energies

Review

A Systematic Study on Techno-Economic Evaluation of
Hydrogen Production

Victor Hugo Souza de Abreu
and Andrea Souza Santos 1*

Fabio Souza Toniolo 2

check for
updates

Citation: de Abreu, V.H.S,; Pereira,
V.G.E; Proenga, L.E.C.; Toniolo, ES.;
Santos, A.S. A Systematic Study on
Techno-Economic Evaluation of
Hydrogen Production. Energies 2023,
16, 6542. https:/ /doi.org/10.3390/
en16186542

Academic Editors: Ofelia A. Jianu

and Canan Acar

Received: 25 July 2023
Revised: 6 August 2023
Accepted: 15 August 2023
Published: 11 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

10, Victéria Gongalves Ferreira Pereira 2, Lais Ferreira Crispino Proenca 3Q,

Transportation Engineering Program, Alberto Luiz Coimbra Institute for Graduate Studies and Research in
Engineering (COPPE), Technology Center, Federal University of Rio de Janeiro,

Rio de Janeiro 21941-914, Brazil; victor@pet.coppe.ufrj.br

Chemical Engineering Program, Alberto Luiz Coimbra Institute for Graduate Studies and Research in
Engineering (COPPE), Technology Center, Federal University of Rio de Janeiro,

Rio de Janeiro 21941-972, Brazil; victoria@peq.coppe.ufrj.br (V.G.EP.); toniolo@peq.coppe.ufrj.br (ES.T.)
Electrical Engineering Program, Alberto Luiz Coimbra Institute for Graduate Studies and Research in
Engineering (COPPE), Technology Center, Federal University of Rio de Janeiro,

Rio de Janeiro 21941-972, Brazil; laiscrispino@poli.ufrj.br

Correspondence: andrea.santos@pet.coppe.ufrj.br

Abstract: This paper aims to perform a systematic review, with a bibliometric approach, of the techno-
economic evaluation studies of hydrogen production. To achieve this objective, a comprehensive
outline of hydrogen production processes from fossil and renewable sources is presented. The results
reveal that electrolysis, classified as water splitting, is the most investigated process in the literature
since it contributes to a reduction in greenhouse gas emissions and presents other advantages, such
as maturity and applicability, energy efficiency, flexibility, and energy storage potential. In addition,
the processes of gasification, classified as thermochemical, and steam reforming, classified as catalytic
reforming, are worth mentioning. Regarding the biological category, there is a balance between
research on photo fermentation and dark fermentation. The literature on the techno-economic
evaluation of hydrogen production highlights significant gaps, including a scarcity of comprehensive
studies, a lack of emphasis on commercial viability, an absence of sensitivity analysis, and the need
for comparative analyses between production technologies.

Keywords: hydrogen production; techno-economic evaluation; clean energy

1. Introduction

The large-scale deployment of renewable energy sources has been driven by the pro-
posal of carbon neutrality targets in several countries to reduce the excessive consumption
of fossil fuels, which has led to their depletion accompanied by increased global warming
of the atmosphere [1-4]. Moreover, the intensified global efforts to address climate change
and the acceleration of the green economy in the post-pandemic period have contributed to
this advancement [2,5-7], seeking to achieve sustainable development goals [8]. However,
the intermittent nature of renewable energy sources, such as solar photovoltaic and wind
power, has been a major challenge to their large-scale adoption. These energy sources are
not constant and predictable in their energy production [9]. In addition, the large-scale use
of these intermittent energy sources will result in periods of overproduction, making it
essential to convert this surplus electricity into a storable form of energy [10].

To overcome these limitations, building a hydrogen supply system has been increasingly
accepted by a global consensus [1,11,12] as a secondary energy vector with increasing im-
portance in the decarbonization progress [13-16]. Studies such as those by Parra et al. [17],
Liu et al. [18], Weidner et al. [19], Capurso et al. [20], and Oliveira [21] demonstrate that hy-
drogen has a higher heating value and lower carbon emissions compared to fossil fuels during
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its life cycle, playing an important role in decarbonizing the power system in many ways
across the entire energy value chain.

Currently, hydrogen production is mainly categorized into three types: (i) green hy-
drogen, which is produced through electrolysis from renewable sources such as solar PV
and wind power; (ii) blue hydrogen, which is produced from fossil sources with carbon
capture and storage (CCS) or carbon capture, utilization, and storage (CCUS); and (iii) gray
hydrogen, which is produced from fossil sources without carbon mitigation measures. Cur-
rently, hydrogen production is still largely dependent on non-renewable sources. However,
the development and promotion of the participation of renewable sources in this process
must be actively pursued to achieve the full sustainability of hydrogen production [22].

The hydrogen production process must be techno-economically feasible and low-
carbon to promote sustainable development [14], and the levelized cost of hydrogen
(LCOR) is generally used to assess the competitiveness of a method [15,23]. A rigorous
techno-economic evaluation of hydrogen production technologies can provide a critical cost
comparison for future resource allocation, priorities, and trajectory [24]. This evaluation
will have a great impact on future hydrogen production projects and the development of
new approaches to reduce overall production costs and make it a cheaper fuel [25].

Thus, this paper aims to carry out a systematic literature review with a bibliometric
approach through direct searches in the Web of Science and Scopus databases to identify
the main gaps in the literature on the techno-economic evaluation studies of hydrogen
production, with particular attention to renewable hydrogen. This review is of utmost
importance because a comprehensive and systematic study can provide a detailed overview
of the technical and economic aspects involved, including the challenges, opportunities,
and prospects. In addition, based on the information obtained in the systematic review, it
is possible to inform decision making related to hydrogen production, including the formu-
lation of public policies, strategic investments, targeting of resources, and implementation
of measures to promote the techno-economic viability of hydrogen.

Besides this introductory section, the paper is structured as follows: Section 2 presents
the methodology used in the research; in Section 3, the main bibliometric results are pointed
out; in Section 4, the main systematic results are discussed, giving special attention to the
different types of hydrogen production; and, finally, in Section 5, the final considerations
are presented, wherein reflections are made on the results obtained and possible paths for
the advancement of hydrogen use are pointed out, as well as new studies suggested to
deepen the theme.

2. Methodology

The methodology of this paper consists of a systematic review with a bibliometric
approach for mapping the main studies regarding the techno-economic evaluation of
hydrogen production. Bibliometric analyses have been widely used in several academic
disciplines to track a field’s state of the art and analyze its evolution over time. Numerous
studies have been devoted to exploring these techniques, providing valuable insights into
the progress and development of specific areas of knowledge. In turn, systematic reviews
play a vital role in identifying knowledge gaps, assessing the quality and consistency of
existing studies, and providing a sound basis for decision making. By carefully combining
and analyzing the results of multiple studies, systematic reviews provide an overview of the
evidence, reduce the likelihood of bias and uncertainty, and contribute to the advancement
of scientific knowledge in a reliable and trustworthy manner.

