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a b s t r a c t

Hydrogen as an environmentally friendly energy carrier has received special attention to solving un-
certainty about the presence of renewable energy and its dependence on time and weather conditions.
This material can be prepared from different sources and in various ways. In previous studies, fossil fuels
have been used in hydrogen production, but due to several limitations, especially the limitation of the
access to this material in the not-too-distant future and the great problem of greenhouse gas emissions
during hydrogen production methods. New methods based on renewable and green energy sources as
energy drivers of hydrogen production have been considered. In these methods, water or biomass ma-
terials are used as the raw material for hydrogen production. In this article, after a brief review of
different hydrogen production methods concerning the required raw material, these methods are
examined and ranked from different aspects of economic, social, environmental, and energy and exergy
analysis sustainability. In the following, the current position of hydrogen production is discussed. Finally,
according to the introduced methods, their advantages, and disadvantages, solar electrolysis as a method
of hydrogen production on a small scale and hydrogen production by thermochemical method on a large
scale are introduced as the preferred methods.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Energy is one of the main factors of production. Therefore, the
correct and principled implementation of energy carrier optimi-
zation programs plays an important role in ensuring the country's
policies at the national and international levels [1]. Although
leading to rapid economic growth in advanced industrial societies,
extensive consumption of fossil fuels has led to increasing changes
in the atmosphere due to the release of combustion pollutants and
the increase in carbon dioxide in the atmosphere and its conse-
quences [2]. These consequences include climate change, rising sea
levels, and, ultimately, the escalation of international conflicts [3].
On the other hand, the imminent depletion of fossil resources and
the prediction of rising prices are all more important than ever and
the need to replace the current energy system. Therefore, using
new energy sources instead of fossil fuels is inevitable. New energy
systems in the future must rely on structural and fundamental
changes in which non-carbon energy sources such as solar, wind,
by Elsevier Korea LLC. This is an
geothermal, and biomass are used [4]. Hydrogen as a clean fuel can
be a good alternative to other conventional fuels and, in the future,
as an energy carrier. Clean fuels have physical and chemical prop-
erties that make them cleaner than gasoline with the current
structure and composition in combustion. These fuels produce
fewer pollutants during combustion, while using these fuels re-
duces the rate of increase and accumulation of carbon dioxide that
causes global warming [5]. The ease of production from water, the
almost unique consumption, and the inherent environmental
utility of hydrogen are features that distinguish it from other
alternative fuel options [6].

Hydrogen can be used in all applications of fossil fuels.
Hydrogen, in particular, complements renewable energy sources
and makes them readily available to consumers anywhere, anytime
[5]. Almost all renewable energy sources are not available period-
ically, are not portable or stored by themselves, and cannot be used
as fuel, especially in transportation [3]. Although hydrogen as an
energy carrier can create and improve flexibility in global energy
consumption patterns, it should be noted that there is not yet a
large commercial market for hydrogen as an energy carrier, and its
major applications are for use in the oil industry. And
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petrochemicals and other chemical production units are restricted;
The only direct use of hydrogen gas as an energy supply agent in
fuel cells is produced by burning hydrogen in an electric cell [7].
Large-scale fuel cells are also considered, which are used as gen-
erators in support cases [8]. Therefore, although hydrogen is not
widely used globally in commercial energy applications, it is time to
find its proper place in the world energy market. Hydrogen can be
produced using primary or secondary sources. Primary sources are
used during the direct extraction of hydrogen from natural sources,
and secondary sources decomposewater into oxygen and hydrogen
using energy, usually in the form of electricity. Renewable or non-
renewable energy sources can provide propulsion energy in both
industries [9]. Depending on the amount of access to different
sources, the required technological needs, and the volume of gas
required for each geographical location, the chosen method for
hydrogen production will be different.

In this research, various hydrogen production methods are
studied from different perspectives, and in the final section, the
best possible method for hydrogen production will be selected.

2. Methodology

For assessing the sustainability domains effectively, several
factors and indexes are used in this paper to show the various
parameters effective in sustainability. Each factor discussed in the
methodology corresponds to an index, which shows its impact on
the sustainability index. The following is a summary of all indexes
used.

2.1. Energy index

Energy factor refers to the energy sides of the sustainability
analysis. This includes different energy-based factors, including the
system's energy efficiency, storage rate, production rate, and other
parameters obtained in the energy analysis processes, estimated
using the first law of thermodynamics. Furthermore, this factor
accounts for the energy impact of environmental friendliness or the
economic effect [15].

