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Abstract

Hydrogen plays a central role in ensuring the fulfillment of the climate and energy goals
established in the Paris Agreement. To implement sustainable and resilient hydrogen
economies, it is essential to analyze the entire hydrogen value chain, following a Life Cycle
Assessment (LCA) methodology. To determine the current methodologies, approaches,
and research tendencies adopted when performing LCA of hydrogen energy systems, a
systematic literature analysis is carried out in the present study. The choices regarding

v

the “goal and scope definition”, “life cycle inventory analysis”, and “life cycle impact
assessment” in 70 scientific papers were assessed. Based on the collected information,
it was concluded that there are no similar LCA studies, since specificities introduced
in the system boundaries, functional unit, production, storage, transportation, end-use
technologies, geographical specifications, and LCA methodological approaches, among
others, introduce differences among studies. This lack of harmonization triggers the
need to define harmonization protocols that allow for a fair comparison between studies;
otherwise, the decision-making process in the hydrogen energy sector may be influenced
by methodological choices. Although initial efforts have been made, their adoption remains

limited, and greater promotion is needed to encourage wider implementation.

Keywords: hydrogen energy systems; life cycle assessment; systematic analysis; carbon
footprint; harmonization framework

1. Introduction

Climate change and environmental problems are among the biggest concerns of the
21st century. The first big step in fighting climate change was taken in 2015 with the Paris
Agreement, where a commitment to limit the increase in the global average temperature
to below 2 °C above pre-industrial levels, with the reference value of 1.5 °C above pre-
industrial levels, by 2050 was established [1]. The Paris Agreement encouraged nations
and organizations to develop strategies to reduce greenhouse gas (GHG) emissions.

In 2021, the International Renewable Energy Agency (IRENA) published the first
edition of the World Energy Transition Outlook [2], where a pathway to reach the 1.5 °C
mark was detailed. According to IRENA, six pathways are critical to sustain energy
transition compatible with the 1.5 °C scenario goal, hydrogen being one of them. Hydrogen
is expected to satisfy 12% of the final energy demand and support the reduction of 10% of
the total carbon dioxide equivalent emissions [3,4].
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According to the report released by the International Energy Agency (IEA) in October
2022, in 2021 hydrogen only accounted for 2.5% of the total final energy consumption [5],
corresponding to 94 MtH,. This value is much lower than the target defined by IRENA.
In addition, less than 2% of the hydrogen volume came from low-carbon sources in that
year [5]. Currently, hydrogen is largely produced from fossil fuels, commonly referred to
as gray hydrogen.

These two facts raise the need for a significant increase in hydrogen production to
achieve the defined climate goals and, at the same time, to rethink the way hydrogen is
currently produced so that its production does not generate significant GHG emissions that
could compromise these goals. Thus, it is fundamental to look for a sustainable, resilient,
and comprehensive hydrogen economy, aligned with energy and climate policy goals, that
can overcome these challenges [6].

Building a fully green hydrogen economy requires developing new value chains,
which brings the challenge of identifying the most effective pathways for designing cost-
efficient green hydrogen systems [7]. Due to hydrogen’s versatility of production, storage,
and distribution associated with local characteristics, such as weather and geographical
conditions, existing infrastructures, demand sectors, and demand profile, it is not possible
to define only one pathway as the most cost-effective option to design green hydrogen value
chains, meaning that for each possible value chain specific assessments and investments
need to be carried out [8-10]. In this sense, comprehensive analyses, such as Life Cycle
Assessment (LCA), Life Cycle Costing (LCC), and Social Life Cycle Assessment (S-LCA),
are required to evaluate the environmental, economic, and social benefits, respectively, of
hydrogen energy systems.

Life Cycle Sustainability Assessment (LCSA), which results from the combination
of LCA, LCC and S-LCA, is a comprehensive analytical methodology that considers the
overall impacts of a product, process, or activity from the procurement and acquisition of
raw materials to its disposal and waste management, encompassing its production and use
while presenting an accurate picture of potential environmental trade-offs [11-13].

Owing to its methodological advantages, this approach has led to a notable growth
in the number of LCA studies on hydrogen energy systems reported in the literature
over the past decade. Nonetheless, despite the international standardization of the LCA
methodology [8,11] and the existence of international reference guidelines [14], it is possible
to identify a lack of consistency in the framework used to carry out both the individual
and comparative Life Cycle Assessment of hydrogen energy systems. This inconsistency
strongly affects the interpretation and comparison of the results of different studies.

The present work aims to characterize the current methodologies, approaches, and
research tendencies adopted when performing LCA of hydrogen energy systems, while
also defining the state of the art of the respective studies’ content and the inclusion of the
economic and social perspective in the study. For that purpose, 70 articles were selected for
in-depth analysis, comprising the most cited studies from the Scopus and Web of Science
databases published between 1 January 2020 and 31 August 2023, as well as additional
articles recommended by hydrogen field experts. The articles selected are presented in
Table Al of the Appendix A section.

Review studies can be found in the literature that focus on specific phases of the
hydrogen value chain, such as article [15], which reviews the results of LCAs of hydrogen
production technologies, or that concentrate on specific value chain configurations, such as
article [16], which reviews LCA practices for fuel cell hydrogen systems. However, there is
a lack of comprehensive studies that consider simultaneously all phases and configurations
of the hydrogen value chain and provide a more holistic understanding that reflects the
complexity and variability of real-world hydrogen systems. Furthermore, this work reviews
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the existing harmonized frameworks and protocols established to increase comparability
among LCAs of hydrogen energy systems.

