposes for energy storage. The first cate-
gory, Hydrogen Storage Assessment, includes studies focused on the life
cycle assessment of various hydrogen storage systems. The second
category, Energy Storage for Terrestrial Transport, addresses the stor-
age of hydrogen directly in vehicles or at refueling stations. The Power
Supply for Buildings category encompasses research on energy storage
systems intended to provide power to residential or commercial build-
ings, typically utilizing renewable energy in off-grid configurations.
Power Supply for Remote Locations evaluates the implementation of
renewable energy solutions to supply power in remote areas that
currently depend on diesel fuel. Finally, Storage of Renewable Energy
category includes studies on hydrogen storage solutions for renewable
energy production facilities, which are necessary to manage intermit-
tency and maintain grid stability. It also encompasses the storage of
excess energy generated within a national grid to be used during periods
of supply shortage. The categories are organized in ascending order
according to the system’s storage capacity. The following sections pro-
vide a more detailed overview of the categories of hydrogen storage.

Table 2 presents the distribution of LCA studies according to the
specific purposes of hydrogen-based energy storage. It is observed that
only three articles focus exclusively on hydrogen storage, while the
remaining studies consider hydrogen as one of several options within
broader energy storage systems. The categories with the highest number
of publications were Renewable energy storage and Power supply to
buildings, both associated with stationary applications, although
differing in system scale. Overall, there is a predominance of studies
addressing stationary uses of hydrogen, with exceptions found only in
the categories Hydrogen storage assessment and Energy storage for terres-
trial transport, in which, in some cases, hydrogen is stored in stationary
systems and subsequently used to recharge electric vehicles. This trend
is closely linked to technical and economic limitations associated with
mobile hydrogen applications, particularly due to its low volumetric
energy density and the need for robust and heavy storage systems.
Although technologies such as Type IV tanks, which withstand pressures
up to 70 MPa and offer a high strength-to-weight ratio, are recom-
mended for mobile applications using compressed hydrogen gas (CGHa),
it is estimated that up to 15 % of hydrogen’s energy content is consumed
during compression, reducing system efficiency [11]. In light of these
factors, the reviewed studies indicate a greater technical feasibility for
hydrogen in stationary applications, reflecting its preferential adoption
in such contexts.

3.1. Hydrogen storage assessment

Storing hydrogen is a challenge in establishing a new supply chain
for its use as an energy carrier. This challenge is primarily due to
hydrogen low density, high volatility and flammability [9]. Gas storage
systems require large volumes, which often necessitate storing hydrogen
under high pressure or in liquid form, both of which involve significant
energy consumption to achieve the necessary hyperbaric pressures and
cryogenic temperatures [13]. Other storage technologies can be utilized,
including metal hydrides, underground gas storage, blending hydrogen

Table 2
Number of studies on hydrogen handling categorized by their specific energy
storage purposes.

Category No. of article

Hydrogen storage assessment

Energy storage for terrestrial transport
Power supply to a building

Power supply for remote locations
Storage of renewable energy
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with natural gas, or converting it into other molecules such as ammonia
or methane [67]. To assess environmental performance and identify
areas for improvement, various hydrogen storage technologies were
evaluated. This section presents articles evaluating hydrogen storage
systems without a specific application. Fig. 4 presents a schematic
overview of the hydrogen storage strategies examined in this section,
including gas compress, metal hydrides and underground, as well as the
energy sources utilized for hydrogen production.

In Garrain et al. [44] the environmental impact evaluation study was
conducted on an integrated system including a hydrogen storage pro-
totype integrated with a portable fuel cell, which uses a metal hydride
with the LaNis composition. This device is proposed as an alternative to
batteries, which are widely used in portable energy storage systems. The
analysis reveals that the greatest contribution to the environmental
impacts of the integrated system comes from the hydrogen supply and
storage processes. Additionally, it highlights the importance of the en-
ergy source used in hydrogen production, which in the analyzed case is
based on Spain’s energy mix, which still relies on some fossil fuel
technologies. In the manufacturing process of the fuel cell, the anode
plates emerge as the main factors contributing to the device environ-
mental footprint.

Belmonte et al. [38] investigated two alternative energy storage
systems: lithium-ion batteries and hydrogen storage, both integrated
with proton-exchange membrane (PEM) fuel cell technologies. These
two technologies have been analyzed for both stationary and mobile
applications. Specifically, the stationary application involved a single-
family residence designed to provide two days of self-sufficiency,
while the mobile application focused on a drone with a flight time of
120 min. The battery system demonstrated the best performance for
mobile applications, with a significantly lower cost compared to the
hydrogen storage system, which is approximately twice as expensive for
solutions of the same size and purpose. Additionally, the GWP of the
hydrogen system is about three times higher than that of the battery-
based system. In contrast, for stationary applications, the battery sys-
tem has disadvantages regarding cost, as it is about 15 % higher than the
hydrogen system. However, the GWP of the hydrogen system remains
higher, indicating a greater environmental impact.

A promising strategy for hydrogen storage is the utilization of caves,
as detailed in an analysis of the environmental impacts of this renewable
energy storage technology in the form of gas within porous spaces of
geological formations [58]. The stored gases include hydrogen produced
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Fig. 4. Diagram illustrating hydrogen storage technologies analyzed in LCA
studies in the section “Hydrogen storage assessment”, along with the energy
sources used to produce hydrogen.
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by electrolysis and methane. Hydrogen is generated, compressed along
with natural gas, stored underground, and subsequently dried for use as
fuel. However, the high concentration of hydrogen in these spaces can
lead to various impacts with different levels of safety risk. One approach
to mitigate this risk is blending hydrogen with other gases, thus reducing
the partial pressure [68]. Results on environmental impacts primarily
depended on the energy source, for its handling while all other input and
output flows analyzed, linked to various process units such as synthesis
and storage, were found to be of less relevance. Results indicated the
contribution of the hydrogen plant to the total environmental burden
and energy demand. Including required energy, compression, storage
(porous space reservoir), free water removal, and glycol dehydration,
depend on the type of gas used and the energy source for obtaining
hydrogen. The contributions of storage and processing after storage
demonstrated a low impact. Additionally, the main source of energy
consumed and the specific efficiency of these processes were identified
as the most critical parameters to be considered.

