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Abstract In this study, hydrogen’s role during the transition to 100% renewable
energy systems is discussed thoroughly, and the importance of sustainable hydrogen
production is highlighted. For a successful transition to hydrogen-based renewable
energy systems, hydrogen has to be produced in a clean, reliable, affordable, efficient,
and safe manner. Therefore, in the second part of this study, a comprehensive life
cycle assessment of solar hydrogen production options is conducted. The selected
clean hydrogen production options are steam methane reforming, conventional elec-
trolysis, photoelectrochemical cells, PV electrolysis, and photocatalysis. A complete
source to service approach is taken when evaluating the environmental and technical
performance of the selected hydrogen production options. Greenhouse gas (GHG)
emissions, resource use, fossil fuel use, water use, energy and exergy efficiencies, and
cost of hydrogen are the selected sustainability performance criteria. The selected
hydrogen production methods are compared based on these performance criteria. In
the next part, the performance evaluation results of each option are normalized and
ranked in the 0–10 range where 0 gives the least sustainable manner, and 10 is the
hypothetical ideal case where there is no damage to the environment, zero resource
and water use, and 100% energy and exergy efficiencies, and zero cost. The GHG
emissions, resource use, fossil fuel use, and water use results indicate that photo-
electrochemical cells (PEC) is the most advantageous. Steammethane reforming has
the highest efficiencies and the lowest. When all of the selected performance criteria
are considered together, PEC has the highest sustainability rankings (5.24/10), and
steam methane reforming has the lowest (3.24/10).
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1 Introduction

Hydrogen has a key role during the transition to clean energy systems for a sustainable
future. When produced from clean and renewable resources like solar energy and
water, hydrogen can provide safe, reliable, affordable, efficient, clean, and efficient
energy to a wide variety of end users. Hydrogen plays an especially important role
during the transition to 100% renewable energy systems in terms of energy security
in supply and demand. Therefore, the recent literature shows that there have been
numerous studies towardsmore efficient, clean, and cheap solar hydrogenproduction.

The first step towards truly sustainable energy systems via hydrogen is the produc-
tion. For that reason, solar hydrogen has to be produced in affordable, reliable, envi-
ronmentally benign, and efficient manners with zero or minimal resource depletion
(Acar and Dincer 2019). In the literature, different studies are focusing on different
aspects of solar hydrogen production. For instance, Wang et al. (2017) have focused
on photocatalysis and photoelectrochemical cells (PEC). The authors have reviewed
the recent progress of black TiO2 for photocatalytic hydrogen evolution and PEC
water splitting, along with a detailed introduction to its unique structural features,
optical property, charge carrier transfer property, and related theoretical calculations.
Lee et al. (2018) have provided a review of advanced hydrogen passivation applied
on p-type, n-type, and upgraded metallurgical grade crystalline silicon solar cells,
respectively. Acar et al. (2016) have examined photocatalytic hydrogen generation
as a key to solve climate crisis issues by enabling the transition to 100% renewable
energy. The authors have considered social, environmental, and economic character-
istics of hydrogen production while evaluating different types of photocatalysts. De
Crisci et al. (2018) have highlighted some of the methods of eliminating hydrogen
sulfide pollution via partial oxidation, reformation, and decomposition techniques
and approaches. The authors have proposed an approach to convert hydrogen sulfide
to sulfur, water and, more importantly, hydrogen. With their approach, hydrogen is
produced with zero GHG emissions, and the proposed method also helps to lower
and eventually eliminate hydrogen sulfide.

In the literature, there have been numerous examples of innovative approaches to
sustainable hydrogen production. For instance, Khetkorn et al. (2017) have reviewed
the recent technological progress, enzymes involved, and genetic aswell asmetabolic
engineering approaches towards sustainable hydrogen production from microalgae.
Research and development activities in the field of energy and cost-effective solar and
wind hydrogen have been summarized by Saeedmanesh et al. (2018). Im-orb et al.
(2018) have developed a user-friendly solid oxide electrolysis cell (SOEC) model in
a flowsheet simulator. The authors have developed a model to investigate the effects
of key process parameters such as operating temperature, current density, steam con-
centration, sweep gas type and several cells, on the environmental, energetic, and
economic performance of the SOEC for sustainable hydrogen production. Sharma
(2019) have presented hydrogen production from biomass carbohydrates by using
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different types of catalysis such as chemical catalysis, biocatalysis, and their com-
binations. Zhang and Wang (2015) have investigated semiconductor photocatalysts
for solar water splitting at 600 nm wavelength for sustainable hydrogen production.