It is hoped that the results obtained in this work will contribute to the initial steps
of defining a harmonized and consistent framework for performing LCA on hydrogen
energy systems, and that the results will show the importance of expanding the current
LCA studies to LCSA studies.

2. Systematic Literature Analysis Results

It is notable that, from 2020 onwards, the number of LCAs of hydrogen energy systems
has sharply increased, as is represented in Figure 1. This significant increase coincides
with the period when international institutions such as the IEA and the IRENA began to
highlight hydrogen as one of the main pathways for achieving climate and energy goals.
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Figure 1. Evolution of the number of studies of LCA and LCSA on hydrogen energy systems
published annually between January 2003 and December 2023 that are available on the Scopus
database by searching for the word combination “Hydrogen” AND (“Life Cycle Assessment” OR
“Life Cycle Sustainability Assessment”) in titles, abstracts, and authors” keywords.

The LCA methodology is composed of four different phases [11,12,14]: (i) goal and
scope definition, where the purpose of the study is defined, the unit of analysis is estab-
lished, the study boundaries are set, and the main materials and energy flows are defined;
(ii) Life Cycle Inventory Analysis—where the quantification of the inflows and outflows
(material flow analysis) and the emissions and wastes is carried out; (iii) Life Cycle Impact
Assessment, where the impacts of the Life Cycle Inventory flows are studied; and (iv)
interpretation, where the results of the study are addressed and discussed with critical
thinking, arriving at conclusions. The following sections explore the approaches adopted
by studies in these phases.

2.1. Goal and Scope Definition

In the first phase of the LCA, the purpose of the study is defined, the unit of analysis
is established, the study boundaries are set, and the main materials and energy flows
are defined.

Most studies in the literature focus on studying production technologies. Among the
70 articles analyzed, 96% cover at least one hydrogen production technology, and 39%
focus only on assessing the production phase of the hydrogen energy system, as shown in
Figure 2. Storage, transportation, and distribution technologies are less often included in
the LCA studies. The storage phase of the hydrogen value chain is considered in 43% of
the studies analyzed, while the transportation and distribution phase is considered in 36%
of the studies. The hydrogen end-use is considered in 44% of the studies analyzed.
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Figure 2. Representation of the total number of articles, among the 70 studies analyzed, that consid-
ered at least one technology of each of the hydrogen value chain phases.

Among the production technologies analyzed in the LCA literature on hydrogen
energy systems, technologies corresponding to thermochemical and electrolytic hydrogen
production processes are the most studied (appearing in 61% and 70%, respectively, of
the articles analyzed that study production technologies). Technologies corresponding to
biological processes only appear in 16% of these articles.

Steam methane (or natural gas) reforming (SMR) is normally used as the reference
technology to which the other technologies are compared to prove their beneficial en-
vironmental impacts (appearing in 40% of the articles analyzed that study production
technologies). Coal Gasification (CG) is also sometimes considered the go-to technology
to produce gray hydrogen (appearing in 11% of the articles analyzed). Water electrolysis,
either polymer electrolyte membrane water electrolysis (PEMEL), alkaline water electroly-
sis (AEL), or solid oxide water electrolysis (SOEL), is normally referred to as the medium-
to long-term option to produce low carbon hydrogen, being thus present in the majority
of the existing studies (appearing in 70% of the articles analyzed that study production
technologies), sometimes also accompanied by biomass gasification (appearing in 23% of
these articles). SMR or CG with carbon capture and storage (CCS), methane pyrolysis,
and thermochemical cycles are other hydrogen production technologies found in some
studies [17-19]. Technologies with lower Technology Readiness Levels (TRLs), such as
photo-fermentation, bio-photolysis, and photoelectrochemical water splitting, are only
found in specific studies and are not included in strategic analyses to define hydrogen
roadmaps. Figure 3 represents the distribution of the main hydrogen production technolo-
gies analyzed among the total number of technologies considered in the 70 studies assessed.

Steam Methane Reforming
= Steam Methane Reforming + CCS
= Coal Gasification
= Methane Pyrolysis
A Biomass Gasification
‘ ® Thermochemical cycles
\ u Dark fermentation
Photo-Fermentation

Electrolysis

Others

Figure 3. Distribution of the main hydrogen production technologies analyzed among the total
number of technologies considered in the 70 assessed studies.
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The storage phase, which follows the production phase in the hydrogen value chain,
is not typically studied in the articles analyzed. Although it is addressed in 43% of the
articles assessed, as mentioned earlier, in 77% of those only one technology is considered,
and no comparison is made between different options. Compressed gas hydrogen storage
stands out as the storage option most mentioned in the articles analyzed (appearing in 87%
of the articles analyzed that study storage technologies). Liquid hydrogen storage is the
second option most considered (appearing in 27% of these articles). Material-based storage
options, such as adsorption, chemical hydrogen, and metal hydrides, are rarely discussed
in the literature [20,21], appearing in only 13% of these articles.

Among the three main transportation and distribution options, by road, by pipelines,
and by sea, the first one is the most frequently studied option (appearing in 64% of the
articles analyzed that study transport and distribution options). Transport and distribution
by pipelines and by sea are considered in 28% and 16% of the articles analyzed, respectively,
and rail transportation was considered in one article.