3.2. Energy storage for terrestrial transport

Electric vehicles are an important technology for decarbonizing road
transport, a sector responsible for over 15 % of global energy-related
emissions [69]. In recent years, the sale of electric vehicles is
increased significantly, and electric cars accounted for around 18 % of
all cars sold in 2023 [70]. Hydrogen offers an effective solution for
seasonal energy storage and plays a key role in integrating the electricity
and mobility sectors [71]. With a focus on the use of hydrogen in electric
vehicles, various hydrogen storage methods were evaluated, along with
an assessment of their environmental impact. Fig. 5 represents the pri-
mary strategies for hydrogen storage assessed in LCA studies related to
terrestrial transport.

The environmental impacts associated with hydrogen storage in
solid-state (HSS), employing an advanced storage system composed by
metal hydrides and complex hydrides, interconnected in an
6061Aluminum alloy tank, were assessed in comparison with two types
of high-pressure storage tanks: type III (350 bar) and type IV (700 bar).
These storage systems supply hydrogen to fuel cells acting as an APU
(Auxiliary Power Unit) for a vehicle [36]. The material inventory
revealed that a prototype tank based on solid-state hydrogen storage
materials requires a greater amount of materials for its construction
compared to commercially available type III and IV pressurized gas
tanks. For all the impacts analyzed - Global Warming Potential, Abiotic
Depletion Potential, and Primary Energy Demand, renewable and non-
renewable - a high contribution of structural materials, mainly steel,
was observed in pressurized gas tanks systems. However, the analysis
did not consider the disposal of storage systems, but the recycling of
materials used in construction may considerably reduce the overall
impacts. Regarding climate change, the energy saved during the oper-
ation of HSS systems almost entirely offsets the additional emissions
during the construction phase of the HSS system, due to the energy used
for gas compression coming from the electrical grid, which has a small
share of renewable energy. However, with a future energy mix less
dependent on fossil fuels, the CO2¢q savings during HSS operation are
not sufficient to offset the higher emissions from construction. Addi-
tionally, when considering the electricity needed for compression, pri-
mary energy consumption is slightly lower for HSS systems compared to
type III and type IV tanks.

Another environmental impact evaluation study was conducted
using type III and IV tanks for storing hydrogen as a gas under high
pressure in comparison to storing hydrogen in liquid form using cryo-
genic tanks, with the aim of providing energy to a sedan vehicle [62].
Results showed that, over the life cycle, type IV high-pressure tanks emit
fewer greenhouse gases, with 5539 kg of COaeq, compared to type III
high-pressure tanks, with 7219 kg of CO2¢q, and cryogenic tanks, with
135,000 kg of COa2¢q. In the case of the cryogenic storage tank, 98 % of
CO2¢q emissions occur during the storage process, due to the need for
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Fig. 5. Diagram illustrating the source of energy used to produce hydrogen and the hydrogen storage systems analyzed in LCA studies in the section “Energy storage

for terrestrial transport”.

energy to keep the gas in its liquid phase at low temperature.

The use of a type IV carbon fiber tank to provide hydrogen to power a
fuel cell in a vehicle designed for five passengers was analyzed by
Benitez et al. [39]. It encompasses all the components required to apply
this technology to a vehicle, including the hydrogen tank, fuel cell,
battery, electrical system, and chassis. Two different scenarios were
evaluated: one using the technology available at the time of the study
(2021) and another based on projected technology for 2050. Across
various impact categories, the 2050 scenario showed better perfor-
mance, primarily due to the anticipated energy mix, which is expected to
reduce the environmental impact at every stage. The analysis evaluated
also the environmental impacts of raw materials in vehicles, such as
carbon fiber in the tank and platinum in the fuel cell. Vehicles produc-
tion accounted for 66 % of greenhouse gas emissions and 87 % of human
toxicity impact. The environmental impacts of the hydrogen tank were
compared to those of the chassis and fuel cell. While the tank was the
largest contributor to climate change, ionizing radiation, and fossil fuel
depletion, it had a smaller role in human toxicity and ecotoxicity, where
the fuel cell was the primary contributor. A future scenario showed
improved tank performance, especially for climate change, reducing
emissions from 15 kg of COg¢q per 100 km to 9 kg.

Different hydrogen storage options for a fuel cell car within a driving
range of 450 km were investigated [55]. Four hydrogen storage tech-
nologies have been analyzed: compressed hydrogen, liquid hydrogen,
metal-organic frameworks (MOF) and metal hydrides. The study shows
that hydrogen compression and liquefaction result in significantly
higher environmental impacts, compared to storage in metal hydrides or
MOF. The high reusability of metal hydrides and MOF contributes to
these systems having lower environmental impacts. In addition, com-
pressed and liquid hydrogen systems require a high quantity of energy
for their operation, which increases their environmental impacts.

Another analysis focused on the use of electric buses powered by
various fuel technologies, including batteries, fuel cell powered by Hy,
and internal combustion [57]. For the system using hydrogen as fuel, the
study encompassed the entire process, from hydrogen production,
transportation, and refueling to the manufacturing of the storage system
and the operation of buses in two different cities, taking into account
routes of varying distances. When comparing the different energy stor-
age, fuel cell buses stood out for having the lowest carbon emissions,
despite their higher energy consumption.