Thus, the terms used, the inclusion and qualification criteria, as well as the details
for the search and extraction from the database are presented in Table 1, where the abbre-
viation TS corresponds to Topic (TS = Topic) and means the words that are searched in
the titles, abstracts, and keywords of the studies included in the database. It was consid-
ered appropriate to use the English variations of the term techno-economic evaluation,
these being ‘techno-economic’, ‘technical and economic’, and ‘technological and economic’,
and terms referring to hydrogen production as ‘hydrogen production” and ‘production of
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hydrogen’, to choose the research topic. Despite their simplicity and intuitiveness, these
terms provided results that aligned with the research objectives. It is crucial to note that
the terms “Evaluation’, “Analysis’, and ‘Feasibility’” were intentionally not linked with
“techno-economic’ and “technical-economic’ to ensure a broader inclusion of studies directly
relevant to the topic, thereby avoiding unnecessary limitations in the sample.

Table 1. Description of search strategies.

Criterion

Description

Topic

Databases
Indexes

Inclusion

Qualification

Search Date

Web of Science—TS = (“techno-economic” AND “hydrogen production”) OR TS = (“techno-economic” AND

“production of hydrogen”) OR TS = (“technical and economic” AND “hydrogen production”) OR

TS = (“technical and economic” AND “production of hydrogen”) OR TS = (“technological and economic”
AND “hydrogen production”) OR TS = (“technological and economic” AND “production of hydrogen”)

Scopus—TITLE-ABS-KEY (“techno-economic” AND “hydrogen production”) OR TITLE-ABS-KEY

(“techno-economic” AND “production of hydrogen”) OR TITLE-ABS-KEY (“technical and economic” AND
“hydrogen production”) OR TITLE-ABS-KEY (“technical and economic” AND “production of hydrogen”) OR

TITLE-ABS-KEY (“technological and economic” AND “hydrogen production”) OR TITLE-ABS-KEY

(“technological and economic” AND “production of hydrogen”)
Web of Science and Scopus
All indexes from both databases
(I) Coverage time: all database years (1945-2023); (II) fit with the proposed objective;
(III) relevance of the publication source.

(I) Does the research present a well-reasoned literature review? (II) Does the study present technical
innovation? (III) Are the contributions discussed? (IV) Are limitations explicitly stated? And (V) are the results

and conclusions consistent with the pre-established objectives?
30 March 2023, at 10:00 a.m

It is also noteworthy that it was decided to use the Web of Science and Scopus databases
as the main search tool due to their diffusion in the academic community and the reliability
of their selection standards [26]. Moreover, these databases present satisfactory reach and
coverage [27], meeting the requirements of this research.

Another aspect that needs to be mentioned is that while the inclusion criteria serve
mainly for a more superficial screening of the study, not least because they consider factors
related to the year, type of study, and journal of publication, the qualification criteria are
used for a deeper screening of the studies, analyzing aspects of applicability and quality,
which are only possible to determine through more a specific analysis and reading of
the studies.

The process of screening the studies from the preliminary database and creating the
final database was carried out following the guidelines and criteria established for inclusion
and qualification. The methodology employed for this process adhered to the framework
outlined in Figure 1, which served as a guiding principle.

During the screening process, articles that met the inclusion criteria were selected for
further analysis, while those that did not meet the criteria were excluded. This step aimed
to ensure that only relevant and high-quality articles were included in the final database.

After completing the screening process, the selected articles were further examined to
extract relevant information and data. This information might have included key findings,
methodologies employed, and other pertinent details. This additional analysis contributed
to creating a comprehensive final database containing articles meeting the inclusion and
qualification criteria.

It is crucial to consider the search date during the bibliometric literature review
because it indicates when the research was conducted. This may affect the results presented,
especially if there are studies published after the initial search. For example, if the review
was conducted in late 2023, new studies would be included in the search, which could alter
the statistics related to the number of publications and citations per year.

While acknowledging the study’s limitations, it is essential to note that the databases
utilized in the research exhibit satisfactory scope and coverage in the field of science and
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Figure 1. Screening of the studies included in the database.
3. Bibliometric Results
This section may be divided into subheadings. It should provide a concise and
precise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.
From the search conducted in the Web of Science and Scopus databases, it was possible
to verify that 977 publications were suitable to be included in the research repository,
i.e., they met the inclusion and qualification criteria (quality and applicability). Thus,
Figure 2 presents the evolution of publications on the theme over the years. This analysis is
fundamental to evaluate the level of expansion of the theme, as well as new opportunities
for studies.
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Figure 2 illustrates the history of publications on the technical-economic viability of
hydrogen production over the last five decades. It can be observed that interest in this
subject has been an object of study since 1971, evidencing a continuous research trajectory
over time. However, it is important to note that a constancy in publications occurred after
2001, i.e., after this year, there were publications for all subsequent years, indicating a
greater interest and dedication of researchers in this area.

Looking at the last complete decade (2013-2022), marked in red in Figure 2, we see an
exponential growth in publications, representing an impressive 94% of the total considered
publications up to 2022. One noteworthy year is 2022, which recorded the peak in the
number of publications, corresponding to 29% of the total in Figure 2. It should also be
noted that 2023, although still in progress and therefore not included in Figure 2, already
has 153 publications on the subject. This shows a significant increase in the interest in and
production of scientific knowledge on the subject. This recent concentration of studies
suggests a favorable environment for the development of additional research and the
exploration of new perspectives in the context of hydrogen production.

It also becomes pertinent to evaluate the articles by journal of publication to identify
which journals are most interested in the subject, as well as the impact factor of each of
them. This allows researchers to direct their publication efforts to journals that directly
focus on the subject studied, avoiding untargeted submissions and a considerable waste of
time. Thus, Table 2 presents the journals with publication volumes higher than 20, where P
(Publications) refers to the number of articles published in the journal on the area of interest
investigated, and IF (Impact Factor) evaluates the importance of the scientific journals in
their respective areas. It is important to note that the values presented in the IF (2022)
column corresponds to 2022, the year available in the Web of Science database. In addition,
the average for the last five years (2018-2022) is given in IF (mean) column.

Table 2. Main journals.

Publication Journals P IF (2022) IF (Mean)
International Journal of Hydrogen Energy 202 7.2 6.3
Energy Conversion and Management 92 104 10.3
Applied Energy 55 11.2 11.0
Journal of Cleaner Production 41 11.1 11.0
Energy 39 9.0 8.3
Renewable and Sustainable Energy Reviews 31 15.9 16.9
Energies 29 3.2 3.3
Fuel 28 74 7.0
Bioresource Technology 23 114 10.6

In Table 2, it is possible to identify the journals that stand out when addressing the
techno-economic evaluation of hydrogen production. The three leading journals in this area
are the International Journal of Hydrogen Energy, with 202 publications, Energy Conversion and
Management, with 92 publications, and Applied Energy, with 55 publications, which together
account for approximately 36% of the total number of publications. These journals play
a relevant role in the dissemination of scientific knowledge in this field. In addition, it is
important to note that 221 different information sources published studies on the subject,
indicating the diversity and breadth of academic interest in this area.