Mobility is the end-use with a more frequent presence in the studies analyzed. Among
the studies that consider the hydrogen use phase, 61% of the studies consider hydrogen
value chains of the power-to-mobility or power-to-syngas type. Hydrogen value chains
of the power-to-power and power-to-gas configurations are analyzed in 26% and 19%,
respectively, of these studies. Some studies explore the potential of using hydrogen as
a storage option in remote microgrids [22,23]. The hydrogen value chain configuration
of power-to-industry is only assessed in 6% of the studies that consider the hydrogen
use phase, meaning that the potential of using hydrogen as an option to decarbonize the
industry sector has not been widely studied.

Figure 4 represents the distribution of the main hydrogen storage technologies, trans-
port and distribution options, and hydrogen end-uses considered among the total number
of studies assessed.

Transport &

Storage o End-Use
Distribution
Compressed gas storage Road (truck) Power Sector
Liquid storage Plpellngs Transport Sector
. Sea (ship) Industry
Material-based storage Rail Heating Sector

Figure 4. Distribution of the main hydrogen storage technologies (left), transport and distribution op-
tions (center), and hydrogen end-uses (right) considered among the total number of studies assessed.

When looking at the system boundary, among the studies assessed, cradle-to-gate is
the most used system boundary. Even in studies that carry out a complete analysis of the
value chain and adopt an energy carrier cradle-to-grave system boundary, the end of life,
and sometimes the construction of the equipment and infrastructure that support the value
chain, is disregarded.

The scope of the studies previously analyzed is closely linked to the purpose of the
analysis carried out in each article. Among the studies analyzed, 70% are comparative
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studies. In general, it is possible to group the articles available in the literature into three
types of study purposes: (i) studies that aim to demonstrate the benefits of producing blue
and green hydrogen as a replacement for the gray hydrogen currently produced; (ii) experi-
mental studies that aim to determine the main advantages of investing in technologies with
a low TRL; and (iii) studies that focus on characterizing the advantages of using hydrogen
as a decarbonization pathway in different end-use sectors.

Typically, the articles that fall into the first group carry out comparative studies
between different hydrogen production technologies (usually more than three) and do not
focus on the next phases of the value chain [24-26]. These studies allow a direct comparison
of the environmental, economic, and/or social impacts of the production of green, blue,
and gray hydrogen, assuming that the other stages of the value chain are independent
of the type of hydrogen produced, and therefore so are their respective impacts. The
studies that fall into the second group focus on individually studying technologies that
have a low TRL value (usually between 1 and 5) [27-31]. Typically, these studies are based
on experimental setups [32,33] or on the collection of experimental data to support the
analysis. In some cases, these studies also compare results with other studies where higher
TRL technologies have been evaluated. The studies that fall into the third group focus
mainly on the use phase of hydrogen [34], but do not explore different production, storage,
transportation, and distribution options and their respective technical and geographical
limitations [35,36]. In addition, there are also studies, although scarcer, which focus on
comparing different hydrogen transportation and distribution options or different storage
technologies [21,37-39].

Different options can be taken regarding the definition of the functional unit, such as
defining the unit of analysis based on a mass, volume, energy, traveled distance, passenger
distance, or an economic nature approach. Overall, most studies select a mass approach
(61% of the articles analyzed). In studies where the focus is on the end-use phase, it is
possible to find functional units defined based on the distance traveled, usually when the
end-use is mobility, and on energy, usually where the end-use is power, as presented in
Figure 5.

Mass based

Energy based

= Volume based
= Travelled distance based

= Other

Figure 5. Distribution of the different options adopted to define the functional unit.

Typically, in studies where the mass approach is selected, the temperature, the pressure,
and/or the hydrogen purity level are not considered in the functional unit definition. These
undefined conditions affect the ability to establish comparisons between studies [40].
Among the articles analyzed that considered a mass-based functional unit, only 23%
provided information regarding one of the three previous properties, and only 7% provided
information on all three.
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2.2. Life Cycle Inventory Analysis

In the second phase of the LCA methodology, Life Cycle Inventory Analysis (LCI),
the quantification of the inflows and outflows and the emissions and wastes of all the
intermediary processes is carried out.

Data source and data quality have a strong effect on the reliability of the studies
performed. Typically, in the articles available in the literature, data quality ratings are
disregarded by the authors. As such, the present analysis will focus on the data sources
used to qualify the foreground and background processes.

Currently, the availability of data related to hydrogen production, storage, and trans-
portation in real-life applications is still scarce, since a hydrogen economy has not been
implemented yet. In most studies, the scientific literature is the go-to option for quantifying
foreground processes. The use of information available in the literature was used by 80%
of the studies analyzed in the present analysis. Whenever experimental case studies are
carried out or simulations are performed, the data acquired by the authors are used as
a replacement for the previous information. Due to the need to prepare experimental
setups and the difficulty in estimating the respective performance on a larger scale, such as
the one necessary for the implementation of a hydrogen economy, this approach is only
taken in 34% of the studies analyzed. LCA databases are also commonly used as data
sources, mostly to quantify the background processes. Of the different databases available,
the Ecoinvent database stands out as the one that is most used throughout the literature,
used in 67% of the studies analyzed. Figure 6 represents the number of articles, out of
the 70 analyzed, that used each type of data source to collect data to quantify either the
foreground or background processes.

= N W A U o N
o O o O o o o

Number of articles analysed

o

Literature  Experimental  Ecoinvent GREET Gabi database Other Information
Data not mentioned

Figure 6. Representation of different data sources used in the Life Cycle Inventory of the 70 studies
analyzed.