Konrad et al. [48] evaluated the environmental impact of using
hydrogen to recharge electric vehicles in Vienna was evaluated using a
prototype of the MHP (Mobile Hydrogen Power Supply). CO2¢q emis-
sions were assessed across various hydrogen production methods: coal
gasification, steam methane reforming (with and without carbon cap-
ture), electrolysis from wind, solar, and hydro energy, and biomass
gasification. Different production and transport scenarios were tested.
The lowest GWP and cumulative energy demand were observed in the
biogas route, with 2.27 kg CO2¢q/kg-Hz and 63.04 kWh/kg-H,, respec-
tively. Decentralized hydrogen production, like electrolysis and biogas,
reduced environmental impact by minimizing transport. The hydrogen
supply route significantly influenced GWP during the use phase, making
production and end-of-life processes more critical, while the supply
route has lower GWP, as with Austria electric grid or biogas.

3.3. Power supply to a building

Integrating renewable energy into the construction sector, particu-
larly through solar energy, offers an innovative and sustainable
approach to decentralization power generation. Given the intermittent
nature of solar energy and its lower output during winter, when energy
demand is highest, storing excess energy for later use becomes highly
advantageous [45]. This not only reduces dependence on the electricity
grid, which in many countries still relies significantly on fossil fuels
[72], but also enhances energy resilience. Various configurations were
evaluated to assess the effectiveness of this approach, including the
incorporation of hydrogen storage. Fig. 6 illustrates the technology for
hydrogen storage that are analyzed in LCA studies focused on power
supply to buildings.

Residential energy supply was investigated in two renewable energy
storage systems applied to a family residence in Italy, addressed from
different perspectives [30]. The main distinction between the two sys-
tems lies in the storage method: in one, energy is stored in lithium
batteries, while in the other, hydrogen is produced by an electrolyzer
and stored in cylinders at 30 bar, later consumed by a fuel cell. The two
systems differ in terms of sizing. The hydrogen storage-based system
requires a greater number of solar panels due to the energy demand for
electrolysis. LCA results suggested that both devices appear to have
smaller impacts than other system components, such as solar panels and
gas cylinders. Although not mentioned by the authors, it is important to
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Fig. 6. Diagram illustrating hydrogen storage systems analyzed in LCA studies in the section “Power supply to a building”. Solar energy was used in all assessments in

this section to produce hydrogen.

note that cylinder storage demonstrated lower environmental perfor-
mance compared to battery use.

The partial replacement of energy supply from the electrical grid
with solar energy in a three-story building was evaluated, considering
that the renewable energy system installed in the building includes
photovoltaic panels, along with energy storage in a hybrid system
composed of batteries and hydrogen in gas tank [31]. This energy is then
directed to provide electricity, with an additional fraction coming from
the municipal electrical grid. The amount of energy from the electrical
grid varies as the system aims to become increasingly renewable and
energy self-sufficient (SSR), ranging from 80 % to 100 %. In terms of
climate change or CO2¢q emissions, the highest impact of 0.22 kg CO2¢q/
kWh observed at the lowest SSR of 80.81 %. As the SSR increased to
96.20 %, the impact dropped to its lowest value of 0.15 kg COg¢q/kWh.
However, as the SSR continued to increase (i.e., the building approaches
self-sufficiency), the environmental impact increased significantly,
reaching 0.19 kg CO2.q/kWh at an SSR of 99.44 %. Beyond this
threshold, a rapid increase in component size was observed, leading to a
larger carbon footprint. When considering other impact categories, re-
sults indicated that achieving a very high SSR may requires significant
resource inputs, resulting in increased environmental impacts, that may
not offset the benefits of renewable energies in many impact categories.

In Naumann et al. [50], the supply of energy and heat to a residence
using solar energy was tested with three different systems. The primary
system was a Solar-Hydrogen Systems (SHS), for which a photovoltaic
(PV) system serves as the energy source. The energy produced is sup-
plied to the residence, once the household energy demand is met, any
unused electricity was stored in a lithium-ion battery. If the PV system
energy supply was no longer sufficient to cover the load, the stored
energy from the battery can be fed back into the system. When the full
storage capacity of the battery was reached, and the electricity gener-
ated by the PV system still exceeds the household current consumption,
the excess energy was used to produce hydrogen, then stored in a gas
tank. When household energy consumption exceeds the production from
the PV system and cannot be covered by the battery storage, the fuel cell
is activated. The household heat demand is met by an air source heat
pump, which is also powered directly by the PV system, the battery, or
the fuel cell, depending on the production and consumption rates of the
system. A hot water tank stores residual heat from electrolysis and the
fuel cell, thereby reducing the building heat demand.

The reference systems consist of PV panels, a heat pump, and a
battery, but without hydrogen components. It was tested both on-grid
and off-grid. While the off-grid system uses a diesel generator as a
backup power source, the on-grid system is connected to the public
German power grid. Two system comparisons were made: one with the
off-grid system, where the SHS is compared to energy supply by a diesel
generator, and another with the on-grid system, where extra energy
comes from the German power grid. In the on-grid system, electricity is
purchased from the grid when the PV system does not produce enough
electricity to cover consumption, and the battery is empty. In the case of
overproduction, when the electricity and heat demand is met and the
battery is fully charged, the surplus electricity is fed into the grid. The
SHS requires a larger number of PV panels because it needs to store more
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energy than the reference system, which has auxiliary energy sources.
Results show that the SHS causes lower greenhouse gas emissions in the
off-grid scenario. Overall, it is significantly beneficial in 6 out of the 16
assessed environmental impact categories. In contrast, the off-grid
reference system, equipped with a diesel generator as a backup power
source, presents lower burdens in 7 impact categories and in the single
score result. However, when the single score for the HSS is calculated, it
shows the highest environmental impact. In the on-grid scenario, the
grid-connected reference system is beneficial in all impact categories
compared to the HSS. Results heavily depend on the composition of the
electricity purchased from the on-grid system. Therefore, this result
cannot be generalized for all locations; investigations should be con-
ducted for other countries with different electricity generation
structures.