2.2. Exergy index

The exergy factors reflect several exergy-based factors essential
when analyzing the sustainability of energy systems. Using the
second law of thermodynamics, exergy assessment is an integrated
tool to study the quality of energy and point out where energy can
be conserved further. Furthermore, the exergy efficiency is
considered using the total exergy of the desired output concerning
the total exergy input needed. The exergy destruction ratio is used
to estimate this factor comprehensively [11,12].

2.3. Environmental friendliness index

The environmental friendliness factor is dependent on different
environmental effects of different fields, including air-based, water-
based, and other material impacts. The intensity of influence of the
energy system on its surrounding ambient is a vital index when
considering its sustainability aspect. Furthermore, this factor ac-
counts for local impacts as well as global ones. A life cycle assess-
ment is used by following the CML2001 process. Additionally, this
factor shows the level of suitability of an energy system environ-
mentally [9].

2.4. Economic index

The economic factor assesses the financial aspect of energy
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systems by further studying the benefit-cost ratio, payback time,
maintenance, and operation costs, as well as the Levelized costs of
electricity. Some of these factors are local and short-term, while
others are more global and have a long-term effect. Studying the
economic manifestations of energy systems is essential to under-
standing their sustainability. Therefore, this index covers an
essential side of the analysis method. Additionally, the energy
aspect is closely dependent on the economy, making this factor
valuable and an integrated part of this analysis [8,12].

2.5. Social index

The social factor is related to the social aspects when analyzing
the sustainability of energy systems. It considers job creation,
which is a local and rewarding index. It also considers social
awareness and social acceptance [13]. As technologies develop,
societies respond differently to that technology. Also, some cultures
might have certain intentions toward an energy system over
another. Therefore, studying the social value behind energy sys-
tems is vital. Furthermore, the social factor measures the human
health, human welfare, and social costs behind energy systems.
These parameters give value for this factor as it gives precise and
practical social results [16].

3. Results and discussion

The mentioned methods can be examined from different points
of view. Its environmental compatibility, process efficiency, and
cost of hydrogen production are some of the things that must be
considered in the selection process of each method to select the
final process and investment (Table 1).

3.1. Comparison of environmental effects

The negative effects of carbon dioxide on the nature of this gas
are known as the main cause of greenhouse gases. Therefore,
reducing carbon dioxide production is one of the notable topics in
discussing future energy carriers. CO2 emission, either in the form
of waste used in another industry, or its decomposition and
collection of carbon (CCS), are known as possible methods to
reduce the problem of emissions [17]. In 2001, the Center for
Environmental Science at the University of Leiden published the
Life Cycle Assessment Operational Guide to the ISO Standards
(2016) to introduce the LCA process following ISO standards. The
classification of environmental impacts was done according to this
practical guide. This study introduces the global warming potential
(GWP) and the acid potential (AP) to explain the amount of pollu-
tion generated in the hydrogen industry. GWP (equivalent to the
weight of carbon dioxide) is equivalent to a scale for releasing
carbon dioxide, and AP (equivalent to the weight of sulfur dioxide)
represents the discharge of sulfur dioxide from soil towater [18]. AP
as ameasure of the degree of acidity changes is also used. According
to the environmental values reported in Figs. 1 and 2 aligned with
the findings of [18], hydrogen production using fossil fuels (natural
gas reforming) is the most environmentally destructive method
compared to other existing methods.

According to Figs. 1 and 2, it can be seen that for hydrogen
production, the hybrid thermochemical cycle method is one of the
most popular methods with the environment, and in contrast to
coal gasification and fossil fuel reforming, it is the most destructive
method of hydrogen production.

3.2. Social cost of carbon measurement

The Social Cost of Carbon Measurement (SCC) measures the



Table 1
Parameters studied to investigate different methods of hydrogen production.

Index factor Description unit

Environmental AP Acidification potential gSO2/kg Hydrogen
GWP Global warming potential kgCO2/kg Hydrogen
WCP Water consumption potential m3 consumed
LOP Land-use footprint m2a crop-eq
SOP Mineral resource scarcity kg Cu-eq
FFP Fossil resource scarcity kg oil-eq
WSF Water Scarcity Footprint m3

Social SCC The social cost of carbon measurement $/kg hydrogen
PA Public Acceptance e

JC Job capacity Person/kg hydrogen
Energy EE Energy efficiency %
Exergy EXE Exergy efficiency %
Economic Cost Production Cost $/kg

IRR Internal Rate of Return e

PP Payback Period years

Fig. 1. Mineral resource scarcity and Land Use parameters for different methods of hydrogen production.