2.3. Life Cycle Impact Assessment

In the third phase of the LCA methodology, the Life Cycle Impact Assessment, the
impacts of the LCI flows are quantified.

The lifetime impacts of each hydrogen production, storage, transport, and distribution
technology, as well as the respective end-use, can be evaluated in three different dimensions:
(i) the environmental dimension, (ii) the economic dimension, and (iii) the social dimension,
the three pillars of sustainability. To complement the evaluation of the first dimension,
carried out by the Life Cycle Assessment, a Life Cycle Costing (LCC) and Social Life Cycle
Assessment (SLCA) can be performed to measure the impact of the second and third
dimensions, respectively.

Regarding the literature available on LCAs of hydrogen energy systems, it is concluded
that, as expected, 100% of the studied articles consider environmental impacts. These
studies consider either a midpoint approach or an endpoint approach. The first approach
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is considered in 97% of the articles analyzed, while the second one is considered in 7%,
showing a clear preference for adopting a midpoint approach that presents a higher level of
certainty, since direct and robust modeling problem—effect relations are considered [41]. On
the other hand, the endpoint approach may present a higher level of relevance since fewer
factors are considered, and those factors are directly linked to society’s concerns [41]. A
total of 4% of the studies adopted both approaches, presenting simultaneously the midpoint
and endpoint impacts.

In terms of the LCIA method used by the studies analyzed, three families of methods
stand out as the most selected: Centrum voor Milieukunde Leiden (CML), ReCiPe, and
Intergovernmental Panel on Climate Change (IPCC). The first is used in around 50% of
the studies analyzed, and the second and third are used in around 25%. IPCC methods
are exclusively used to characterize GHG emissions. Among the studies analyzed, IPCC
characterization factors are typically used when the global warming potential is analyzed
and no specific LCIA method is adopted. Further information on LCIA methods can be
found in [42,43].

When looking at the impact categories [42] considered in the studies under the present
analysis, climate change stands out as the most widely employed category, being considered
in 100% of the studies that assess midpoint impacts. Acidification, the depletion of abiotic
resources/resource consumption, ozone depletion, human toxicity, and ecotoxicity are also
other impact categories frequently considered, being present in 69%, 47%, 44%, 40%, and
37%, respectively, of the studies analyzed that consider midpoint indicators.

While the selection of the life cycle indicators is, in general, homogeneous across
the articles analyzed, there is not a clearly predominant LCIA method to assess all, or
even specific, impact categories, which may affect the cross-comparison between studies.
Figure 7 represents the distribution of the impact categories among the total number of
70 studies assessed. The LCIA methods used for each category are also represented.

70
60
50
40
30
20 o =

10 - 2 =0 =

Number of articles analysed
[ |

| ] [
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

CML ReCiPe IPCC mILCD EF Impact 2002 + Other

Figure 7. Representation of the number of occurrences, among the studies analyzed, of each impact
category (1: climate change; 2: acidification; 3: depletion of abiotic resources/resource consumption;
4: ozone depletion; 5: human toxicity; 6: ecotoxicity; 7: aquatic eutrophication; 8: ozone formation;
9: particulate matter emissions/respiratory inorganics; 10: terrestrial eutrophication; 11: photochemi-
cal oxidation potential; 12: ionizing radiation; 13: land use; 14: water use; 15: others) and respective
distribution of the LCIA methods selected to quantify the impact.

To carry out the LCA process and all calculations associated with it, software tools
can be used. These tools enable the effective processing of a large amount of data and
information. Among the studies analyzed, it is possible to identify a tendency to use one of
these three LCA software tools: SimaPro, GaBi, and OpenLCA. The first one is used in 34%
of the studies analyzed, the second in 21%, and the third in 14%, as shown in Figure 8. In
total, 20% of these studies do not specify the tool used to carry out the analysis.
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Figure 8. Life Cycle Assessment software tools used in the studies analyzed.

When looking at the economic and social dimensions, it is concluded that, in the
literature, a less meaningful role is assigned to both when compared to the environmental
dimension, being considered in less than 25% and less than 10%, respectively, of the
articles analyzed.

To assess the economic impact, the levelized cost of hydrogen (LCOH), which considers
expenditures and the capital investment, is the most commonly used indicator [39,44,45].
Other existing indicators, though not so commonly used, are the net present value, payback
period, and internal rate of return [46].

To assess the social impacts, indicators like local job creation, child labor, health
expenditure, and knowledge and skills development, among others, have been used in a
minor fraction of the studies analyzed [46—49].

2.4. Overview of the Main Results Obtained

Across the 70 articles analyzed, especially those that considered more than one phase
of the hydrogen value chain, it was often impossible to clearly separate the emissions in
each phase, as most authors focused on presenting the GHG emissions released in the
production phase or in the entire value chain. In addition, as discussed in the next chapter,
the difference between the methodological framework adopted in each case may influence
the results obtained. So, in the present section, the main results of the articles studied will
be presented without making any analytical comparison between studies.

Figures 9 and 10 present an overview of the GHG emissions of different production
technologies by showing the minimum, maximum, and mean values of each technology.
For the mean value, it was decided to exclude 10% of data points from the top and bottom
tails of each data set to remove outliers.