By ordering the journals according to impact factor, it is possible to identify those
considered most relevant in this context. Renewable and Sustainable Energy Reviews, Biore-
source Technology, Applied Energies, and the Journal of Cleaner Production stand out, all with an
impact factor higher than 11, indicating an excellent score in this metric. These high-impact
journals play a crucial role in disseminating relevant and influential research in the field of
renewable hydrogen.

Based on the results presented in Table 2, it can be seen that the most relevant journals
on this theme are focused on the investigation of energy solutions and clean fuels, with a
focus on renewable hydrogen, aiming to minimize the environmental impacts related to the
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emissions of greenhouse gases and air pollutants. In addition, these journals also seek to
address the issue of natural resource depletion, highlighting the importance of sustainability
in the production of renewable hydrogen. This approach highlights the relevance of not
only the techno-economic evaluation but also the environmental and sustainable aspects
related to hydrogen production. The mentioned journals play a crucial role in encouraging
and promoting research that contributes to a cleaner and more sustainable energy future.

Based on the results presented in Table 2 it can be seen that the most relevant journals
on this theme are focused on investigating the application areas. It is pertinent to analyze
those that show more interest in the techno-economic evaluation of hydrogen production.
It is worth noting that the categorization of studies based on areas of application follows the
division established by the Web of Science database. This approach enables us to efficiently
identify, retrieve, and analyze documents from various databases that are interconnected
and pertain to the same subject.

Observing Figure 3, one can see that Energy and Fuels is the area with the highest
number of publications, corresponding to 32% of the total. Next are Engineering and
Chemistry, with 14% and 13% of the total publications, respectively. These areas play a
significant role in the research and development of solutions related to the production of
hydrogen because:

e Energy and Fuels: This area is directly relevant as it covers studies related to the
production, storage, distribution, and use of energy, including hydrogen as an energy
source. Understanding the properties and energy potential of hydrogen is crucial to
its techno-economic evaluation as well as its application in different sectors, such as
transportation, industry, and power generation [11];

e Engineering: Engineering plays an essential role in the techno-economic evalua-
tion of hydrogen production as it is involved in the design and development of
processes, systems, and infrastructure related to this technology. Engineering is re-
sponsible for designing and optimizing hydrogen production processes, considering
technical, economic, and sustainability aspects. In addition, engineers play a cru-
cial role in implementing practical and efficient solutions for the use of hydrogen in
various applications;

e  Chemistry: Chemistry plays a significant role in analyzing and understanding the
chemical properties of hydrogen as well as developing catalysts and chemical processes
associated with its production. Chemical research is critical to improve the efficiency
of hydrogen production processes, explore new feedstock sources, develop storage
technologies, and advance the use of hydrogen as an energy carrier. Understanding
the chemical reactions involved in the production and utilization of hydrogen is critical
to improving its technical and economic viability.

Besides the areas mentioned, other vital areas such as Thermodynamics, Biotechnology
and Applied Microbiology, Nuclear Science and Technology, and Computer Science are
worth mentioning. These complementary areas also play a relevant role in the investigation
of the techno-economic evaluation of hydrogen, bringing multidisciplinary perspectives to
the subject. The area of Thermodynamics contributes to the study of the thermodynamic
processes involved in hydrogen production, including energy efficiency and the properties
of the materials used. Biotechnology and Applied Microbiology provides insights into
possible biotechnological applications in hydrogen production and storage.

Nuclear Science and Technology explores the potential of using nuclear energy as an
energy source for hydrogen production, and Computer Science contributes technological
advances, such as modeling and computer simulation, to optimize processes and systems
related to hydrogen. These highlighted areas show the comprehensiveness and interdisci-
plinarity of the study of the techno-economic evaluation of renewable hydrogen production.
Collaboration between different fields of knowledge is crucial in driving research and de-
velopment in this promising field, allowing for a holistic and integrated approach to the
search for sustainable energy solutions.
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Figure 3. Division of studies by application area.

One can also observe the importance of evaluating the main keywords found in the arti-
cles in the research repository, as identified in the interconnection network between the key-
words presented in Figure 4, developed utilizing the VOSviewer software (version 1.6.19).
This strategy allows researchers to more easily find studies directly related to the sub-
ject investigated, and to identify new research directions that can be taken. The network
represented in Figure 3 comprises 4938 items, 72 clusters, and 103,420 links/connections,
with a total link size of 129,713. In it, it is possible to identify the most used keywords
(according to the size of the sphere under its representation), the interconnections between
them (according to the connections between spheres), and the clusters between keywords
(according to the color of each sphere).

From the analysis of Figure 4, it is possible to observe the most frequent keywords
related to the topic of the techno-economic evaluation of hydrogen production. Among
the most common keywords are: “hydrogen production”, “techno-economic analysis”,
and “hydrogen”. These keywords emerged most frequently due to the search terms used
in the creation of the database and reflect the importance of these concepts in the field of
hydrogen production research.

In addition to the keywords mentioned above, it is relevant to highlight the impor-
tance and significance of the additional keywords identified in the bibliometric analysis.
These less intuitive keywords provide valuable insights into the different perspectives and
applications of hydrogen. Among the other relevant keywords, it is important to mention
those related to the different hydrogen production processes, such as “Electrolysis”, “Gasifi-
cation”, “Steam reforming”, “Pyrolysis”, and “Fermentation”. These terms indicate specific
approaches used to obtain hydrogen, highlighting the diversity of technologies employed
in this field. It is worth noting that special attention is given to this in Section 4.

Another term to highlight is “sensitivity analysis”. This term is extremely relevant
in the assessment of the techno-economic evaluation of hydrogen production, as it refers
to an assessment of the impact of different variables and parameters on the results of the
study. Sensitivity analysis assists in understanding the factors that influence feasibility and
provides crucial information for informed decision making [28].

Sensitivity analysis plays a crucial role in evaluating the operational aspects of a plant.
It provides valuable insights that aid in decision making before making an investment. One
of the key factors to consider is the sensitivity to capital costs, which can be determined by
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calculating the return on investment. This analysis serves as a vital tool in assessing the
overall growth trajectory of the plant from its inception to its completion as well as deter-
mining the level of investment return at different stages of the plant’s development [25].
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However, it is important to note that only 18% of the publications found in the
research repository use this analysis to study the techno-economic evaluation of hydrogen
production processes. This reveals a significant gap in the approach researchers take
in scientific papers. Sensitivity analysis allows one to examine how changes in critical
variables affect feasibility indicators such as production costs, rate of return, payback time,
and others. By performing this analysis, you can identify the most sensitive variables and
understand their impact on project viability, which provides a more complete and robust
view of the risks and uncertainties associated with this venture.

While sensitivity analysis is undeniably crucial for establishing a robust techno-
economic analysis of hydrogen production studies, it is essential to recognize that other
strategies can be employed to augment the assessment’s reliability and tackle potential
gaps in the evaluation process, such as a Monte Carlo-based simulation tool, as discussed
in the following sections.

4. Systematic Results

Studies on the techno-economic evaluation of hydrogen production processes were
divided into categories and sub-categories to facilitate the discussion of the systematic
results, as shown in Figure 5.