In Peppas et al. [53] the energy supply for a building using renewable
sources, such as solar and wind, and the storage of excess energy in the
form of hydrogen was also explored Two scenarios were considered: in
the first, energy, heating, and cooling are supplied by the electrical grid;
in the second, a renewable energy system stores excess energy as
hydrogen in a tank at 200 bar, resulting in a 100 % renewable energy
supply. In this latter scenario, impacts of construction and maintenance
of capital goods were accounted for, aspects not considered in the grid
scenario. Data collection for the renewable energy scenario was con-
ducted using a real system. In all analyzed impacts, the renewable en-
ergy scenario showed a lower environmental impact, with reductions of
40 %, 42 %, and 35 % in Global Warming Potential, Acidification Po-
tential, and Photochemical Oxidant Formation, respectively, compared
to the exclusive use of the Greek electrical grid. The highest impact in
this scenario is associated with system construction.

An innovative cogeneration system integrates photovoltaic thermal
panels (PV/T), evacuated tube solar collectors, an Organic Rankine
Cycle (ORC), and various energy storage methods [54]. Considered that
85-90 % of the solar energy captured by traditional PV panels lost as
heat during the conversion process, PV/T offers an efficient solution.
The unique aspect of PV/T was the incorporation of heat conduction
channels and cooling fluids within the panels, reduced their temperature
and captured excess thermal energy. This approach not only lowers the
panels temperature, improving electrical efficiency, but also harnesses
the generated thermal energy. In this system, water was used as the
cooling fluid, and the increase in its temperature within the PV/T can be
utilized to provide domestic hot water. The cooling fluid in the PV/T
absorbs heat, and it is converted into low-grade thermal energy, that can
be used not only for water heating, but also for residual heat recycling.
Another option was to use the working fluid of the ORC, which involves
an organic substance with a low boiling point. The working fluid absorbs
heat from the source in the evaporator, transforming into a high-
temperature, high-pressure gas capable of driving the expander to
generate power. The ORC was effective in converting low-grade thermal
energy into high-quality electrical energy. For energy storage, different
technologies were tested, such as batteries and hydrogen production, as
well as a combination of these two approaches. The integrated storage
system, combining batteries and hydrogen, demonstrated superior per-
formance compared to the use of a single storage technology.
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In another work by Rossi et al. [56] the energy supply of a house was
provided by a small-scale electrical system that uses PV panels, with
excess energy stored in batteries and a hybrid system combining batte-
ries and hydrogen. This energy system operated both on-grid and off-
grid. When off-grid, a diesel generator was used to supply energy
when the system was not sufficient [56]. Four scenarios were proposed,
in which hydrogen is stored and compressed at 350 bar (A) and 700 bar
(B). Additionally, future scenarios were considered where excess
hydrogen produced at the end of the 25-year system lifespan is treated as
a by-product, incorporating extended lifespans at 350 bar (C) and 700
bar (D). Results showed that the system using only batteries was the
most sustainable off-grid solution, with a lower environmental impact
than scenarios A and B when considered all system impacts, not just
CO2¢q emissions. This was due to the intensive use of rare materials in
fuel cells and hydrogen storage systems. Although the low standby en-
ergy consumption of the diesel generator was an environmental benefit,
it did not outweigh the disadvantages of hydrogen, unless the lifespan of
the fuel cells was significantly extended. In this regard, scenarios C and
D were identified as the most promising off-grid solutions. In the final
phase of the analysis, off-grid systems were compared to an on-grid solar
home system configuration, using nickel-cobalt-aluminum batteries,
and avoiding the use of a diesel generator or hydrogen backup. The
study concluded that, in the future, connection to a large-scale smart
grid will likely represent the most efficient and sustainable
configuration.

In another study Florio et al. [41], the LCA was conducted on two
different systems for providing energy and heat to a residence, based on
on-grid operations. The first system was based on a reversible solid oxide
fuel cell and hydrogen storage produced by electrolysis using PV energy,
while the second system relied on a solid oxide fuel cell powered by
natural gas. The system utilizing PV energy was less favorable from an
environmental standpoint, showed a higher impact across all investi-
gated categories. This was primarily because, during periods of low PV
energy production, particularly in winter, the increased reliance on the
electrical grid further diminishes the environmental performance of the
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PV system, given the low share of renewable energy sources in Italy’s
electricity mix. In contrast, the natural gas-powered system had greater
energy efficiency, resulting in better environmental performance.

3.4. Power supply to a remote location

Off-grid energy systems are still largely dominated by diesel engines
for local electricity generation, despite their environmental drawbacks
and high costs associated with fuel transportation. Consequently, there
is a significant global potential for integrating renewable energy sources
into mini-grids. However, to enhance the utilization of local variable
renewable energy sources and improve the reliability of power supply,
energy storage solutions must be considered [73]. The use of hydrogen
storage for off-grid energy systems has been evaluated in various con-
texts. Various configurations were evaluated to assess the effectiveness
of this approach, including the incorporation of hydrogen storage. Fig. 7
represents the hydrogen storage technologies that were examined in
LCA studies focused on power supply for remote locations and the source
of energy used to produce hydrogen.