As expected, GHG emissions (in CO; equivalent) vary significantly among the tech-
nologies. SMR presented a mean value of 11.2 kg COyq /kg Hp, which can be decreased
t0 4.9 kg COzeq /kg Hy if carbon capture and storage is implemented. Lower SMR values
occur when plant construction and resource transport are excluded from system bound-
aries, while higher values result from including hydrogen liquefaction as the last phase
of the production process. Coal Gasification presents a value of 24.4 kg COeq /kg Hp,
biomass gasification of 2.4 kg COzeq/kg Hy, and methane pyrolysis of 3.8 kg COzq / kg
H,. For biomass gasification, a negative value of GHG emissions was registered for a
case where the off-gas of the Pressure Swing Adsorption was used in a combined cycle to
generate electricity to supply the hydrogen compression phase and to supply the electric
grid [25]. The minimum value registered for methane pyrolysis resulted from the use
of low-carbon electricity. According to the authors, if renewable natural gas produced
from the anaerobic digestion of food waste was used, a negative value of GHG would be
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obtained [18]. Thermochemical cycles present a mean value of 1.5 kg CO»q /kg H», and
Dark fermentation of 3.6 kg CO»eq /kg Ha.

30.0
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Figure 9. Box and whisker chart of GHG emissions of various hydrogen production technologies.
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Figure 10. Box and whisker chart of GHG emissions for the three types of electrolysis technologies,
under different power sources.

Electrolysis shows the widest variation in GHG emissions, as the corresponding global
warming potential lies in the source of energy used to power the system, as shown in
Figure 10. In [50], the authors studied and compared hydrogen production via PEMEL,
AFEL, and SOEL in Belgium, Austria, and Iceland using different power sources. The
authors proved the role of the energy mix and the geographical characteristics, due to the
different capacity factors, on hydrogen production emissions.

Among the 70 articles analyzed, some studies considered the entire hydrogen value
chain and presented the associated GHG emissions. In [51], the authors considered 11 pro-
duction technologies and 4 storage and transportation options, considering COP26 and
EU27 energy mixes, the first with a lower environmental burden. For transporting 1 ton of
hydrogen over 100 km under the COP26 mix, emissions were 50, 83, 336, and 325 kg COzeq
for gaseous hydrogen by pipeline, gaseous hydrogen by road, liquid hydrogen by road,
and liquid hydrogen by rail, respectively. When the EU27 mix was applied, emissions rose
to 500, 665, 3332, and 3328 kg CO2eq, respectively.

In [37], the authors studied three hydrogen supply chain configurations under seven
scenarios of demand and transportation distances, using wind powered electrolysis as
the production technology, underground compressed gas hydrogen storage or chemical
hydrogen storage as the storage options, and pipelines, Liquid Organic Hydrogen Carrier
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(LOHC) trucks, or compressed trucks, with a pressure level of 500 bar, as the transporta-
tion and distribution options. The emissions for hydrogen value chains with a pipeline
configuration were 1.53 kg COpeq/kg Hp, 1.52 kg COzeq/kg Hy, and 1.71 kg COzeq/kg Hp
for a daily demand of 80, 40, and 10 tons, respectively. For the transportation through com-
pressed hydrogen trucks, the emissions were 2.52 kg COxeq/kg H; and 4.33 kg COzeq/ kg
Hj for transportation distances of 100 km and 400 km, respectively. For the same trans-
portation distances, the emissions were 4.96 kg CO2¢q/kg Hy and 5.84 kg COz¢q/kg Hy if
the transportation was performed by LOHC trucks. LOHC trucks yield the highest level of
GHG emissions due to the energy-intensive dehydrogenation process needed. The authors
concluded that, when production relied on renewable power, transport dominated total
emissions, with storage presenting a residual contribution.

In [52], a comparative LCA of the GHG emissions of hydrogen value chains and
other energy carriers was carried out, considering SMR, SMR + CCS, PEMEL via wind
power, and PEMEL via solar power as the production technologies, and long-distance (over
20,000 nautical miles) liquified hydrogen transportation by heavy fuel oil-fueled ocean
tankers as the transportation option. The reported emissions were 14.39 kg CO¢q/ kg Hp,
5.90 kg COz¢q/ kg Hp, 3.60 kg COneq/kg Ha, and around 5 kg COxeq/kg Hy for each value
chain configuration. The authors concluded that the production phase generated the most
GHG emissions.

The authors in [20] compared seven different transportation pathways—(i) compressed
hydrogen at 100 bar transported via pipeline, (ii) compressed hydrogen at 500 bar trans-
ported via truck, (iii) liquified hydrogen transported via truck, (iv) LOHC transported
via truck with natural gas as a heating source, (v) liquid ammonia transported via truck,
(vi) LOHC transported via trucks with hydrogen as a heating source, and (vii) liquid am-
monia transported via truck with the direct utilization of ammonia as final energy—under
three different scenarios. For a demand of 44 tons per day and a transportation distance
of 100 km, the authors reported emissions of around 1.5, 1.7, 1.8, 3.5, 3.0, 2.3, and 1.5 kg
COzeq/ kg Hp, respectively (the values are presented in a graphical scheme and not in
a numerical manner). The authors concluded that increasing the distance from 100 to
400 km raised the liquefied hydrogen transported via truck emissions by 45% and 75% for
compressed hydrogen at 500 bar transported via truck.