Thus, initially, the studies included in the database were classified in a more general
way: (i) Water splitting; (ii) Biological; (iii) Thermochemical; and (iv) Catalytic reforming,
as described in Table 3.
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Figure 5. Methods of hydrogen production. Source: based on Nikolaidis and Poullikkas [29].

Table 3. Definition of the main hydrogen production processes.

H; Production Description
Water splitting Chemical process which consists of the decomposition of water into hydrogen and oxygen.
Biological Hydrogen production is performed by microorganisms at atmospheric temperature and pressure using
& several substrates.
Thermochemical Conversion of fossil fuels, biomass, or solid wastes into hydrogen-rich gases through the application of

heat in the presence or absence of oxygen.
Catalytic conversion of hydrocarbons or other compounds and reactants, such as steam or oxygen, into

Catalytic reforming hydrogen, carbon monoxide, and carbon dioxide.

Figure 6 presents the distribution of studies found for different hydrogen produc-
tion processes, while Figure 7 correlates each of the categories with their corresponding
subcategories. The “Water splitting” category stands out, accounting for 36% of the total
publications. This category encompasses processes that aim to obtain hydrogen from the
breakdown of a water molecule [16]. Within this category, the subcategory “Electrolysis” is
the most investigated for reasons such as maturity and applicability, energy efficiency, flexi-
bility, and energy storage potential, corresponding to 33% of the publications on hydrogen
production in general and 92% of the publications related to this specific process.

mBiological mCatalytic reforming ®Thermochemical ®m Water splitting

Figure 6. Percentage of studies by general process type for hydrogen production.
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Figure 7. Alluvial diagram of correlation between hydrogen production categories and subcategories.
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Another relevant category for hydrogen production is the “Thermochemical” category,
which corresponds to 31% of the publications. Within this category, the subcategory
“Gasification” has a significant representation (see Figure 7), covering 17% of the total
publications and 55% of the publications referring to the “Thermochemical” subcategory,
which also presents representations referring to pyrolysis (9% of this total), liquefaction
(8% of this total), and combustion (2% of this total). The “Catalytic reforming” category
also stands out, comprising 19% of the total publications, which is mostly relative to the
“Steam reforming” subcategory, accounting for 15% of the total publications. Finally, the
“Biological” category also deserves attention, comprising 14% of the total, driven by the
“dark fermentation” and “photo fermentation” processes, accounting for 8% and 5% of the
total publications, respectively.

In order to address each of the hydrogen production categories and subcategories
related to the techno-economic feasibility studies of renewable hydrogen production, the
following subsections are intended to clarify questions, fill in gaps, and highlight the
potential of each of these processes. In addition, they will provide insights into the technical
and economic considerations involved in hydrogen production.

4.1. Water Splitting

The water splitting process may be divided into three processes: (i) electrolysis;
(ii) thermolysis; and (iii) photolysis, as shown in Table 4.

Table 4. Definition of the main processes of the water splitting category.

H, Production

Description

Electrolysis

Electrolysis is a chemical process in which water is split into oxygen and hydrogen by passing an electric
current through two electrodes immersed in water via the following reaction (Equation (1)):

2H,0O — 2H, + Oy (1)

H; is formed in the cathode, while O, is formed in the anode. The electricity source to generate hydrogen
in the electrolyzers can be clean and renewable, such as wind and solar (photovoltaic) energy [30].

Thermolysis

Thermolysis, or thermochemical water splitting, is a chemical process in which the water is decomposed
into hydrogen and oxygen by applying heat. Since the temperature needed to separate the hydrogen is
extremely high, generally over 2500 °C, several thermochemical water splitting cycles have been
developed to lower the temperature and increase efficiency. The process consists of a series of chemical
reactions taking place at different temperatures, which convert heat into chemical energy [29]. Some
examples of technically feasible thermochemical cycles are Hybrid Sulfur (HyS), Copper—Chlorine
(Cu-Cl), Magnesium—Chlorine (Mg-Cl), and Sulfur-Todine (S-I) [31].

Photolysis

Photolysis, or photochemical water splitting, occurs when the visible light’s energy is absorbed through a
photocatalyst, and the water is decomposed into H, and O,, similarly to electrolysis [29]. A solar photon
is absorbed in some semiconductor material immersed in an aqueous electrolyte, forming an excited
electron-hole pair, which will be separated by the electric field between the semiconductor and the
electrolyte. The excited holes remain in the anode where the oxygen evolution reaction occurs, while the
electrons are consumed by the hydrogen evolution reaction in the cathode [29,32].

When considering water splitting, it is noted that electrolysis is by far the most
addressed hydrogen production process in the literature. This is because water electrolysis
presents many advantages, such as high energy conversion efficiency and the production of
hydrogen with high purity [1]. In addition, it is a well-established technology and perfectly
compatible with renewable energies [33].

Due to economic constraints, water electrolysis currently represents only a small share
(4%) of global hydrogen production. However, it is considered one of the most promising
and sustainable methods for hydrogen production due to the associated environmental
benefits. By using renewable water as a feedstock and generating pure oxygen as a by-
product, water electrolysis contributes to the reduction in greenhouse gas emissions and
provides a clean source of energy [34]. Studies such as the one conducted by Kumar and
Himabindu [35] reinforce the importance of this method as a viable and environmentally
friendly solution for hydrogen production.
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In addition to being a viable alternative to fossil fuels, since it uses water as the raw ma-
terial, electrolysis has the added advantage of being able to use electricity from renewable
sources, such as solar or wind power, to drive the reaction, obtaining in this case, renewable
hydrogen [36]. The choice of electrolysis as a focus area for most studies is related to its
technological maturity and ability to integrate with renewable energy systems [37]. Elec-
trolysis offers a versatile solution to store and utilize hydrogen generated from renewable
sources, allowing for better demand management and contributing sustainably to the
energy transition [38].

A comprehensive and informed understanding of the subject can be achieved by compar-
ing the electrolysis production process with various primary energy sources. Shaner et al. [24]
conducted a techno-economic comparative analysis of renewable hydrogen production by
utilizing solar energy. The results revealed that integrated photoelectrochemical hydrogen
production and hydrogen production by discrete photovoltaic electrolysis are functionally
equivalent systems, enabling a direct comparison based on cost. The trade-offs related to
building a single integrated unit, which has potentially fewer components and generates
hydrogen directly, in contrast to the increased operational flexibility afforded by the discrete
photovoltaic electrolysis configuration, were instrumental in choosing the most cost-effective
technology capable of delivering the specific quality and quantity of energy desired.

Shaner et al. [24] also compared the costs of solar hydrogen with other approaches
that offer similar functionalities as part of a low-carbon energy system. Carbon-neutral
energy production and storage technologies, such as electricity from nuclear fission or solar
power, in conjunction with battery storage, pumped hydroelectricity, or compressed air-
based energy storage, represent alternative technology options to the use of solar hydrogen
for grid storage and, in some cases, for the transportation sectors. These technologies
mainly compete with the electrolysis unit, and each of them presents different operating
efficiencies as well as distinct operating and capital costs. Many of these technologies are
already established in the market, while hydrogen derived from photo electrochemistry is
still at a fundamental stage of research.