Kadier et al. (2016) have provided a brief overview of recent advances in research
on scalable microbial electrolysis cells (MEC) reactor designs and configurations
for sustainable hydrogen gas production. Bolatkhan et al. (2019) have investigated
the sustainable methods of hydrogen production with the help of two large groups of
phototrophic microorganisms, which are microalgae and cyanobacteria. Santos et al.
(2018) have designed a new family of highly effective catalysts for low-temperature
water gas shift reaction based on goldmodified copper-zincmixed oxides. Nikolaidis
and Poullikkas (2017) have provided a comparative overview of the major hydrogen
productionmethods, including an overall comparison of conventional and alternative
methods from fossil fuels and renewables. Wang and Yin (2018) have reviewed
various biomass as feedstock, including waste activated sludge produced from the
wastewater treatment plant, algae, agricultural residuals, and municipal wastes used
for biological hydrogen production.

Dincer and Acar (2017) have introduced the critical perspectives of innovation for
specifically for hydrogen production under a new concept (so-called: 18S concept),
covering source, system, service, scope, staff, scale-up, safety, scheme, sector, solu-
tion, stakeholder, standardization, subsidy, stimulation, structure, strategy, support
and sustainability. Jiang et al. (2018) have demonstrated an innovative approach to
biological hydrogen production and introduced a tandem inorganic-biological hybrid
by combining AglnS2/In2S3 and a facultative anaerobic bacterium, Escherichia coli,
for sustainable biological hydrogen production. Show et al. (2018) have presented
an elucidation on development in biohydrogen encompassing innovative biological
pathways, bioreactor designs and operation, and techno-economic evaluation. The
authors have also outlined the challenges and prospects of biohydrogen production.
Esmieu et al. (2018) have investigated alternative methods from protein engineering
to artificial enzymes and utilized innovative biological and biomimetic approaches
towards sustainable hydrogen production. He et al. (2017) have taken an innova-
tive approach to photocatalysis by introducing novel metal-free catalysts for highly
efficient and stable photocatalytic hydrogen production from water splitting.

For sustainable hydrogen production, it is essential to investigate the system
performance, including all system components thoroughly. For instance, Shina-
gawa and Takanabe (2017) have investigated the impact of electrolyte engineering
on the performance and sustainability of hydrogen production systems. Ahmed and
Dincer (2018) have reviewed the engineering design principles for different hydrogen
production system configurations, including single, dual/tandem photoelectrodes,
tandem PEC-PV, and multi-junction designs. All of these studies have pointed out
the need for considerable efforts fromboth technical andmanaging aspects to achieve
a full-scale application of sustainable hydrogen production from affordable, reliable,
clean, and abundant sources.

In the literature, there is a need for studies comprehensively investigating solar
hydrogen production systems from environmental, technical, and economic per-
spectives quantitatively based on their life cycle performances. For this reason, in
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this study, the impact of solar hydrogen production systems on the environment is
quantitatively investigated by comparing their life cycle GHG emissions, fossil fuel
use, water use, and resource use together with their energy and exergy efficiencies
and cost. The life cycle term used in this study follows the source-system-service
approach and includes all energy and material source harvesting and processing into
account as well. Steam methane reforming (SMR), conventional electrolysis (CE),
PEC, PV electrolysis (PE), and photocatalysis (PC) is the selected hydrogen pro-
duction options for comparison purposes. For a better and clearer insight on the
true sustainability of the selected options, the environmental, economic, and techni-
cal performance results of each option are normalized and ranked to highlight their
strengths and weaknesses and provide future directions.