Fig. 2. Fossil resource scarcity, Water consumption potential, Global warming potential, and Acidification potential for different methods of hydrogen production.
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cost of emitting a unit of carbon dioxide and resulting in envi-
ronmental degradation. The Integrated Assessment Model
Framework (IAM) is used to estimate this amount. It uses an
economic model that shows the relationship between gas emis-
sions and environmental temperature changes and performs
these temperature changes with ultimate economic damage. In
this study, the values reported in a study conducted by Dincer
1290
et al. [5] on hydrogen production methods and their associated
SCC values and an average of $ 160 per ton of carbon dioxide
released are reported as SCC. The values calculated in Fig. 3 show
that in terms of the amount of damage caused by carbon dioxide
emissions, the hybrid thermochemical cycle and other production
methods use renewable energy as the least harmful process
stimulus and coal gasification and natural gas reforming methods



Fig. 3. Calculated social indexes for different methods of hydrogen production.
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with significant differences. Attention is one of the most
destructive methods. Fig. 3 shows this difference better.

3.3. Economic analysis

There are some uncertainties about the cost of hydrogen pro-
duction. This amount is highly dependent on production technol-
ogy development, the availability of infrastructure, and the stock
price. The values presented are reported in 2016 according to a
study conducted by Ref. [21]. As shown in Fig. 4, traditional
methods such as natural gas reforming or coal gasification are in
the best position from an economic point of view. The hybrid
thermochemical cycle method is in the second place of this clas-
sification but is competitive with the previously mentioned
methods. Electrolysis, with the help of solar and wind energy, has
the highest cost. One of the biggest advantages of electrolysis is its
ability to be used locally, so small production units are assumed to
calculate the final cost. For other methods, however, the initial
assumption is that production is concentrated. One of the reasons
for the sharp difference between solar and wind electrolysis costs
can be the final price difference between a small, large production
unit and a large central production unit [19].

3.4. Energy and exergy analysis

The values presented in this section are taken from studies
Fig. 4. Economic analysis of differen
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conducted by Dincer [3,4]. The ratio of useful output to the amount
of input consumed is called efficiency. Exergy efficiency could be a
more important indicator than energy efficiency as it usually gives a
finer understanding of performance [5,6]. Exergy efficiency high-
lights those losses, and internal irreversibility is to be assessed to
improve performance. Higher exergy efficiency reflects higher en-
ergy quality used in the system, making the system more sustain-
able, while lower exergy efficiencies reflect energy losses and
irreversible internal reactions, thus low energy quality and worse
sustainable score [7e10]. Furthermore, exergy analysis enables
identifying energy degradation in an energy system and provides
an accurate measure of the useful work utilized by the system.
Therefore, the exergy efficiency indicator is useful for maximizing
the benefit and efficiently using the resources. According to Fig. 5, it
can be seen that the biomass gasification method is superior to
other methods. On the other hand, electrolysis using solar energy
shows the lowest efficiency among the methods [11,12]. Fig. 5
shows the energy efficiency distribution used in hydrogen pro-
duction using different methods.
3.5. General comparison

In this section, the values listed so far are reported as normal.
The values for SCC, AP, GWP, production cost, etc. for the technol-
ogies are calculated using the following equation [13,14]:
t hydrogen production systems.



Fig. 5. Calculated exergy and energy efficiency for different methods of hydrogen production.
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Normalized ValueðithÞ¼Max�Min
Max

� 10 (3)

Normalized values range from “0” to “10” (“0” indicates the
worst behavior, and 10 is the ideal value). This is while the lowest
cost and the lowest amount of gas emissions will be 10. For
example, the coal gasification method has the highest greenhouse
gas emissions for the GWP and AP components. Therefore, the
normal values of GWP and AP are considered “0”. For the efficiency
component, normal values are calculated based on the following
formula [15,16]:
Fig. 6. Spider diagram related to the study of different par
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Normalized ValueðithÞ¼ EfficiencyðithÞ � 10 (4)

In this case, the normal values will still be in the range of zero to
10 (“0” is the lowest efficiency value, and “10” is the best efficiency
value, i.e., 100%). Normal values of greenhouse gas emissions, cost,
and efficiency are reported in Fig. 6 as a spider web diagram. The
ideal hypothetical method in this classification is 10 in all compo-
nents [17].