Regarding the feed sources, according to KABIR et al. [7], proton exchange membrane
electrolysis (PEM) is deemed the most suitable technology for hydrogen production using
pure water. In contrast, microbial electrolysis cells (MECs) are considered the most appro-
priate technology for hydrogen production from wastewater. When considering seawater
as the feed source, electrodialysis (ED) and reverse electrodialysis (RED) emerge as the
most competitive technologies for simultaneous desalination and hydrogen production. It
is worth noting that all of these hydrogen production technologies are currently in their
research and development stage [7].

For instance, according to TUFA et al. [39], the primary constraint of RED in its current
state of the art is the scarcity of low-resistance ion-conductive membrane materials that
are cost-effective (<4 EUR/m?; ~4.4 USDm?) and exhibit high perm selectivity (>95%) for
practical operation. The practical implementation of RED technology as an energy source
for water electrolysis in hydrogen production necessitates thorough material and process
optimization. It requires the development of highly conductive and stable membrane
separators and highly active and durable electrodes. Additionally, the utilization of low-cost
catalyst materials is essential for the successful deployment of alkaline polymer electrolyte
water electrolysis (APEWE).

The most significant limiting factor in the development and expansion of hydrogen
technology is price. One of the main challenges in developing a hydrogen economy lies in
scaling up hydrogen production and transitioning from carbon-intensive to low-carbon
methods. Currently, the costs associated with green hydrogen production remain high,
making it economically less competitive than other energy sources. To ensure profitability,
the price of hydrogen per kilogram should be approximately USD 1.5. However, a signifi-
cant obstacle is the requirement for ultrapure water, as it takes 2.38 gallons or 9 L of water
to produce 1 kg of hydrogen gas. This high water demand could potentially lead to water
shortages in the future hydrogen economy [7].
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Although the literature addresses fewer thermolysis studies than electrolysis studies,
Lee et al. [15] conducted a study on a two-step thermochemical water-splitting method
for green hydrogen production. They evaluated the economic feasibility of two hydrogen
production systems: (i) one utilizing high-temperature solar concentration power systems
and (ii) the other employing microwaves with advanced nuclear power plants. The study
assessed the LCOH, considering various cost factors to determine the required technological
development level for achieving the ultimate hydrogen production target of 2 USD/kg H,.
The analysis highlighted the importance of heat recuperators in the hydrogen production
system, as indicated by the cost allocation to LCOH. The authors also identified essential
research areas for the commercialization of the method, including catalyst development
for high oxygen partial pressure, the optimization of the heat recuperation system, the
primary heat source, and the power conversion system. By analyzing the LCOH with
different values for advanced technology, the study confirmed the comparative value and
emphasized the significance of these research fields in utilizing microwave heating and
advanced nuclear power plants for hydrogen production.

Budama et al. [40] investigated the potential of maximizing the value of the two-step
thermochemical metal oxide water-splitting cycle using ceria. They focused on utilizing the
excess heat generated in this cycle for the co-production of electricity alongside hydrogen.
Their techno-economic study analyzed a hybrid ceria cycle, where the surplus heat was
converted into electricity through an organic Rankine cycle. Despite this co-generation
approach, the estimated cost of hydrogen remained relatively high at 4.55 USD/kg. Sensi-
tivity analyses identified various opportunities and challenges to achieve the target cost of
2 USD/kg, including improving solar field efficiency, increasing revenue from electricity
sales, and reducing the capital recovery factor. The study emphasized the challenges of
reaching the desired cost target using ceria as the active material, suggesting the need to
develop new materials.

Another hydrogen production process in the water splitting category that is not
well verified in terms of technical-economic analysis is photolysis. Oladipo et al. [41]
conducted a techno-economic analysis of hydrogen production from hydrogen sulfide
(H,S) using photocatalysis and utilized Aspen Plus software V8.4. to design and simulate
the proposed plant. An economic analysis was performed using CapCost software to
estimate capital expenditure (CAPEX), operational expenditure (OPEX), and the cost of
hydrogen production. The results indicated that at a hydrogen production rate of 0.485 t/h,
the process CAPEX was approximately USD 105 million, with an annual OPEX of USD
143 million. The LCOH was calculated to be USD 1860 per ton of hydrogen. According to
the analysis, the proposed plant would break even at the end of its operational life. The
sensitivity analysis revealed that the process’s OPEX and hydrogen price were significantly
influenced by the cost of aqueous NaOH. These findings are particularly valuable for
oil and gas industries interested in integrating emerging technologies, such as the one
presented in the study, into their refineries.

4.2. Biological

According to Table 5, the Biological category may be divided into three processes:
(i) bio-photolysis; (ii) photo fermentation; and (iii) dark fermentation.

Table 5. Definition of the main processes of the Biological category.

H, Production

Description

Bio-photolysis

Bio-photolysis is a photo-driven biological process that can be divided into direct bio-photolysis and
indirect bio-photolysis. Direct bio-photolysis is an aerobic process which uses microalgae to split water
molecules into hydrogen and oxygen, similarly to the photosynthesis process. The hydrogen ions are
converted into hydrogen gas by the hydrogenase enzyme. The process is summarized via the following
reaction (Equation (2)):

2H,0 + solar energy — 2H, + O, 2)
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Table 5. Cont.

H; Production

Description

Indirect bio-photolysis is an anaerobic process wherein microalgae or cyanobacteria produce hydrogen in
two steps: the first uses light energy to produce carbohydrates, and the second involves CO, capture and
carbohydrate fermentation, as follows in Equation (3) [42,43]:

CeH120g + 6H,O + solar energy — 6CO, + 12 H; 3)

Dark fermentation

In dark fermentation, the biochemical energy stored in organic waste or biomass is converted into Hj in
the absence of light [25]. Dark fermentation is carried out by anaerobic bacteria or, in some cases, by a
carbohydrate-rich algae. The overall reaction of dark fermentation is represented by Equation (4):

C6H1206 + 2H20 — 2CH3COOH +4H, + 2CO2 (4)

Photo fermentation

Photo fermentation is carried out by photosynthetic microorganisms employing the conversion of
organic compounds, such as organic acids, organic acid-rich wastewater, or organic acid-rich biomass,
leading to hydrogen and carbon dioxide using light as the energy source [43]. The overall reaction, with
acetic acid as the reactant, is represented by Equation (5) [29]:

CH3COOH + 2H,0 + light energy — 4H, + CO, (5)

Both dark fermentation and photo fermentation are considered effective routes for
hydrogen production, and each method comes with its unique advantages and challenges.
Photo fermentation relies on the use of light as an energy source, typically provided by
solar radiation. However, the constant need for a light source can increase the cost of this
process. On the other hand, dark fermentation does not require light and is known for
its high efficiency in hydrogen production. However, one drawback of dark fermentation
is the production of organic acids during the fermentation process, which can affect the
purity of the hydrogen produced. Additionally, microbial contaminants and other toxic
compounds can also be generated [43].