2 How Hydrogen Empowers the Transition to 100%
Renewable Energy

The need for an energy transition towards 100% renewable sources is extensively
recognized, and the demand for renewables has been increasing steadily. On the
other hand, there are several implications and challenges which must be resolved
before a complete switch from fossil fuels to renewables. These issues require a
concerted, collaborative, and interdisciplinary effort to come up with innovative
solutions.Among the possible solutions towards the 100%renewable energy systems,
hydrogen has the potential to be an effective enabler of this transition, since it provides
a clean, sustainable, reliable and safe alternative for resolving many problems that
stand in the way of resilient sustainable and renewable energy systems.

Hydrogen is the candidate to replace the fossil-based energy systems with renew-
ables, which is the key to a sustainable future. What is more, hydrogen has the
potential to enable long-term energy independence and security for all types of end-
users in the energy supply and distribution. With the advancements in technology
and new developments in materials science through vigorous R&D efforts, most of
the challenges associated with hydrogen energy systems have been tackled, and the
costs have been decreasing steadily as the scale of the system keep increasing.

The energy transition requires an interdisciplinary approach and crosscutting tech-
nologies. And it should be noted that there is no single technology alone which can
enable full decarbonization of energy systems and 100% renewable energy. There-
fore, a strong collaboration of the industry, academia, and governments is needed
to design, develop, build, test, and commercialize large-scale renewable energy sys-
tems. Hydrogen seems to be a promising candidate for truly sustainable energy
systems: it is a multipurpose energy carrier, it can be stored in a wide variety of
options, and it can be used to meet the energy demands of all kind of end-users in
the market. When it is produced from 100% renewable energy, hydrogen gives the
industry, buildings, transportation, and all other industries and sectors a secure and
reliable access to clean energy at all times without the burden of excess renewable
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1
• Large scale and efficient integration of 100% renewable energy systems 

2
• 100% renewable energy across all sectors and regions

3
• Reliable buffer to increase system resillience

4
• Carbon-free transportation, industry, and buildings

5
• Carbon-free industrial feedstock

6
• Carbon-free power, heating, and cooling

Fig. 1 Hydrogen’s role towards renewabilization and decarbonization of energy systems for a
sustainable future

electricity. Hydrogen’s substantial benefits for all types of end users are summarized
in Fig. 1.

Hydrogen can be used to decarbonize the global power and heat consumption
with 100% renewable energy systems. Hydrogen is capable of providing high-grade
heat which could be used to meet a wide range of energy requirements which is
very challenging to address via electricity. As a chemical fuel, hydrogen can be
transported to longer distances than electricity with considerably lower transmission
losses. Besides, hydrogen can be used in mobile applications such as cars, buses,
trains, trucks, planes, ships, etc. Hydrogen is also extensively used in different indus-
trial processes including ammonia and methanol synthesis, fertilizer production, and
so on. All of these advantages make hydrogen the key solution in the transformation
of the global energy system towards renewables.

Currently, 95% of the global hydrogen supply is produced from fossil fuels. And
the largest share of hydrogen demand comes from the industry for the synthesis of
various chemicals such as ammonia. Hydrogen is also mainly used in refining for
hydrocracking and desulfurization of fuels. In addition, a large portion of the global
fertilizer industry is produced from ammonia synthesized in the Haber-Bosh process.
Haber-Bosh process utilizes the hydrogen which is the product of natural gas steam
reformation. The breakdown of global hydrogen demand by the industry is given in
Table 1. Currently, hydrogen is produced mainly from fossil fuels, which is largely
contributing to a wide range of issues including climate change. For that reason, it is
very important for the major consumers of hydrogen to switch to renewable sources
and completely eliminate the use of fossil fuels for hydrogen production. By doing
so, they would not only reduce their CO2 emissions and costs in the long-term in
an effective manner but also fasten the transition to 100% renewables for a truly
sustainable future.
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Table 1 Global hydrogen
demand breakdown as an
industrial feedstock

Sector Key applications

Chemical • Ammonia
• Polymers
• Resins

Refining • Hydrocracking
• Hydrotreating

Iron and steel • Annealing
• Blanketing gas
• Forming gas

General industry • Semiconductor
• Propellant fuel
• Glass production
• Hydrogenation of fats
• Cooling of generators

It is important to note that fossil fuels cause dependence on import and/or export
of these sources since they are found only in the limited regions around the world.
Importing fossil fuels needs transportation and the entire supply chain infrastructure
and this process emits CO2. In addition to the social, political, and environmental
impacts of the whole fossil fuel supply chain, there are noise and pollution issues
related to fossil fuel consumption at the end-user site. In addition, remote locations
often rely on diesel generators, which are noisy and polluting the environment with
GHG emissions. With hydrogen being the storage medium for 100% renewable
energy systems, these regions’ dependence on fossil fuel extraction, processing,
transportation, and use, as well as import can be eliminated, which would essentially
increase energy security in these regions in a clean and reliable manner.