According to the presented spider diagram, the hybrid ther-
mochemical cycle method has the highest level, and photovoltaic
electrolysis has the lowest level in the diagram. These levels indi-
cate the success of each method in estimating the desired needs for
ameters in different methods of hydrogen production.
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selecting the preferred method of hydrogen production in the
future [18,19]. Among the methods based on renewable energy, it is
observed that the orientation of the surface formed in the spider
diagram is more inclined towards environmental advantages. In
contrast, this orientation is towards economic tendencies for
methods based on fossil fuels such as fossil fuel reforming and coal
gasification [20,21].

3.6. Discussion

In this paper, the alignment of each hydrogen production
technology with the sustainability concept in its environmental,
economic, technical, and social aspects is studied comparatively,
and their feed-stock availability and potential of utilization on a
Global scale are discussed [14,22]. The comparison and analysis
outputs are implemented to choose suitable hydrogen production
methods globally [23]. Natural gas and gasoline demand rates
exceed their production rates, and the Global scale is becoming
more dependent on its internal natural gas and gasoline production
and losing its export opportunities [24]. Therefore, finding an
alternative is vital and becomes more important each year [15,25].
Also, the hydrogen energy productionmethods are studied in terms
of social acceptance in this paper because of the ongoing debate
and social acceptance issues related to alternative energy resources
on a global scale [26]. Fig. 7 summarizes the overall comparison of
selected hydrogen production methods by ranking their technical,
environmental, economic, and social results [16,27]. These data are
illustrated in Fig. 7, which compares different technologies
regarding their sustainability score [28]. The technical study of
these methods is carried out based on their energy and exergy
performance scores (EXE and EE), in which the results are aligned
to the results of previous related papers [17,29]. The economic
aspect is based on the internal rate of return, payback period, and
levelized production cost ranking (IRR, PP, Cost), which aligns with
the related papers’ results [15,16,30]. Fig. 7 show that the hybrid
thermochemical cycle gives close-to-ideal results because of its
high environmental and economic evaluation rankings. And Bio-
waste gasification is ranked second due to its technical, environ-
mental, economic, and social performance, which is aligned with
the results of other papers [3,18]. Photovoltaic energy-based
Fig. 7. Total sustainability score o
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electrolysis gives the poorest technical and financial performance.
However, the social and environmental impact comparison shows
that coal gasification gives the lowest rankings, and also it is sorted
as the poorest option for Global scale, which seems to be the
poorest in several other regions according to the results from other
sources [19,20]. Steam-methane reformation has significant tech-
nical and economic advantages compared to solar and wind-based
electrolysis [21]. Also, biomass gasification has good performance
concerning environmental and social impact [31]. Wind-based
electrolysis has a higher environmental and social performance
compared to PV-based technologies [22]. Overall, the hybrid ther-
mochemical cycle has the highest total score of the four aspects
used to compare the selected methods (36.6) [32]. Immediately
following the hybrid thermochemical cycle, biomass gasification
gives a total score of 30.31. Steam-methane reforming gives a lower
total score compared to hybrid cycle and biomass, a total score of
27.35 [23,24].

4. Conclusion

Due to the lack of continuous access to renewable energy
sources such as the sun or wind, there is a need to use a clean
energy carrier with high energy transfer capability and maximum
accessibility. As the lightest element in nature, hydrogen, and ox-
ygen form a water substance, covering 80% of the earth's surface.
Therefore, by decomposing water into its constituent elements,
hydrogen can be obtained. Also, using natural gas and biomass on
the earth's surface can be extracted by performing a series of
chemical reactions. Different production techniques are reported in
the text, and different environmental, economic, and feasibility
parameters are mentioned separately. Finally, all methods were
compared visually by normalizing the values of the measured pa-
rameters and using the presented spider diagram. According to the
environmental values, thermochemical methods are the most
useful methods for hydrogen production, and natural gas reforming
methods, and coal gasification is the most destructive method.
However, natural gas reforming has the highest efficiency, and
hydrogen production through electrolysis combined with ther-
mochemical methods is in the third place of efficiency after
biomass and coal gasification. From an economic point of view,
f the hydrogen technologies.
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steam methane reforming has the lowest initial capital compared
to other methods offered. At the same time, water electrolysis re-
quires the most initial capital. Although small-scale production,
especially in sparse production units (with a production capacity of
fewer than 10 tons per day), the initial capital of water electrolysis
is close to steam vapor reforming, which makes electrolysis
competitive with reforming.