Dark fermentation is a well-established and widely employed technique for hydrogen
production from diverse renewable biomass sources. These sources include crop residues,
lignocellulosic biomass, organic waste, and algal biomass [25]. The utilization of these
biomass feedstocks not only provides a renewable and sustainable resource but also offers
an opportunity for recycling organic waste materials, contributing to waste management
and environmental sustainability.

Compared to thermochemical processes, biological processes, such as dark fermen-
tation and photo fermentation, are typically performed at lower temperatures (around
30-60 °C) and pressures (approximately 1 atm), which results in reduced energy costs.
This lower energy demand makes biological processes more environmentally friendly and
economically viable options for hydrogen production.

However, the complexity of organic and lignocellulosic materials can influence the
efficiency and yield of hydrogen production in biological processes. The composition and
structure of biomass feedstocks, as well as the presence of inhibitors and recalcitrant compo-
nents, can impact the overall performance and economics of the process. Therefore, further
research and development efforts are needed to optimize the conversion of biomass feed-
stocks and improve the efficiency and cost-effectiveness of biological hydrogen production
methods [44].

Nikolaidis and Poullikkas [29] suggest that biological methods hold promising poten-
tial for hydrogen production. However, more extensive research studies and technological
advances are essential to enhance their production rates and overcome their limitations,
such as low conversion efficiencies and high investment costs. It is crucial to continue
exploring and refining these biological processes to increase hydrogen production rates,
improve cost competitiveness, and promote their widespread adoption as sustainable
alternatives to conventional hydrogen production methods.

Concerning bio-photolysis, a process still little treated in the literature when compared
to dark fermentation and photo fermentation, Frowijn and Van Sark [42] conducted an
analysis comparing the technical-economic and general performance of various solar hydro-
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gen generation and electrolysis methods, including bio-photolysis, based on photovoltaic
energy in the Netherlands. The study focused on the production costs associated with
different methods.

The results of Frowijn and Van Sark [42] indicated that the production costs for
photo-catalytic water splitting, direct bio-photolysis, and photoelectrochemical water split-
ting were found to be 18.32 USD/kgH>, 18.45 USD/kgH,, and 18.98 USD/kgH,, respec-
tively. These costs are expected to decrease significantly in the future. Notably, direct bio-
photolysis and photo-catalytic water splitting show potential costs of 3.10 USD/kgH, and
3.12 USD/kgH,, respectively, which could make them more affordable than photovoltaics-
based electrolysis. These findings suggest that direct bio-photolysis and photo-catalytic
water splitting methods hold promise for cost-effective hydrogen production and may
outperform photovoltaics-based electrolysis in terms of cost efficiency.

4.3. Thermochemical

Thermochemical processes to produce hydrogen can employ fossil fuels as well as
renewable sources as raw materials and may be divided into (see Table 6): (i) pyrolysis;
(ii) gasification; (iii) combustion; and (iv) liquefaction.

Table 6. Definition of the main processes of the Thermochemical category.

H, Production

Description

Pyrolysis

Pyrolysis is a thermal decomposition process which takes place in an inert atmosphere, i.e., in the absence of
oxygen [45]. Pyrolysis can be carried out using fossil fuels, such as hydrocarbons, or renewable sources, such
as biomass. Hydrocarbon pyrolysis is an established process wherein the hydrocarbon is the only source of
hydrogen and may be driven by a catalyst through the following reaction (Equation (6)) [29]:

CnHm — nC + 5 mH, (6)

On the other hand, biomass pyrolysis has gained attention as an innovative and cost-effective alternative for
hydrogen production [45].

Gasification

Gasification consists of the burning of carbonaceous materials in the presence of controlled oxygen or steam
at a high temperature and pressure, obtaining syngas, i.e., H, and CO. Coal gasification is one of the main
processes for hydrogen production in the industry (accounting for 18% of the global production), and just a
small portion is obtained from Biomass and solid wastes [46].

Combustion

Combustion is the direct burning of fossil fuels or biomass under air, converting the chemical energy into
heat and several combustion by-products [47].

Liquefaction

In liquefaction, biomass is heated to 525-600 K in water under 5-20 MPa of pressure, but the operational
conditions are difficult to achieve and the hydrogen production is low [47].

Regarding the above thermochemical methods, pyrolysis and gasification are the most
employed processes, taking into account the low hydrogen yield obtained by liquefaction
and combustion, in addition to the high pollutant gas emissions by the latter, making the
process unfavorable in terms of sustainability [47].

Coal gasification is one of the main processes used to produce hydrogen in the industry,
which may be attributed to the low cost and abundance of coal reserves. However, this
process presents significant environmental problems since it releases large amounts of
carbon dioxide and other pollutant gases. Furthemore, the mining of coal may cause
topographical and ecological changes. In this sense, coal gasification followed by carbon
sequestration may minimize the impacts. Carbon sequestration is usually performed
by conventional pressure swing adsorption (PSA) or advanced membrane technology to
remove the carbon from the gas. In addition, the hydrogen plants also co-produce electricity
to improve the overall economics of the plant [48].

Due to the scarcity of fossil fuels, there is an increasing demand for developing
technologies that use renewable sources, such as biomass. Nevertheless, hydrogen pro-
duction from renewable sources is still more expensive than from fossil fuels, as shown
by Bartels et al. [48]. The main thermochemical processes used to convert biomass into
hydrogen are pyrolysis and gasification. The authors reported a promising cost of hydrogen
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from biomass in the range of 1.44-2.83 USD/kgH,. Furthermore, the increase in the fossil
fuel feedstock cost, along with the development of technologies for renewable sources, may
make renewable sources more economical soon.

Hoang et al. [13] conducted a study to investigate the current state of research on
biomass steam gasification, focusing on the generation of hydrogen-enriched gas. The
paper discussed various aspects, such as the reaction conditions, types of gasifiers, and
catalysts used in the process. The implementation of biomass gasification offers significant
potential for the cost-effective synthesis of hydrogen from biomass. The findings suggest
that economic analysis and the development of more efficient and cost-effective catalysts
could effectively tackle the technical challenges associated with gas conditioning and
utilization. One of the main obstacles in biomass gasification is the presence of tar, which
poses significant issues even when secondary catalysts are employed. Therefore, optimizing
reaction conditions and catalysts is crucial to increasing hydrogen yield and reducing
investment costs.

Vuppaladadiyam et al. [45] highlighted that biomass pyrolysis has gained attention
as a thermochemical conversion method for obtaining value-added products due to the
continuous advancement in the development of innovative, efficient, and economically
viable pyrolysis processes that allow adjustments to maximize the production of high-
quality hydrogen. These advancements represent a promising perspective for the broader
utilization of biomass pyrolysis as a sustainable and efficient alternative. Nikolaidis and
Poullikkas [29] and Lepage et al. [44] also reported that, in addition to pyrolysis, biomass
gasification has also emerged as an economically viable approach that offers the greatest
potential to become competitive on a large scale in the near future, for reasons including its
suitability for both wet and dry biomass and its unnecessity for an oxidizing agent.