Global coal, oil, and natural gas reserves are not distributed homogeneously
around the world. For that reason, almost every country in the world relies on fos-
sil fuel imports and/or exports, Cutting the reliance on these imports and exports
enhances the resilience of these countries by making them more energy indepen-
dent with energy security through 100% renewable energy systems. For this manner,
microgrids can be developed with hydrogen as a storage medium for renewables.
These microgrids can effectively support all types of end users have secure and
uninterrupted access to reliable renewable energy. Having reliable and uninterrupted
access to energy and material resources at all times is considered as the first step
towards sustainable communities. Decentralization of energy systems with locally
available renewables not only eliminates the transmission and distribution losses but
also the negative environmental impact of the entire fossil fuel supply chain and
empowers local communities.

In addition to their significant energetic, economic, and environmental benefits,
100% renewable energy based microgrids are also smarter than traditional central-
ized grid structures. By including hydrogen as a storagemedium for renewables, new
collaboration and business model opportunities are generated for cleaner communi-
ties to solve climate change issues. In these systems, hydrogen is used to provide
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Table 2 Potential benefits of hydrogen for different sectors

Sectors Hydrogen use

Industry Cement Kiln heat source

Iron and steel Reduction agent and heat source

Ammonia Input to Haber-Bosch process

Ethylene Heat source
Plastics feedstock

Transportation Aviation Fuel cells
Internal combustion enginesLand (e.g., cars, trucks, buses, etc.)

Sea (e.g., ships)

Buildings Heating and cooling As a substitute for natural gas

Electricity Renewable energy storage Storage medium for surplus
renewable electricity to match supply
and demand

heating, cooling, and power and as a transportation fuel. Therefore, all types of indus-
tries, from residential services to transportation, chemicals, buildings, and so on are
expected to have substantial benefits from hydrogen. For that reason, hydrogen is
seen as the driver for a clean, independent, and energy secure future. With renew-
ables, hydrogen has the potential to enhance energy security and system resilience
of different sectors in the following ways (Table 2):

• In the transportation sector, decarbonizing short- and long-distance driving, truck-
ing, shipping, and aviation requires greater energy densities than batteries currently
offer. And the current grid system is not capable of delivering renewable electric-
ity to longer distances. Besides, electrification of the entire transportation sector
would generate a load that cannot be met with the current grid infrastructure.
On the other hand, hydrogen has the potential to address the issues related to
electrification.

• In the steel sector, blast furnace emissions arise from the iron reduction process
as well as the energy input requirements. Replacing coking coal with hydrogen
as the reduction agent may be a key route to decarbonization, which has already
been embraced by some major companies within the industry.

• In other industrial processes (e.g., cement and ethylene production), the use of
a decarbonized heat source such as hydrogen may prove more cost-effective
than direct electrification. Because further developments are still required before
electric furnaces can be commercially deployed at large-scales.

• Last, but not least, in residential heating, it is possible to use hydrogen piped by
converting the existing natural gas grid.

In this study, the importance of hydrogen and its key role towards the decarboniza-
tion of the whole global energy chain is discussed up to this point. For the hydrogen
economy to successfully mature and reach larger scales in all over the world, the
first challenge to tackle is hydrogen production. Sustainability requires hydrogen to
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be produced in a safe, affordable, reliable, clean, and effective manner. And with
this motivation in mind, in this study, a comprehensive environmental, economic,
and thermodynamic performance evaluation of different solar hydrogen production
options is conducted.