Regarding the use of renewable energy in hydrogen production,
according to the information provided, if renewable energy is used
to produce the electricity required for the electrolysis process, the
efficiency will decrease sharply due to the low efficiency of the
electricity generation process, sun or wind. Given the high speed of
technological development of new energies, it is hoped that in the
next ten years, in addition to a significant reduction in initial pro-
duction costs, the efficiency will also increase significantly and the
production of hydrogen in small mobile units by this group of en-
ergies to electrolysis is performed. Finally, it can be concluded that
to produce hydrogen, and one must first determine its consump-
tion and choose one of the mentioned methods according to the
volume of hydrogen required. For the production of hydrogen in
high quantities and a concentrated manner, thermochemical
methods are considered a more useful method in all respects than
hydrogen production through reforming. For this purpose, it is
better to invest in developing production units by thermochemical
method to produce future hydrogen due to the limited fossil energy
and their high pollution. Also, research should be done for small
and topical applications to obtain more advanced technology for
photoelectrolysis at a lower cost and higher efficiency.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] G. Aranda, A.J. Grootjes, C.M. Van der Meijden, A. Van der Drift, D.F. Gupta,
R.R. Sonde, S. Poojari, C.B. Mitra, Conversion of high-ash coal under steam and
CO2 gasification conditions, Fuel Process. Technol. 141 (2016) 16e30.

[2] I. Dincer, Renewable energy and sustainable development: a crucial review,
Renew. Sustain. Energy Rev. 4 (2) (2000) 157e175.

[3] I. Dincer, C. Acar, Review and evaluation of hydrogen production methods for
better sustainability, Int. J. Hydrogen Energy 40 (34) (2015) 11094e11111.

[4] I. Dincer, C. Zamfirescu, Sustainable hydrogen production options and the role
of IAHE, Int. J. Hydrogen Energy 37 (21) (2012) 16266e16286.

[5] J. Uebbing, L.K. Rihko-Struckmann, K. Sundmacher, Exergetic assessment of
CO2 methanation processes for the chemical storage of renewable energies,
Appl. Energy 233 (2019) 271e282.

[6] N. Norouzi, Assessment of technological path of hydrogen energy industry
development: a review, Iranian (Iranica) Journal of Energy & Environment 12
(4) (2021) 273e284.

[7] A. Haryanto, S. Fernando, N. Murali, S. Adhikari, Current status of hydrogen
production techniques by steam reforming of ethanol: a review, Energy Fuel.
19 (5) (2005) 2098e2106.

[8] S. Heidenreich, P.U. Foscolo, New concepts in biomass gasification, Prog. En-
ergy Combust. Sci. 46 (2015) 72e95.
1294
[9] C. Higman, S. Tam, Advances in coal gasification, hydrogenation, and gas
treating for the production of chemicals and fuels, Chem. Rev. 114 (3) (2014)
1673e1708.

[10] R. Hino, Hydrogen production by thermochemical cycle using nuclear heat,
Nippon Enerugi Gakkai-Shi 88 (5) (2009) 385e390.

[11] N. Norouzi, 4E analysis of a fuel cell and gas turbine hybrid energy system,
Biointerface Res. Appl. Chem. 11 (2021) 7568e7579.

[12] J.D. Holladay, J. Hu, D.L. King, Y. Wang, An overview of hydrogen production
technologies, Catal. Today 139 (4) (2009) 244e260.

[13] S.E. Hosseini, M.A. Wahid, Hydrogen production from renewable and sus-
tainable energy resources: promising green energy carrier for clean devel-
opment, Renew. Sustain. Energy Rev. 57 (2016) 850e866.

[14] T. Kato, Present status of hydrogen production by electrolysis, Nihon Enerugi
Gakkaishi J Jpn Inst Energy 88 (2009) 371e377.

[15] G. Nahar, V. Dupont, Recent advances in hydrogen production via autothermal
reforming process (ATR): a review of patents and research articles, Recent Pat.
Chem. Eng. 6 (1) (2013) 8e42.

[16] N. Norouzi, Thermodynamic and irreversibility analysis of the use of hydrogen
for the energy conversion of Fossil fuel in power plants, J. Appl. Dynamic Syst.
Control 4 (1) (2021) 97e107.