Shahabuddin et al. [49] reviewed techno-economic analyses of hydrogen production
from biomass and residual wastes through gasification and pyrolysis followed by reforming.
The authors found a LCOH from biomass ranging from ~2.3 to 5.2 USD/kgH, at feedstock
processing scales of 10 MWth and ~2.8-3.4 USD/kgH, at scales above 250 MWth. The
estimated LCOH from residual wastes were in the range of ~2.64.8 USD/kg at scales
of 75 MWth and ~1.4-3.5 USD/kgH, at 150 MWth. The main difficulties to produce
hydrogen from residual wastes are the residue pre-treatment, technology development
and competitiveness, and absence of incentive policies. Furthermore, the LCOH is more
sensitive to the plant’s overall efficiency, feedstock cost, processing scale, and installed
capital cost.

4.4. Catalytic Reforming

Catalytic reforming is one of the main routes used to produce hydrogen in the industry,
mainly from hydrocarbons (natural gas and oil) but also from renewable sources, and com-
prises four different processes: (i) steam reforming; (ii) partial oxidation; (iii) autothermal
reforming; and (iv) dry reforming. These are described in Table 7.

Table 7. Definition of the main processes of the Catalytic reforming category.

H, Production

Description

Steam reforming

Natural gas (80% methane) steam reforming is the main route used to produce hydrogen in the
industry, accounting for around 50% of global hydrogen production [50]. Nickel-based catalysts are
employed, and the reaction is performed at high temperatures. The first step is the methane steam
reforming reaction (Equation (7)), producing syngas in a Hp /CO ratio equal to 3 (Equation (8)); and the
second step is the water—gas shift reaction, converting CO into CO, and increasing the yield of H; [51].
CH, + H,O— CO + 3H, AH® =206 k] /mol (7)
CO + H,O — CO; + Hy AH® = —41 kJ/mol (8)

Partial oxidation

Partial oxidation consists of the combustion of the hydrocarbon with oxygen, producing syngas in a
H;/CO molar ratio of 2. The catalytic process is performed at 800-900 °C and the non-catalytic process
at 1200-1500 °C [51]. The catalytic partial oxidation of methane follows the reaction (Equation (9)):
CHy + 1 Oy — CO + 2H, AH® = —36 kJ/mol )
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H; Production

Description

Autothermal reforming

Autothermal reforming combines non-catalytic partial oxidation, steam reforming, and water-gas shift
reactions. The process occurs in one reformer, wherein the heat released by the partial oxidation keeps
the high temperature in the reactor [51].

Dry reforming

The dry reforming of methane has recently gained attention as an alternative to the use of biogas,
which is composed of methane and CO,, as it involves the use of renewable raw materials and
greenhouse gas capture [52]. The dry reforming of methane consists of a reaction between CH, and
CO; (Equation (10)), producing syngas in a Hy /CO molar ratio lower than 1, due to the occurrence of
the reserve shift reaction [51]:

CHy4 + COp — 2H; +2CO AH® =260.5 K] /mol (10)

It is noteworthy that steam reforming is the process of hydrogen production within
the hydrocarbon reforming category that has received the most extensive investigations
regarding its techno-economic feasibility. Furthermore, even in a general context, it is also
the most widely used technique for large-scale hydrogen production [41,50]. It accounts
for approximately 48% of the global hydrogen demand [53]. About 90% of hydrogen is
primarily distributed at retail through the steam reforming of natural gas and a fair solution
for glycerol [12].

Several studies have been conducted, approaching various forms of reforming and
employing different compounds such as methane (CHy), methanol (CH30H), ethanol
(Co,H50H), glycerol (C3HgO3), acetic acid (CH3COOH), and toluene (CyHg) [54]. This
procedure has been extensively investigated to assess the effectiveness and viability of
these compounds as raw materials.

However, although methane steam reforming is currently the most cost-effective and
preferred pathway for commercial hydrogen generation, it emits a considerable amount of
CO,, thereby negating the advantage of using hydrogen as a clean energy vector [55]. Thus,
the energy used in methane steam reforming must be derived from green sources, and the
development of catalysts aiming to increase conversion and stability, reducing production
costs, is also required [12].

Kannah et al. [25] indicate that, from an economic point of view, the steam reforming
of natural gas is efficient, inexpensive, and represents the best method for hydrogen
production. The steam reforming of natural gas for hydrogen production has attracted
the attention of many researchers and policymakers due to its high efficiency in hydrogen
production (70 to 85%) with low operating load (0.3 USD/kg Hj,) and production (1.25 to
3.50 USD/kg Hj) costs. However, a considerable amount of carbon dioxide is emitted in
the steam reforming process, which requires further research to reduce the emission and
production costs.

Due to the scarcity of fossil fuels, there is an effort for the development of steam
reforming from renewable sources, especially employing ethanol, an abundant and suitable
raw material, to obtain hydrogen. Some techno-economic studies can be found in the
literature aiming to investigate the feasibility of this process [56—63].

Compagnoni et al. [59] performed a techno-economic evaluation and sensitivity anal-
ysis of hydrogen production from the steam reforming of bioethanol, determining con-
ventional economic indicators such as the net present value, internal rate of return, and
pay-out period of the plant. Three scenarios were investigated by changing the fuel that
heats the furnace of the reformer, which showed the economic feasibility of the process. The
results revealed that the process is OPEX (operational expenditure) sensitive and strongly
influenced by the ethanol cost and Hj selling price.

As mentioned above, biogas is a gaseous mixture composed mainly of CH4 and CO,,
produced by the anaerobic digestion of organic matter. Interest in biogas production has
increased in Europe and the United States in recent years, the main biogas producers.
In Brazil, there is an increasing interest in producing energy through biogas obtained
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from landfills and agriculture [64]. As mentioned above, the growing interest in the dry
reforming of methane is related to the interest in using biogas.

Da Silva et al. [64] performed a techno-economic evaluation of a process for energy
production through a proton exchange membrane fuel cell using biogas reforming. The
sensitivity analysis revealed that the biogas flow rate strongly influenced the price of the
H, produced to feed the membrane fuel cell and, consequently, the selling price of the
produced energy. Using the highest biogas flow rate led to a higher H, production, a lower
amount of HyO consumed, and a lower energy selling price, showing the sustainability
and economic feasibility of the process.

The dry reforming of methane presents some disadvantages in relation to the steam
reforming since the Hy /CO ratio obtained is 1:1, which corresponds to a lower hydrogen
yield. In addition, the intense catalyst deactivation causes operational problems in the
process. Likewise, the main drawbacks of partial oxidation are the high oxygen separation
cost, high operating temperatures (1300-1500 °C) and pressures (3-8 MPa), and also the
H, /CO ratio of 2:1 [65].

Ongis et al. [66] investigated the performance of a fluidized-bed membrane reactor for
pure hydrogen production through the autothermal reforming of biogas and biomethane.
Different pressures, reactor diameters, and numbers of membranes were employed to
investigate their influence on the efficiency parameters, and the best design to minimize
the LCOH was identified through an economic evaluation. In addition, the results pointed
out that the LCOH is higher for biomethane than for biogas (~5.09 USD/kgHj@20 par Vs.
~4.84 USD /kgHs@p0 par, respectively) due to the lower price of biogas.