3 Solar Hydrogen Production

PEC has become a very promising solution for the efficient, reliable, clean, and
affordable hydrogen production challenge. On the other hand, PEC technologies
have several challenges which can be summarized as low photon-to-hydrogen energy
conversion efficiency, slow electron-hole separation rate, and rapid electron-hole
recombination issue. For this reason, there have been many studies focusing on dif-
ferent aspects of PEC to enhance their performance by lowering costs and increasing
efficiencies. When the challenges mentioned above are addressed via advancements
in materials science and technologies, sustainable hydrogen production could be
attainable via PEC. The chemical reactions in PEC water splitting are as follows:

Anode: 2H2O → 4H+ + O2 + 4e− (1)

Cathode: 4H+ + 4e− → 2H2 (2)

Overall: 2H2O → 2H2 + O2 (3)

Using earth-abundant catalysts for efficient and affordable hydrogen produc-
tion is a common strategy used in the literature. For instance, Morales-Guio et al.
(2015) have reportedPEC-basedhydrogenproduction in alkaline solutions,which are
more favorable than acidic solutions for the complementary oxygen evolution half-
reaction. The authors have shown that amorphous molybdenum sulfide is a highly
active hydrogen evolution catalyst in basic medium. The authors have developed
catalyst coated Cu2O photoelectrodes which exhibit high PEC activity for hydro-
gen evolution in alkaline solutions. Ding et al. (2016) have focused on molybdenum
disulfide (MoS2) and related compounds as inexpensive alternatives for hydrogen
evolution reaction catalysis and PECwater splitting. In their studies, the authors have
consideredkey approaches to improving the intrinsic catalytic activity andoverall cat-
alytic performance and the developments in combining MoS2 with semiconductors
to realize solar-to-fuel conversion. The authors have also discussed different design
approaches for efficient PEC water-splitting systems and some important challenges
and future directions for earth abundant hydrogen evolution reaction electrocatalysis
and PEC water splitting.

Kwon et al. (2016) have developed wafer-scale, transferable, and transparent thin-
film catalysts based on MoS2, which consists of cheap and earth-abundant elements
for highly efficient and cheaper PEC-based hydrogen production. Zhang et al. (2016)
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have reported the rational design of a novel 3D p-Si/NiCoSex core/shell nanopillar
(NP) array photocathode via uniform photo-assisted electrodeposition of NiCoSex
electrocatalyst on bamboo shoot-like SiNP array backbones. The authors have shown
that the design of p-Si/NiCoSex core/shell NP arrays offers a new strategy for prepar-
ing highly efficient PEC-based solar energy conversion devices. Zhang et al. (2015)
have reported amorphous MoSxCly as a high-performance electrocatalyst for both
electrochemical and PEC-based hydrogen generation. The authors have shown that
the MoSxCly electrocatalysts exhibit stable and high catalytic activity toward the
hydrogen evolution reaction.

Fan et al. (2016) have synthesized and characterized TiO2/reduced graphene
oxide/Cu2O heterostructure constituted byTiO2 nanowires, reduced graphene nanos-
tructures, andCu2O. The authors have shown that their complex exhibits significantly
enhanced PEC performance, including high photocurrent density and hydrogen pro-
duction at higher efficiencies. Zheng et al. (2016) have fabricated strongly cou-
pled Nafion molecules and ordered porous CdS networks for efficient visible-light
PEC hydrogen evolution. The authors have shown that the Nafion layer coating
shifts the band position of CdS upward and accelerates charge transfer in the photo-
electrode/electrolyte interface. Tong et al. (2017) have reported an environmentally
friendly, high-efficiency PEC device in which the photoanode consists of a meso-
porous TiO2 film sensitized with heavy metal-free, near-infrared (NIR) colloidal
CuInSexS2−x (CISeS) quantum dots. The authors have reported that their PEC device
is environmentally friendly with outstanding stability, cost-effectiveness, and high
efficiency.

Gross et al. (2016) have reported the improvement of a dye-sensitised p-type nickel
oxide (NiO) photocathode with a hexaphosphonated Ru(2,2′-bipyridine)3 based dye
(RuP3) and a tetraphosphonated molecular [Ni(P2N2)2]2+ type proton reduction cat-
alyst (NiP) for the photoreduction of aqueous protons to H2. With this method, the
authors have concluded that the PEC could achieve higher solar-to-hydrogen effi-
ciencies in the visible light region. Tsai and Hsu (2015) have established the use
of CdSe/graphene quantum dot (QD) nanoheterostructures as the photoanode for
outstanding PEC-based hydrogen production. Zhang et al. (2015) have synthesized
a dense array of CdS–ZnS core-shell nanorods. This photocatalyst array has been
reported to have high photocorrosion resistance, charge separation and transporta-
tion efficiencies, photocurrent density, photon to electron conversion efficiency and
stability, which are essential for sustainable PEC-based hydrogen production.