Article [53] presents a comparative LCA of hydrogen supply chains with different
hydrogen storage and transportation options. Hydrogen was produced via offshore wind-
powered electrolysis, then compressed, liquefied, or converted to LOHC or ammonia and
shipped, using marine diesel oil, to onshore storage. For a 100 km distance, and considering
the use of grid energy for the post-processing process, the emissions were 1.15 kg CO5¢q/ kg
Hj for compressed hydrogen, 1.33 kg CO2¢q/kg H for liquid hydrogen, 10.11 kg COz¢q/ kg
H; for LOHC, and around 4.8 kg COz¢q/kg H for ammonia. If wind power was considered
for the post-processing process, the two last emissions values would decrease to 2.05 and
1,21 kg COneq/ kg Ha, respectively. The study found that, except for the transportation
phase, the energy source influences more than 95% of the global warming potential. For
transportation, the distance is the variable that most influences emissions. Increasing
the transportation distance to 1000 km, the emissions of compressed hydrogen would
increase to 3.52 kg COyeq/kg Hp, and of liquid hydrogen to 3.51 kg COpeq/kg Hy. If the
transportation distance is increased to 10,000 km, the emissions of the LOHC supply chain
would increase by 73%.

While only a subset of studies directly evaluates the economic performance of hydro-
gen, some report LCOH values compiled from the literature. Nevertheless, drawing defini-
tive conclusions remains challenging. The reported LCOH values vary significantly across
technologies, feedstocks, and geographical regions. For fossil-based production methods,
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SMR without CCS presents the lowest LCOH. A value of approximately 1.35 USD/kg was
presented in [54], and of 1.87 USD/kg Hj in [48]. Incorporating CCS technologies in fossil-
based production methods increases costs. SMR + CCS was reported at 2.01 USD/kg for
certain configurations, while CG + CCS reached 2.32 USD/kg [54]. If the energy required
for downstream processing, such as compression up to 300 bars for port logistics utilization,
is considered, the LCOH rises. In these conditions, SMR was calculated at 8.73 USD/kg,
and SMR + CCS ranged from 12.01 USD/kg to 13.33 USD/kg [45]. Electrolysis pow-
ered by renewable resources showed a competitive LCOH, such as Wind Electrolysis at
USD?5.61/kg and Nuclear Electrolysis at 4.95 USD/kg [54]. Emerging pathways also show
varied economic performances; methane pyrolysis was estimated at 1.87 USD/kg and
biomass gasification was reported at 2.40 USD/kg [54]. Finally, Life Cycle Costing studies
found that hydrogen production from biowaste ranged from 0.39 to 2.37 USD/kg H,, while
production from biomass ranged from 0.43 to 2.85 USD/kg Hj [55]. All values originally
reported in euros have been converted to US dollars using a conversion rate of 0.86.

3. Discussion
3.1. Main Findings and Literature Gaps

In general, among the articles analyzed, it is possible to conclude that there are no two
similar LCA studies, since specificities introduced in the system boundaries, functional
unit, production, storage, transportation, end-use technologies, and LCA methodological
approaches, among others, introduce variances between studies.

Regarding the scope and purpose of the studies analyzed, few studies provide a com-
prehensive analysis of all phases of the hydrogen value chain, such as the one performed
in [56]. This presents a limitation on the existing information. Since the goal of using
hydrogen as an energy carrier is to implement a complete supply chain, from primary
material extraction to hydrogen usage, future studies should address the entire value chain.
When designing a hydrogen chain, it is essential to consider simultaneously the production
capacity, the demand needs, the distance between the production and demand sites, the
transport options, and the storage needs. If each of these variables is evaluated individually,
the holistic view of the hydrogen energy system is lost, making it impossible to define
strategic hydrogen roadmaps.

In terms of the end-use considered, value chains of the power-to-industry configu-
ration are underrepresented. Despite hydrogen being mainly used in the refining and
industry sectors [8], the existing studies focus on emerging areas of hydrogen application,
such as mobility and storage, where the introduction of hydrogen is more recent. Future
research should explore these emerging areas, but must also assess the direct benefits of
replacing gray hydrogen with low-carbon hydrogen in sectors with a longer tradition of
hydrogen use.

Furthermore, most LCA studies focus on comparing different hydrogen technolo-
gies among each other, primarily for production methods, while only very few compare
hydrogen energy systems with alternative energy systems. To fully understand the envi-
ronmental, economic, and social advantages of hydrogen over other energy systems, more
studies like the one presented in [52] are needed. In this article, the authors compared the
life cycle emissions of liquefied natural gas, dimethyl ether, methanol, liquid ammonia, and
liquid hydrogen from production to the use as a fuel in road vehicles” internal combustion
engines, considering long-distance transportation by ship. It was concluded that liquified
hydrogen produced from solar electrolysis presents the lowest level of emissions.

In general, current studies use today’s data to construct and assemble their Life
Cycle Inventory Analysis. Since the main objective of hydrogen systems is to assess the
feasibility and benefits of a future hydrogen economy, all developments and improvements
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in hydrogen technologies should be considered. If not, they do not provide a real picture of
what hydrogen is expected to accomplish. Therefore, more prospective LCAs should be
developed [25], as highlighted in [57,58].

The correlation between production technologies and LCA approaches reveals a
pattern. All studies adopting a prospective approach are focused on hydrogen produced by
electrolysis, indicating the technology’s emerging status and the need to anticipate its future
performance (Figure 11). In contrast, in studies considering established technologies such
as SMR, biomass gasification, and Coal Gasification, where data and system configurations
are well defined, only present-day data has been used to construct the Life Cycle Inventory.
This particularity suggests that technology’s maturity strongly influences the choice of LCA
approach: mature and commercially available systems are typically assessed retrospectively,
whereas, for emerging or rapidly evolving technologies, there is a greater motivation to
explore potential future scenarios.