The study by Bionaz et al. [40] compared three energy strategies for
a Norwegian island. The REMOTE scenario used PV panels, wind tur-
bines, lithium-ion batteries, and a hydrogen storage system (100 kg
tank, 30 bar pressure) with a backup diesel generator. The CABLE sce-
nario supplied electricity via submarine cables from the Norwegian grid,
and the DIESEL scenario relied on two local diesel generators. In the
REMOTE scenario, renewable generators produced 54.7 % of emissions,
while the diesel generator, despite providing only 5 % of energy,
contributed 31.8 %. Storage systems had a smaller impact (13.5 %), with
batteries slightly outperforming hydrogen. In the CABLE scenario, the
submarine cable caused 64.5 % of emissions, followed by Norwegian
electricity (25.8 %) and the diesel generator (9.7 %). The DIESEL sce-
nario was the worst, with 80.2 % of emissions from fuel use. Overall, the
CABLE scenario had the lowest CO2¢q emissions. The worst performance
was with the local installation of diesel-fueled generators, because the
Norwegian energy matrix is mainly composed of renewable energy.
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Fig. 7. Diagram illustrating hydrogen storage systems analyzed in LCA studies in the section “Power supply to a remote location”, along with the energy sources used

for produce hydrogen.
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Another study on energy supply for a remote island evaluated CO2q
emissions only for renewable energy supply, from a PV system. As an
energy storage system for times when solar energy production is not
available, a combination of batteries, an electrolysis system, and a
hydrogen tank was studied, considering both storage systems, i.e.
hydrogen and batteries [45]. The best environmental performance was
observed in the third case, where there is a combination of batteries and
hydrogen storage, resulting in the lowest CO2eq emissions. Next is the
first scenario, where only batteries were used to store energy generated
by PV panels. It is relevant to note that all studied scenarios presented
lower carbon emissions than the current diesel-based system.

Gandiglio et al. [43] studied energy provision for remote commu-
nities, extending the analysis beyond CO2q emissions to a broader range
of environmental impacts. In the first scenario, energy was generated by
a diesel generator, transported by helicopter. The second scenario in-
corporates renewables with a PV system and a hybrid storage system
combining lithium-ion batteries and a hydrogen solution, including an
alkaline electrolyzer, fuel cell, and 21.6 m® hydrogen tank at 28 bar. A
diesel generator remains as backup. Over a 25-year period, the renew-
able solution improved most environmental categories, except resource
use, water use, and freshwater eutrophication. The climate change
impact for the scenario using renewables was 0.197 kgCOgeq/kWh,
compared to 1.73 kgCOzeq/kWh for diesel. The diesel generator still
contributed 37 % of climate change impact and up to 70 % of photo-
chemical ozone and eutrophication impacts, with combustion being the
largest contributor during operation. Manufacturing was a key factor for
other components.

The provision of renewable energy for off-grid facilities, such as as-
tronomical observatories, was examined through a two case studies of
an observatory in the Atacama Desert [60,61]. For the first case study,
various scenarios were developed to assess the energy supply for the
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observatory, using diesel generators, PV panels, batteries, and energy
storage through hydrogen. Some scenarios involve exclusively renew-
able energy production, while others combine different sources. None of
the energy systems compared emerged as the best in all of environ-
mental impacts assessed. The photovoltaic and battery scenario showed
the lowest GHG emissions throughout its entire life cycle, supplying the
observatory exclusively with PV energy and battery storage. However,
this scenario also had the highest impact on mineral resource depletion.
Predominantly renewable systems, with a certain contribution from
fossil generation, appear to be the best option in terms of energy reli-
ability, mineral resource depletion, and water usage, although they
result in slightly higher GHG emissions compared to 100 % renewable
scenarios. The second study conducts an optimization of the system
studied in the first case, aiming to optimize environmental and eco-
nomic performance [61]. Hydrogen-based energy storage proved more
cost-effective than lithium iron phosphate batteries, despite requiring a
larger PV array due to lower round-trip efficiency, which increased GHG
emissions. Battery-based systems had lower GHG impacts, but higher
costs due to frequent replacements. Optimized configurations showed
up to a 74 % reduction in GHG emissions, with a 12 % cost increase
when prioritizing environmental performance.

3.5. Storage of renewable energy

To achieve global decarbonization goals, renewable energy sources,
like solar and wind, will have to be widely deployed on a large scale
worldwide [74]. A key challenge in implementing these renewable en-
ergies on a large scale is their unsteady behavior, as they are highly
stochastic (e.g. wind) or dependent on daily cycles (e.g. solar). This
challenge is currently being addressed through various strategies, with
energy storage emerging as a critical solution to support the widespread
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Fig. 8. Diagram illustrating the source of energy used to produce hydrogen and hydrogen storage systems technologies analyzed in LCA studies in the section

“Storage of renewable energy”.
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integration of renewable energy sources into the energy grid. Therefore,
the storage of renewable energy through hydrogen was analyzed across
different scenarios and compared with alternative technologies. Fig. 8
depicts the hydrogen storage technologies utilized as energy storage
solutions in LCA studies centered on energy production systems.

Autonomous hybrid systems studied by Katsigiannis et al. [47] that
used renewable sources as the primary energy supply required supple-
mental energy from generators or storage technologies, when these
sources cannot fully meet the demand. One system evaluated uses bat-
teries for storage alongside wind turbines, photovoltaic panels, diesel,
biodiesel generators, and fuel cells. The second employed hydrogen
storage in place of the batteries with similar components. The study
focused on optimizing the sizing of the components to achieve the best
economic and environmental performance. For both systems, the most
advantageous configuration included a large number of wind turbines
compared to the relatively smaller photovoltaic arrays. The most sig-
nificant factor influencing economic and environmental performance
was the size of diesel generators compared to biodiesel generators.
Larger diesel generators result in higher COseq emissions, while
increasing the size of biodiesel generators tended to reduce these
emissions. Furthermore, the use of natural gas-powered fuel cells was
not recommended due to their high costs and elevated CO2¢q emissions.
These findings indicate that the storage system using lead-acid batteries
offered the best economic and environmental performance among the
alternatives analyzed.