Hydrogen can be produced from solar electricity as well via electrolysis, which
is usually referred to as PV-electrolysis. PV-electrolysis is an effective approach to
utilize excess (surplus) electricity from the PV panels. In the literature, there are
numerous studies focusing on the performance enhancement of solar electrolysis.
These studies focus mainly on efficiency enhancement and cost reduction of hydro-
gen production. For instance, Tebibel et al. (2017) have investigated the energetic,
economic, and environmental aspects of PV electrolysis. The authors focused on
the optimal management strategy to achieve high system efficiency and safe opera-
tion. Shaner et al. (2016) have performed a techno-economic analysis of PEC and
PV electrolysis hydrogen production of 10,000 kg H2/day (3.65 kilotons per year)
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to assess the economics of each technology and to provide a basis for comparison
between these technologies as well as within the broader energy landscape. Dahbi
et al. (2016) have presented a new way for hydrogen production by adapting the
electrolysis to a renewable source of energy such as PV to generate the maximum
quantity of hydrogen.

Bhattacharyya et al. (2017) have addressed the design of a standalone solar PV
energy system that meets the energy requirements of the electrolysis process, fol-
lowed by the performance analysis under different environmental conditions. The
authors have also presented a step-by-step simplified approach for the preliminary
PV power system design and analysis for an electrolysis-based hydrogen production
unit. Kumari et al. (2016) have demonstrated a newmethod to produce hydrogen fuel
from solar energy by splitting seawater vapor from ambient humidity at near-surface
ocean conditions. The authors have used a proton exchange membrane electrolyzer
with seawater-humidified air at 80% relative humidity at the anode, and dry N2 at
the cathode and maintained a sufficient electrolysis current density to operate near
the maximum energy-conversion point. Huang et al. (2016) have simulated hydro-
gen production scenarios for fuel cell electric vehicle (FCEV) hydrogen refueling
stations by examining an electrolysis hydrogen production system powered by small
wind turbines and a PV system.

4 Sustainability Investigation of Hydrogen Production
Options

The sustainability investigation includes GHG emissions, resource use, fossil fuel
use, water use, energy and exergy efficiencies, and cost. All of the sustainability
performance criteria values are calculated based on the life cycle performances,
from the source to the end user, by using the GaBi (Life Cycle Assessment (LCA)
modelling and reporting software). It should be noted that life cycle results sum up all
of the energy and emissions associated with the process inputs, including upstream.
Energy and emission adjustments associated with by-products are not included. In
the GHG emissions category, the following are considered:

• CO2 emissions
• SOx emissions
• NOx emissions
• CO emissions
• CH4 emissions
• Particulate matter (PM10 and PM2.5) emissions
• Volatile organic compound (VOC) emissions
• Primary organic carbon emissions
• Black carbon emissions.

All emissions are given in units as kg emissions per kg of hydrogen produced.
Resource use indicates the amount of resource energy used (MJ) per kg of hydrogen
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produced. This resource energy can be natural gas, grid electricity (conventional
electrolysis), or solar energy (PEC, photocatalysis, or PV electrolysis). Fossil fuel
use indicates the amount of fossil energy used (MJ) per kg of hydrogen produced.
And water use is the total amount of water usage per kg of hydrogen production. It
should be noted that the life cycle includes the preparation of resources, distribution,
transportation, processing, waste handling, and the hydrogen production process
itself. That is why the selected options have fossil fuel use despite the fact that the
production processes alone do not involve any fossil fuel use. Cost indicates the life
cycle cost of the selected options. The energy efficiency of the hydrogen production
options are calculated based on the following equation:

η = HHVH2

Resource use
(

MJ
kg H2

)
+ Fossil f uel use

(
MJ

kg H2

) (4)