Electrolysis
-y
Py

SMR

Biomass

Gasification Gasification

Coal

Present-day data Approach Prospective approach

Figure 11. Meta-analysis of the studies considering a “prospective” approach vs. a “present-day
data” approach.

Regarding environmental impact indicators, it is noticed that most of the articles focus
on midpoint indicators. Among these, the climate change impact category is included in
all studies. Endpoint indicators are not frequently mentioned, which does not constitute a
research gap since midpoint indicators present a higher level of certainty, having a direct
and robust modeling problem—effect relation. Some studies also consider the impacts of the
hydrogen value chain in the economic and social dimensions, through Life Cycle Costing
(LCC) and Social Life Cycle Assessment (S-LCA), respectively. According to [48], complete
Life Cycle Sustainability Assessments, which consider simultaneously the environmental,
economic, and social domains, are still rare in the available literature, which was also
verified in the present work. In fact, only 17 documents with the word combination
“Hydrogen” AND “Life Cycle Sustainability Assessment” in titles, abstracts, and authors’
keywords and published between January 2003 and December 2023 are indexed in the
Scopus database. In contrast, the number of indexed documents when searching for the
word combination “Hydrogen” AND (“Life Cycle Sustainability Assessment”) in the same
conditions is 1.321.

As a result of these gaps, comparisons between studies are often unreliable, since
differences in methodological approaches lead to inconsistent outcomes. Consequently,
the decision-making process may be biased by methodological choices or constrained by
discrepancies in the reported findings. This lack of methodological alignment undermines
the development of robust conclusions about hydrogen’s sustainability and its role in future
energy systems.
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3.2. Comparison with Past Studies

The findings obtained in the present work can be compared to those obtained by
Valente et al. [59] in 2016. The authors conducted a systematic literature review of 97 LCA
studies of hydrogen energy systems, published until December 2015, to assess the method-
ological trends in the literature at the time.

Valente et al. [59] found that most studies adopted an attributional approach and
were comparative analyses, which is similar to what was concluded in the present work.
The mass approach for defining the functional unit was the most common in studies
that focused on assessing hydrogen production technologies, and the end-of-life stage
of hydrogen energy systems was underexplored. Life Cycle Inventories primarily relied
on the scientific literature, followed by LCA databases. At that time, real, experimental,
and simulation data were scarcely available, which resulted in a lower utilization of these
data sources than what was verified in the present work. The selected LCIA method
was generally homogeneous; CML was the most common family of methods and IPCC
methods were the most common for quantifying greenhouse gas emissions. The most
assessed indicators were, respectively, global warming, acidification, eutrophication, ozone
layer depletion, photochemical oxidant formation, energy consumption, abiotic depletion,
human toxicity, land use, and human health, with global warming being present in a
greater number of studies, as verified in the present work. The present work has shown a
similar trend in the selection of impact indicators; however, there is a lower use of CML as
the LCA method. The authors of [59] have also concluded that only 15% of the analyzed
articles included economic and/or social impacts, which is close to the value obtained in
the present work (21%).

Valente et al. highlighted the need to define a harmonization protocol that allows a fair
comparison between the life cycle impacts across hydrogen LCA studies. Seven years later,
many of the issues raised by the authors have not been addressed yet, and methodological
inconsistencies persist, which is increasingly important given the sharp increase in studies
since 2021, as shown in Figure 1.

In [16], a systematic review of 100 LCA studies published from 2016 to 2020 focused
on fuel cell hydrogen systems was performed to identify the current practices, gaps, and
main factors that are responsible for the variability of the life cycle GHG emissions of
hydrogen production systems. Although the authors found certain progress towards
common methodological choices in LCAs of fuel cell hydrogen systems, mainly in the
definition of the functional unit, it was also concluded that there is a lack of clearly defined
technical parameters that increase the difficulty in comparing LCA outcomes of similar fuel
cell and hydrogen systems.

Based on the information collected, there is a clear need to define protocols to harmo-
nize the results obtained in the studies available in the literature and to define harmonized
frameworks capable of ensuring the harmonization of new studies. If such steps are not
taken, fair comparisons between studies cannot be made, and the decision-making process
may be influenced by methodological choices.

3.3. Existing Harmonization Frameworks and Protocols

Initial efforts to establish harmonized frameworks for LCA have been undertaken. The
FC-HyGuide project, carried out between October 2010 and September 2011 [60], developed
guidelines for performing LCAs of hydrogen production systems and fuel cell technolo-
gies, in line with the International Reference Life Cycle Data System Handbook. More
recently, the SH2E project [61] introduced a methodologically consistent multi-dimensional
framework for LCSA and the prospective benchmarking of fuel cell hydrogen systems.
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Other initiatives have proposed harmonization protocols, such as the IEA Hydrogen
Task 36 [62], aimed at facilitating decision-making in the hydrogen energy sector through
sustainability assessments of hydrogen energy systems. Building on this task, the au-
thors of [63] proposed a protocol to harmonize the life cycle global warming impact of
hydrogen production, which was based on the existing literature on LCAs of hydrogen
energy systems, on LCA standards, and on the recommendations of the FC-Hy Guide
guidance document. The protocol was applied to 71 case studies of hydrogen production
through thermochemical, electrochemical, and biological processes and focused on har-
monizing the attributional approach, functional unit, system boundaries, final hydrogen
conditions, and multifunctionality approach of the respective studies. The authors later
expanded to cumulative non-renewable energy demand and acidification [64,65], com-
puted the harmonized energy and carbon footprints of 15 case studies involving hydrogen
production through electrolysis, gasification, reforming, and the autocatalytic decompo-
sition of fossil feedstock [66], and applied these indicators to evaluate the environmental
performance of proton exchange membrane (PEM) fuel cell vehicles and nuclear-based
hydrogen production [67,68].