A solar power plant was designed by Fiaschi et al. [42] to generate
electricity during the day, storing part of it to meet night-time demand.
This study compared different methods of solar energy storage in a
power plant with a 20-year lifetime: Compressed Hydrogen Storage
(CHS) (350 and 700 bar), Pumped Hydro Storage (PHS), Lithium-Ion
Batteries (LIB) and a Thermo-electric Energy Storage System (TEES).
The power plant with thermos-electric storage comprises three primary
cycles: a supercritical CO2¢q power cycle, a heat pump, and a refriger-
ation cycle, which are indirectly connected through sensible heat stor-
age. The hot reservoir consists of pressurized water maintained at
120-160 °C, while the cold reservoir is a mixture of water and ethylene
glycol, kept at —10 to —20 °C. Furthermore, the evaporator section of
the power cycle operates on a solar-heated intermediate-temperature
heat reservoir, maintained at 95-40 °C. The use of thermal reservoirs
makes it possible to compensate for the intermittency of renewable
sources, such as solar energy. The results showed that, in continuous
operation, the environmental profile of TEES was comparable to that of
LIBs and PHS, which had a lower environmental impact, especially LIBs.
On the other hand, CHS stands out as the least sustainable storage sys-
tem, with the 700 bar tank demonstrating the worst environmental
performance. This was due to low efficiency and the use of rare materials
in the manufacture of electrolyzes and fuel cells, such as platinum group
metals.

Valente et al. [59] considered the surplus of energy generated by a
hydroelectric plant to produce hydrogen by electrolysis, which was
stored in a metal hydride (LaNis), and subsequently converted into
electricity by means of a fuel cell. The analysis of the different parts of
the integrated system reveals that environmental impacts were mainly
influenced by hydrogen production, especially with regard to global
warming potential, and by hydroelectric power generation, with regard
to cumulative energy demand. The introduction of hydrogen storage and
use in the integrated system results in a moderate increase in life cycle
impacts, with the largest contribution coming from the proton exchange
membrane subsystem used in power generation. In contrast, the metal
hydride storage system exerts a minimal influence, representing about 1
% of the total impact.

The implementation of an energy storage system by Ozbilen et al.
[52] for excess energy produced during periods of low demand at a
hydroelectric plant and a wind farm aims to avoid the use of thermal
power plants during periods of high demand, such as in winter. The
system stores excess energy in the form of compressed hydrogen, with an
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estimated lifespan of 20 years. Results of LCA revealed that the largest
contribution to the GWP of the energy storage used hydrogen comes
from the fuel cell, followed by the electrolyzer, and finally by the storage
itself. The system life cycle resulted in the emission of 31.02 g of CO2¢q/
kWh of energy supplied when hydrogen storage was utilized. The find-
ings demonstrate that storing excess energy in the form of hydrogen was
an environmentally superior solution, compared to the use of fossil fuels
during periods of higher energy demand, considering the entire life cycle
from production to disposal.

Mostert et al. [49] in order to determine the best solution for energy
storage in a renewable energy power plant, eight different renewable
energy storage technologies were evaluated, including the storage of
methane and gaseous hydrogen, five different battery technologies, and
a new underwater compressed air energy storage technology. The
second-life battery and the lithium-ion battery present the lowest GWP
per electricity supplied [49]. They were followed by underwater com-
pressed air energy storage and hydrogen energy storage. The fact that
the energy storage systems with the lowest GHG emissions also showed
the lowest material usage indicates a strong correlation between the
carbon footprint and the material footprint. For nearly all electrical
energy storage technologies, the production phase accounts for the
largest share of both material and carbon footprints. However, the
analysis reveals that results were sensitive to the proportion of primary
versus secondary material and to the energy mix used. Therefore, a
higher share of secondary material and the use of energy from renewable
sources in the production phase can significantly reduce the impact on
climate change and material used for energy storage systems. Results
also indicated that the service life and storage capacity had a compa-
rably high influence on the footprints.

Unlike previous studies, a study evaluated different energy carriers
for energy storage, including hydrogen, ammonia, and methane, as well
as two reference systems: one representing a future scenario in which
natural gas was utilized but produced from COg¢q generated during
combustion, and another reflected current technology, based on energy
generation through the combustion of natural gas [32]. The analysis of
two natural gas combustion reference systems showed that carbon
capture and storage can reduce direct CO2q emissions by about 70 %,
significantly lowering climate change impacts over the life cycle.
However, this reduction increases impacts in other environmental cat-
egories. In contrast, systems used hydrogen, ammonia, and methane
showed substantial reductions in three out of seven impact categories:
an 80 % reduction in climate change impact, 40-50 % in photochemical
ozone formation, and 90 % in fossil resource scarcity. Nonetheless, these
new energy carriers lead to greater impacts on particulate matter, ma-
rine eutrophication, and mineral resource scarcity compared to natural
gas systems. The natural gas reference system had the lowest terrestrial
acidification impact, while the ammonia system has the highest. In
comparison hydrogen, ammonia, and methane: the LCA showed that the
use of hydrogen for storage has the lowest environmental impact across
all categories. The main sources of environmental impact for the refer-
ence system were natural gas extraction and transport, while significant
impacts for renewable processes come from producing and installing PV
and wind capacity.