Here, η is the energy efficiency and HHVH2 is the higher heating value (also
known gross calorific value or gross energy) of hydrogen which is defined as the
amount of heat released by one kg hydrogen (initially at 25 °C) once it is combusted
and the products have returned to a temperature of 25 °C. HHVH2 takes into account
the latent heat of vaporization of water in the combustion products. And the exergy
efficiency of the selected hydrogen production options are calculated as

ψ =
exchH2

Exergy content o f the resource
(

MJ
kg H2

)
+ Exergy content o f the f ossil f uel

(
MJ

kg H2

) (5)

In this equation,ψ is the exergy efficiency and exchH2
is the chemical exergy content

of one kg hydrogen. For comparison purposes, all chemical exergies are calculated
at standard state, which is 25 °C and 1 atm. And the hydrogen cost is gathered from
the recent literature.

In the next step, for a more comprehensive investigation, the environmental, eco-
nomic, and technical performance results are normalized and rankedwithin the range
of 0–10 where 0 indicates the least desired performance and ten is given to a hypo-
thetical ideal case. 0 is given to the highest GHG emissions, resource use, fossil
fuel use, water use, and cost and 0% energy and exergy efficiencies. On the other
hand, ten is assigned to a non-existing ideal situation where the hydrogen production
option has zero emissions, cost, resource use, fossil fuel use, and water use and 100%
energy and exergy efficiencies. Given these conditions, the normalized rankings of
the GHG emissions, resource use, fossil fuel use, water use, and cost are calculated
based on:

Ranki = max − i

max
× 10 (6)

Here, Ranki is the rank of the selected hydrogen production option (i.e., SMR,
CE, PEC, PVE, or PC). And max is the maximum GHG emissions, resource use,



320 C. Acar

fossil fuel use, water use, or cost among the selected options while “i” is the GHG
emissions, resource use, fossil fuel use, water use, or cost of the selected hydrogen
production option. And the energy and exergy efficiency rankings of the selected
hydrogen production options are calculated from the following equation:

Ranki = e f f iciencyi × 10 (7)

Here, since the energy and exergy efficiencies of each option are within the range
of 0–1, the efficiency data are normalized by simply multiplying them with 10.
The comprehensive performance investigation results are presented and discussed in
detail in the next section with some possible future directions.

5 Results and Discussion

In this part of the present study, comprehensive sustainability examination outcomes
of the carefully chosen hydrogen production methods are presented, and the GHG
emissions, resource, fossil fuel, and water use, energy and exergy efficiencies, and
the hydrogen production costs of the selected options are discussed in detail.

Achieving the objectives of the ParisAgreement, substantial greenhouse gas emis-
sion reductions are required across all sectors and all over the world. Currently, the
consensus is to substantially increase the share of renewable energy in the global final
energy consumption. But this study highlights the importance of 100% renewable
energy systems for a carbon-free society. Despite that, one-third of global energy-
related emissions come from the industry, where currently no viable economic alter-
native to fossil fuels exists. This study shows how hydrogen from renewable sources
could be a critical element of a strategy to tackle this issue.

The second section of this study explains the advantages of hydrogen as a fuel,
including providing high-grade heat; addressing a range of energy needs that direct
electrification cannotmeet; and replacing fossil fuel-based feedstocks, such as natural
gas, in high-emission applications of the industry sector.

Hydrogen has zero GHG emissions during the storage and end-use steps. How-
ever, for a completely clean and renewable energy supply chain, hydrogen must be
produced from renewables in the cleanest possible way. Therefore, it is essential to
reduce, and possibly eliminate, GHG emissions of hydrogen production. Making the
current hydrogen production completely renewable and emissions-free is challeng-
ing but can have a positive impact on reaching lowering global CO2 emissions target
and can play an important role in realizing cost declines. For this reason, the first
investigation in this study is to comparatively evaluate the lifecycle GHG emissions
of the selected hydrogen production options.