Among the previously presented projects, only the SH2E project was completed after
the period covered by the literature analyzed in this study. This suggests that earlier initia-
tives should have already influenced the literature; however, their widespread impact and
adoption remain limited. These harmonized frameworks are voluntary, but the adoption of
a stricter and uniformized approach to data collection, modeling, and stricter assumptions
is required. Further efforts are necessary to promote the broader dissemination and imple-
mentation of these harmonized frameworks and protocols. These may include providing
training and guiding resources to researchers and practitioners, developing open-source
software tools with harmonized methodologies embedded, organizing knowledge sharing
and dissemination events, and establishing specific standard certification schemes associ-
ated with the methodology adopted in the study. The elaboration of category rules for LCA
elaboration and third-party verification can be beneficial.

4. Conclusions

The present work systematically analyzed 70 articles to answer the research question
“What are the current methodologies, approaches, and research tendencies adopted when
performing LCA of hydrogen energy systems?”. The results show that the approaches
adopted are not harmonized, and that specificities introduced in the value chain scope,
system boundaries, functional unit, Life Cycle Inventory databases, and Life Cycle Impact
Assessment methods, among others, lead to inconsistencies between studies, making it
impossible to compare their results.

Most studies focus on production technologies. Storage is sometimes studied, but
critical analyses between different technologies are not carried out. In transportation and
distribution options, the road is the most frequent option. Regarding the hydrogen end-use,
the focus will have to be expanded to other sectors, such as industry.

The mass-based functional unit approach is the most frequently adopted option. The
end-of-life impacts of the equipment and infrastructure are underexplored. Furthermore,
most studies use today’s data to construct and assemble their Life Cycle Inventory Analysis,
not considering prospective developments that could influence the performance of future
hydrogen systems.

Although impact categories are relatively consistent, there is still no consensus on
LCA methods, and few studies integrate environmental, economic, and social dimen-
sions simultaneously.
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These inconsistencies may undermine the development of robust conclusions on
hydrogen’s sustainability and its role in future energy systems, introducing potential bias
into the decision-making process.

To overcome this challenge, two complementary approaches can be taken: (i) define
harmonized frameworks in lower scales, such as for each hydrogen value chain configura-
tion, and (ii) define harmonization protocols to fairly compare existing studies. The first
approach ensures that all new studies are carried out in a consistent manner, allowing for
direct comparisons between studies evaluating the same hydrogen value chain. The second
allows a comparison to be made between existing and future LCA studies on hydrogen
energy systems. Initial efforts have been made to define harmonized frameworks and
protocols; however, their widespread adoption still needs to be encouraged.

In future work, harmonized frameworks should be expanded to cover all possible
configurations of the hydrogen value chain, rather than being limited to specific cases such
as power-to-mobility. Furthermore, additional efforts are needed for the widespread adop-
tion of harmonized frameworks, including improved knowledge sharing, the development
of user-friendly tools with embedded methodologies, and the creation of standardized
certification schemes.
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Abbreviations

The following abbreviations are used in this manuscript:

AEL Alkaline Water Electrolysis

CCSs Carbon Capture and Storage

CG Coal Gasification

CML Centrum Voor Milieukunde Leiden
CO, Carbon Dioxide

COP Conference of the Parties

GHG Greenhouse Gas

IEA International Energy Agency

IPCC Intergovernmental Panel on Climate Change

IRENA International Renewable Energy Agency
LCA Life Cycle Assessment

LCC Life Cycle Costing

LCIA Life Cycle Impact Assessment

LCSA  Life Cycle Sustainability Assessment
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LCOH
LOHC  Liquid Organic Hydrogen Carrier

PEMEL  Polymer Electrolyte Membrane Water Electrolysis
PEM Proton Exchange Membrane

S-LCA  Social Life Cycle Assessment

SMR Steam Methane Reforming

SOEL Solid Oxide Water Electrolysis

TRL Technology Readiness Level

Levelized Cost of Hydrogen
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Table Al. List of articles analyzed in the present systematic literature analysis and the respective

indication of study scope and impact dimensions considered.
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Table Al. Cont.

Value Chain Phases Considered

Article Impacts Dimensions Considered
Production Storage  Transportation End-Use
[89] X X Environmental
[46] X X X X Environmental /Economic/Social
[90] X Environmental
[91] X X X X Environmental
[92] X Environmental
[18] X Environmental
[28] X X Environmental
[93] X X X X Environmental
[29] X Environmental
[21] X X Environmental /Economic
[22] X X X Environmental
[94] X X X X Environmental
[95] X X X Environmental
[96] X X X X Environmental
[97] X X X Environmental
[33] X Environmental
[49] X X Environmental /Economic/Social
[36] X X Environmental
[38] X X Environmental
[98] X X X Environmental
[99] X X X X Environmental
[53] X X X Environmental
[57] X Environmental
[100] X X Environmental
[51] X X X Environmental
[101] X X X X Environmental
[30] X Environmental
45] X X X X Environmental /Economic
31] X Environmental
55] X Environmental /Economic
50] X X X Environmental
39] X X X Environmental /Economic
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