Several studies have explored energy storage solutions for inte-
grating energy storage systems with electrical grids. To facilitate the
incorporation of new renewable energy sources into Brazil’s electrical
grid, two distinct technologies have been evaluated for the storage of
excess energy [37]. The first alternative involves the use of the surplus
energy to pump water from a downstream reservoir of a hydroelectric
plant to an upstream reservoir. The second considered using excess
energy to produce hydrogen through water electrolysis, storing it at a
pressure of 10.3 MPa. Both alternatives include the subsequent gener-
ation of energy when needed for end use. The only environmental
impact assessed was CO2eq emissions. Pumped hydro storage (PHS) of-
fers distinct advantages over hydrogen storage in two critical areas: ef-
ficiency and environmental impact. PHS proves its sustainability by
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requiring only 84 % of the total exergy cost and emitting just 23 % of the
CO2¢q compared to the hydrogen storage option.

Oliveira et al. [51] evaluated different energy storage systems,
considered essential for backup and balancing in large-scale power
grids, including compressed air and pumped hydro storage as mechan-
ical storage methods, as well as advanced batteries and hydrogen pro-
duction via electrolysis. The results show that the environmental
performance of these systems is highly influenced by the source of the
electricity used. Choosing the right storage system was crucial, as its
impact can be minimal without proper application. High-efficiency
storage units offer significant climate change mitigation opportunities.
Technologies with the lowest CO2q emissions include lithium-ion,
nickel-sodium chloride, and sodium-sulfur batteries. For human
toxicity, low impacts were noted in large-volume, moderate-efficiency
systems like pumped hydro and compressed air energy storage. To
minimize particulate matter emissions, storage energy produced by
wind farm is the most effective, as other combinations, including pho-
tovoltaics, exceed Belgium’s 2011 emissions average. Few technologies
significantly mitigate fossil fuel depletion, with the best being those that
didn’t increase infrastructure impacts when powered by renewables. A
100 % wind energy mix showed the greatest reduction potential in large-
volume, moderate-to-high efficiency storage systems. Overall,
rechargeable energy storage systems presented a viable alternative to
thermal resources. Hydrogen storage and subsequent consumption in
fuel cells had the worst environmental score, while pumped hydro,
compressed air energy storage, sodium-sulfur batteries, and nick-
el-sodium chloride batteries systems performed better, especially with
wind energy.

Jiao and Mansson [46] conducted a LCA of the transition of the Swiss
energy matrix to a 100 % renewable configuration, replacing fossil
sources with wind and solar energy. Due to the intermittency of these
sources, different combinations of renewable energy storage systems
were evaluated, including pumped hydro storage, hydrogen storage,
lithium-ion batteries, lead-acid batteries, vanadium redox batteries,
supercapacitors, and flywheels. In all the scenarios studied, two ap-
proaches were analyzed. In the first, renewable energy was generated,
and a biomass-based backup system was activated whenever generation
was insufficient to meet demand. In the second approach, extra
renewable energy production was implemented and stored for later use.
Different combinations of storage technologies were tested. The results
indicate that GHG emissions from energy storage systems have a sig-
nificant impact on total life cycle emissions due to underutilization over
time. Among the systems analyzed, the combination of pumped hydro
storage, lithium-ion batteries, and flywheels exhibited the lowest
emissions. Additionally, Hybrid Energy Storage Systems (HESS) effec-
tively reduced GHG emissions compared to systems that rely on biomass
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as a backup energy source.
4. CO, emissions

Among selected studies that performed an LCA of hydrogen storage
systems, a comparison of COzeq emissions per kWh of the energy system,
was present in detail in Section 3, was conducted. Some studies were
excluded from the analysis due to the absence of kg CO2¢q/kWh values
or insufficient data for unit conversion. To ensure a meaningful com-
parison, the system boundary had to encompass hydrogen production,
storage, and consumption. The results selected for this comparison
represent the hydrogen storage systems with the lowest emissions from
each study for each storage technology analyzed. For example, if a study
evaluated multiple hydrogen production technologies, the system with
the lowest emissions was chosen. However, if more than one storage
technology was analyzed, both will be presented. For studies reporting
emissions in COzeq/kgHz, the values were converted using the calorific
value of hydrogen, where 1 kg of hydrogen corresponds to 33 kWh of
electricity. Results of the comparison are presented in Figs. 9, 10, 11 and
12.

In Fig. 9, it is possible to observe the influence of hydrogen storage
technology on kg COzq/kWh emissions. The lowest emissions are
associated with metal hydride and underground hydrogen storage. In
contrast, compressed gas storage in tanks shows a wide range of COzq
emissions. Hydrogen storage combined with batteries performs well in
the comparisons made within this study, but it exhibits higher emissions
than metal hydride and underground hydrogen storage. When assessing
the impact of the energy source on the storage system (Fig. 10),
consistent with findings from various studies [39,41,44,47,57,58], it is
evident that the energy source used for hydrogen production plays a key
role in determining the system’s overall emissions. Wind and hydro-
electric power emerge as the most sustainable options, resulting in the
lowest COzeq emissions.

Based on the classification of applications presented in this study
(Fig. 11), the highest specific COz.q emissions were observed in the
Energy storage for terrestrial transport category, followed by Power supply
to a building, Power for remote location, and finally Storage of renewable
energy. This distribution suggests an inverse correlation between emis-
sions and the scale of the storage systems, indicating that larger-scale
applications tend to exhibit lower environmental impacts per func-
tional unit. The lowest emissions were identified in the Hydrogen storage
assessment category, which includes systems without a clearly defined
end-use application or those that do not fit into the other established
categories.

Fig. 12 illustrates the relationship between COz.q emissions and the
capacity of the considered hydrogen storage system. As the container
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Fig. 9. kg CO: emissions per kWh of energy produced by the examined integrated systems (that include energy source, H, production and storage and fuel cell) using

different hydrogen storage technologies.