5. Discussion

The main gaps in the literature on techno-economic assessment studies of hydrogen
production can be identified as follows:

e  Although an increasing number of publications addressing hydrogen production from
renewable sources through different processes have been identified, only 4% of the
hydrogen produced in the world comes from renewable sources, such as biomass,
waste, solar, wind, and hydropower [38,49,67].

e  The techno-economic assumptions of the models vary significantly, leading to a very
broad levelized cost of electricity. This finding underscores the need to use compre-
hensive techno-economic assumptions that can accurately predict hydrogen costs [68].

e  Many studies have focused only on the technical feasibility of hydrogen production,
which can be private (or business synonyms) or social [23], leaving aside an in-depth
analysis of its commercial viability. It is essential to investigate the economic aspects,
such as large-scale production costs, market prices, potential demand, and viable
business models, to drive the adoption and implementation of renewable hydrogen in
various sectors.

e  Few case studies perform systematic comparisons between different hydrogen produc-
tion technologies and processes from different categories (Water splitting, Biological,
Thermochemical, and Catalytic reforming). Most of the studies that perform this
procedure are literature reviews, such as Mohideen et al. [69], which compares the
levelized cost of different hydrogen colors to provide a clear view of the cost-related
challenges and limitations in hydrogen production routes and discusses cost-effective
hydrogen routes. Technical and economic comparisons between different production
routes, such as water electrolysis, photolysis, and biomass reforming, among others,
are fundamental to identifying the most efficient and economically viable options.

e  Most existing studies focus on short-term analyses, leaving gaps regarding the long-
term effects of hydrogen production and use. It is essential to consider factors such as
the durability of production systems, changes in the energy market, public policies,
and socio-economic implications over longer time horizons.

e  While there is a growing awareness of the importance of sustainability and reducing
carbon emissions, there are gaps in the literature regarding the comprehensive as-
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sessment of environmental impacts associated with renewable hydrogen production.
Studies that analyze life cycles, greenhouse gas emissions, natural resource consump-
tion, and other environmental impacts are essential to informed and sustainable
decision-making.

e Climate and energy policies play a crucial role in developing a sustainable economy
based on equally sustainable energy systems. Thus, significant efforts by policymakers
and technology developers to create innovative strategies to reduce costs per scale
of production, stimulate standardization, and develop new market structures and
regulatory frameworks that promote large-scale hydrogen use are still lacking [17].

The main parameters discussed in the papers are the levelized cost of hydrogen, the
feedstock cost, plant size, taxes, operational expenditure (OPEX), and capital expenditure
(CAPEX), for evaluating conventional economic indicators such as the net present value,
internal rate of return, and pay-out period of the plant. Sensitivity analyses are generally
performed to investigate which parameters most influence the economic performance of
the process [48,49,59].

Another relevant gap in the literature on techno-economic evaluation studies of hydro-
gen production is the limited use of sensitivity analysis. Sensitivity analysis is an important
tool used to assess the impact of different variables and parameters on a hydrogen produc-
tion project’s economic and technical results. However, many studies do not adequately
explore this approach, limiting themselves to a deterministic analysis or not considering the
uncertainty associated with the input parameters. The lack of a sensitivity analysis can lead
to a limited understanding of the risks and uncertainties involved in hydrogen production
as well as in economic viability projections because it enables identifying which parameters
have the most significant influence on outcomes and helps improve decision-making by
considering different scenarios and possible changes in market conditions, input costs,
government policies, and other relevant factors [25].

It should be noted that, although sensitivity analysis plays a pivotal role in the de-
velopment of a robust techno-economic analysis of hydrogen production studies, there
are various other strategies that can be adopted to further mitigate uncertainties and ad-
dress the potential gaps in the evaluation process. One such strategy involves conducting
thorough scenario analyses, exploring a range of plausible input parameters and market
conditions. By systematically varying key variables, researchers can gain a comprehensive
understanding of the sensitivity of the techno-economic model and its implications under
different scenarios. This not only enhances the reliability of the analysis but also provides
valuable insights into the system’s flexibility and adaptability to changing circumstances.

Furthermore, adopting a multi-model approach can also prove beneficial. By uti-
lizing different techno-economic models or employing complementary methodologies,
researchers can cross-validate the results and reduce their reliance on a single model’s
outcomes. Diversifying the analytical approach can strengthen the overall study and in-
spire confidence in the findings [70]. Incorporating uncertainty analysis techniques can
be another valuable addition [71]; Monte Carlo simulations, probabilistic modeling, or
Bayesian statistics can help quantify the uncertainties associated with the input parameters
and provide a more nuanced understanding of the potential range of outcomes [72-75]. By
acknowledging and addressing uncertainty explicitly, decision makers can make better-
informed choices and devise robust risk management strategies.

6. Conclusions

Considering the several advantages of hydrogen to boost sustainable development in
various areas of the economy, such as industry, transportation, and energy, as well as the
challenges faced for its consolidation as a widespread and low-cost technology, this paper
aimed to conduct a systematic literature review with a bibliometric approach to identify the
main gaps in the literature on techno-economic evaluation studies of hydrogen production,
with particular attention given to renewable hydrogen.
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The results show that studies on the subject are expanding as well as the publication
of studies in important scientific journals in several areas of knowledge such as Energy and
Fuels, Engineering, and Chemistry. The most predominant category in the publications
is “Water splitting”, representing 36% of the total. Within this category, the most investi-
gated subcategory is “Electrolysis”, corresponding to 33% of the publications on hydrogen
production. The category “Thermochemistry” is also relevant, representing 31% of the
publications, with emphasis on the subcategory “Gasification” (17% of the publications).
The category “Catalytic reforming” represents 19% of the publications, mainly related to
the subcategory “Steam reforming” (15% of the publications). Finally, the “Biological”
category has 14% of the total publications, being influenced by the “dark fermentation”
and “photo fermentation” processes (8% and 5% of the publications, respectively).

The literature on the techno-economic evaluation studies of hydrogen production
presents some significant gaps that can possibly guide future research. These gaps include
the scarcity of comprehensive studies that integrate technical and economic aspects, the lack
of emphasis on the commercial viability of renewable hydrogen, the need for comparative
analyses between different production technologies, the lack of long-term studies that
consider the long-term effects of renewable hydrogen production and use, as well as the
lack of comprehensive assessment of the environmental impacts associated with such
production. Addressing these gaps is crucial to promoting the sustainable development
and adoption of renewable hydrogen, providing valuable information to guide policy,
investment, and technological advances in this area.

Furthermore, future studies on hydrogen production must include a comprehensive
sensitivity analysis, exploring different scenarios and key variables to provide a more robust
and informed assessment of the techno-economic feasibility of hydrogen production. This
approach will help to identify the main factors impacting the profitability and sustainability
of hydrogen production projects, contributing to the development of more robust and
efficient strategies in this field. It is also worth noting that the barriers to hydrogen
penetration in the energy market must be overcome through effective policy frameworks
developed by government agencies. It is also advised that further reviews be conducted
with a focus on databases centered around business and economics. This strategy may lead
to more robust considerations of the economic analyses in the reviewed literature.
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