[17] K. Nath, D. Das, Production and storage of hydrogen: present scenario and
future perspective, J. Sci. Ind. Res. (India) 66 (9) (2007) 701e709.

[18] A. Ozbilen, I. Dincer, M.A. Rosen, A comparative life cycle analysis of hydrogen
production via thermochemical water splitting using a CueCl cycle, Int. J.
Hydrogen Energy 36 (17) (2011) 11321e11327.

[19] W. Wang, Y. Cao, Combined carbon dioxide reforming with steam reforming
of ethanol for hydrogen production: Thermodynamic analysis, Int. J. Green
Energy 9 (6) (2012) 503e516.

[20] S. Dunn, Hydrogen futures: toward a sustainable energy system, Int. J.
Hydrogen Energy 27 (3) (2002) 235e264.

[21] N. Norouzi, The Pahlev Reliability Index: a measurement for the resilience of
power generation technologies versus climate change, Nuclear Eng. Technol.
53 (5) (2021) 1658e1663.

[22] A. Dadak, M. Aghbashlo, M. Tabatabaei, H. Younesi, G. Najafpour, Exergy-
based sustainability assessment of continuous photobiological hydrogen
production using anaerobic bacterium Rhodospirillum rubrum, J. Clean. Prod.
139 (2016) 157e166.

[23] A. Abu-Rayash, I. Dincer, Development of integrated sustainability perfor-
mance indicators for better management of smart cities, Sustain. Cities Soc. 67
(2021), 102704.

[24] A. Valente, D. Iribarren, J. Dufour, Comparative life cycle sustainability
assessment of renewable and conventional hydrogen, Sci. Total Environ. 756
(2021), 144132.

[25] O. Sarkar, R. Katakojwala, S.V. Mohan, Low carbon hydrogen production from
a waste-based biorefinery system and environmental sustainability assess-
ment, Green Chem. 23 (1) (2021) 561e574.

[26] W. Li, X. Ren, S. Ding, L. Dong, A multi-criterion decision making for sus-
tainability assessment of hydrogen production technologies based on objec-
tive grey relational analysis, Int. J. Hydrogen Energy 45 (59) (2020)
34385e34395.

[27] X. Ren, W. Li, S. Ding, L. Dong, Sustainability assessment and decision making
of hydrogen production technologies: a novel two-stage multi-criteria deci-
sion making method, Int. J. Hydrogen Energy 45 (59) (2020) 34371e34384.

[28] N. Norouzi, Technical and economic and exergy feasibility of combined pro-
duction of electricity and Hydrogen using photovoltaic energy, J. Appl. Dy-
namic Sys. Control 4 (1) (2021) 79e88.

[29] H. Khajehpour, N. Norouzi, M. Fani, An exergetic model for the ambient air
temperature impacts on the combined power plants and its management
using the genetic algorithm, Int. J. Air-Condition. Refrig. 29 (1) (2021),
2150008.

[30] A. Chen, C. Liu, Y. Liu, L. Zhang, Uranium thermochemical cycle used for
hydrogen production, Nuclear Eng. Technol. 51 (1) (2019) 214e220.

[31] S. Mandal, A.K. Jana, Simulating reactive distillation of HIx (HIeH2OeI2)
system in Sulphur-Iodine cycle for hydrogen production, Nuclear Eng. Tech-
nol. 52 (2) (2020) 279e286.

[32] L.C. Ju�arez-Martínez, G. Espinosa-Paredes, A. V�azquez-Rodríguez, H. Romero-
Paredes, Energy optimization of a SulfureIodine thermochemical nuclear
hydrogen production cycle, Nuclear Eng. Technol. 53 (6) (2021) 2066e2073.

http://refhub.elsevier.com/S1738-5733(21)00573-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref1
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref2
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref2
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref2
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref3
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref3
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref3
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref4
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref4
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref4
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref5
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref6
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref7
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref8
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref9
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref10
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref11
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref11
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref11
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref12
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref12
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref12
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref13
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref14
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref15
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref16
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref17
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref18
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref19
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref20
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref20
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref20
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref21
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref21
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref21
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref21
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref22
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref23
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref23
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref23
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref24
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref24
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref24
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref25
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref26
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref27
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref28
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref28
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref28
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref28
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref29
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref30
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref31
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32
http://refhub.elsevier.com/S1738-5733(21)00573-8/sref32