14



E. Alves et al. Journal of Energy Storage 133 (2025) 118008

Solar energy Mix of renewable energy

Wind energy

Hydro energy
Grid
mix

Kg CO,/kWh

M valuesfromarticle B valuescalculate from the authors
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Fig. 12. CO: emissions per kg of hydrogen storage capacity. The red line represents a fit highlighting the trend of the data. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

capacity increases, COz.q emissions decrease. A line highlights this the production of the integrated storage system, its optimization can
trend, showing a clear reduction in emissions with larger hydrogen reduced consumption of certain components at a larger scale, leading to
storage volumes. This effect is likely attributed to the optimized design lower overall emissions.

of the integrated storage systems at a large scale, that allows the opti-
mization of the amount of materials used for the production of the
system, usually not possible when small systems or prototypes are
involved. As in many articles the environmental impacts are related to
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5. Integrating environmental, economic and social
sustainability

The development of a new hydrogen-based energy matrix, in order to
be truly sustainable, must go beyond addressing environmental chal-
lenges and adopt a more comprehensive approach. Sustainability re-
quires balancing economic growth, social progress, and the responsible
use of natural resources, ensuring both ecosystem preservation and the
well-being of present and future generations.

In a life cycle study, social and economic aspects can be integrated
with environmental aspects in a framework known as Life Cycle Sus-
tainability Assessment comprising LCSA = LCA + LCC + SLCA [75].
LCSA extends the scope of the decision-making process by integrating
social and economic aspects, as an effective tool encompassing the
environmental, social, and economic impacts in life cycle perspective
[76]. Despite the growing interest in LCSA, significant challenges and
gaps remain in the integration of its three pillars. The level of method-
ological maturity shows significant differences among the pillars. While
the environmental assessment is generally well-established, the evalu-
ation of social and economic impacts lacks harmonisation and stand-
ardisation, resulting in heterogeneous outcomes and interpretations
[77]. However, recent initiatives have been proposed with the aim of
integrating the social dimension more comprehensively into the
assessment of hydrogen-related energy systems. For instance, the Eu-
ropean initiative [78] is focused on the development of LCSA guidelines
for hydrogen-related systems.

Although the literature on this subject is limited, there are some
relevant studies that integrate economic and social aspects into a life
cycle sustainability assessment of hydrogen production [24,79-81] or
hydrogen-related technologies [82-84]. This current body of research
establishes the basis for the future development of suitable practices that
will enable the integration of the social dimension into the life cycle
framework of hydrogen-related products. Further progression in the
direction of establishing a more comprehensive and thorough frame-
work would necessitate the advancement of studies on the Life Cycle of
Hydrogen-related systems (S-LCA).

6. Conclusions

When analyzing different LCAs of energy storage systems using
hydrogen as an energy carrier for various purposes, some common ob-
servations emerged. In hydrogen-based energy storage systems, when
hydrogen is produced using renewable energy, most of the environ-
mental impacts are associated with the system’s construction
[42,49,53]. Therefore, extending the system’s lifespan contributes to a
reduction in total impacts [56]. The electrolyze and fuel cell are iden-
tified as the primary sources of environmental impact in these systems
[42,52,59].

The combination of multiple storage technologies proves to be ad-
vantageous, as it distributes environmental impacts across different
categories, given that each technology tends to perform worse in specific
impact indicators [31,45,54]. Moreover, using various energy sources
for hydrogen production can offer additional benefits [31,56]. However,
when comparing this study with other results, metal hydrides and un-
derground storage exhibit lower COz emissions. Nevertheless, the
number of LCA studies on these two technologies is limited, highlighting
the need for further research. Another important observation is that
increasing the scale of the storage system leads to a reduction in COzeq
emissions.

The results obtained in this work show that a wide range of appli-
cations and scales are being evaluated through Life Cycle Assessment
(LCA), which reflects a growing awareness among hydrogen storage
technology developers of the importance of LCA in developing a low-
environmental-impact hydrogen supply chain. However, most studies
still focus on hydrogen storage in the form of compressed gas and on
assessing the GWP of the technologies. There is a clear need to deepen
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the investigation of alternative storage methods and to broaden the
analysis to include other environmental impact categories. Thus, it is
recommended that future studies consider a wider range of emerging
technologies, with more robust analyses that are not limited solely to
CO2¢q emissions. Environmental impacts such as human toxicity, land
use, water consumption, and natural resource depletion should be
incorporated into these assessments.

Several technologies analyzed as alternatives to compressed gas
demonstrated good environmental performance, indicating that they
may represent promising solutions for hydrogen storage. Moreover, new
studies should adopt more comprehensive approaches, integrating
environmental sustainability with economic and social dimensions. This
integration is essential, given that sustainable development requires
balancing economic growth, social progress, and the responsible use of
natural resources, thereby ensuring both ecological balance and the
well-being of present and future generations. Multidimensional assess-
ments are therefore fundamental to supporting more consistent de-
cisions aligned with the principles of sustainability.

Joint analysis of environmental and economic aspects is already
present in one third of the studies evaluated in this work. However, only
one study explicitly considered social impacts, revealing a clear oppor-
tunity to expand the scope of assessments through the adoption of more
integrated methodologies.

A particularly relevant tool for complementing Life Cycle Assessment
in multidimensional studies is Multi-Criteria Decision Analysis (MCDA).
This approach helps decision-makers make more informed choices in
complex contexts, such as those involving LCA, where multiple factors
and impacts must be considered simultaneously. MCDA is a mathe-
matical methodology that integrates the values and preferences of
decision-makers and stakeholders with technical information in order to
select the best solution or provide a ranking of alternatives for a given
problem [85]. Thus, we can achieve a LCA approach that ensures a
comprehensive evaluation and supports decision-making aimed at
developing a new energy matrix with lower environmental impact,
reduced costs, and a positive social impact for society.
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