In Fig. 2, GHG emissions are compared, and the results show that steam methane
reforming has the highest emissions (about 9 kg GHG/kg H2 produced), followed by
conventional electrolysis, which is around 7 kg GHG/kg H2 produced. The lowest
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Fig. 2 GHG emissions of the selected hydrogen production options

GHG emissions come from PEC (less than 0.5 kg GHG/kg H2 produced). PV elec-
trolysis has about 4 kgGHG emissions and photocatalysis has 0.6 kgGHG emissions
per kg hydrogen production. During the operation part of the hydrogen generation
processes, there is no GHG emissions emitted from the conventional electrolysis,
PEC, PV electrolysis, and photocatalysis. The high emissions from PV electroly-
sis are because of the PV manufacturing process. In conventional electrolysis, grid
electricity is used, and since almost 80% of the grid electricity comes from fossil
fuel combustion, there are relatively high emissions associated with this method.
In all options, a thorough life cycle approach is considered, and all transportation,
distribution, and operational emissions are calculated from the source to the very
end user. In solar hydrogen production options, construction and transportation of
the PEC reactors, photocatalysts, or PV panels are taken into consideration which
causes the emissions.

The ultimate objective of this study is to show the potential of hydrogen to make
integration of renewables to the existing energy systems happen and eventually elim-
inating fossil fuel use throughout the world. In this step of the present study, the
selected hydrogen production methods are compared based on their resource use
(MJ) to produce one kg of hydrogen. By doing so, it is aimed to find the method that
uses the least amount of resource energy to produce the maximum amount of hydro-
gen. It should be noted that fossil-based hydrogen production methods are given here
for comparison purposes.

Figure 3 shows the resource use calculation results. In steam methane reforming,
the results show the amount of natural gas energy (MJ) required to produce one kg
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Fig. 3 Resource use comparison of the selected hydrogen production options

hydrogen. Similarly, in conventional electrolysis, this option indicates the amount
of energy resource, which is mainly natural gas or coal (MJ) required to produce
one kg hydrogen. In PEC, photocatalysis, and PV electrolysis, the results present MJ
solar energy to produce one kg hydrogen. Here, it can be seen that steam methane
reforming has the highest resource use (about 251 MJ/kg H2), followed by conven-
tional electrolysis (around 128 MJ/kg H2). PEC has the lowest resource use, which
is around 100 MJ/kg H2.

In addition to the resource use, the lifecycle fossil fuel use performance of the
selected options must be compared. Even though the solar hydrogen production
options do not use fossil fuels at the hydrogen production site, the construction of
materials, reactors, synthesis of catalysts, transportation of the components, con-
struction of the process units, etc. might consume large amounts of fossil fuels
which would cause significant GHG emissions. As the transition to fully renewa-
bilized energy systems require the elimination of fossil fuel use, the auxiliary steps
of each hydrogen production process must be carefully investigated to evaluate the
actual fossil fuel consumption in the entire lifecycle. In this study, the entire lifecy-
cles of the selected five hydrogen production methods are thoroughly investigated to
accurately estimate each option’s true fossil fuel use.

The life cycle fossil fuel use performance of the carefully chosen hydrogen pro-
duction options is shown in Fig. 4. Since all upstream processes and additional steps
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Fig. 4 Fossil fuel use comparison results of the selected hydrogen production options

like transportation are included in this study, the highest fossil fuel use happens to
be in steam methane reforming (251 MJ/kg H2). The second highest fossil fuel use
belongs to conventional electrolysis (110 MJ/kg H2), which is because of the high
fossil fuel contribution in the grid electricity. PEC has the lowest fossil fuel use of
about 20 MJ/kg H2. PV electrolysis and photocatalysis have similar fossil fuel use
of around 30 MJ/kg H2. The fossil fuel use of PEC, photocatalysis, and PV elec-
trolysis is mostly because of the processing of the reactors, panels, photocatalysts,
membranes, etc.

Even though this study’s primary aim is to highlight the possibility of the full
renewabilization of energy systems through hydrogen, one cannot deny that water,
as a scarce source, must also be considered while choosing the most sustainable
hydrogen production option. Water is becoming more and more important every
other day because of the issues related to fossil fuel use, pollution, deforestation, and
so on. While evaluating the alternatives, water consumption performance has to be
considered as well. The ultimate goal must be to find a method with the least water
consumption performance. Ideally, the options with water recycling or wastewater
usage possibilities should be selected to secure our global fresh water supplies.

In Fig. 5, the water use performances are comparatively assessed. Since clean
water is an essential resource which is needed for all natural and industrial processes,
it is essentially one aim of sustainable energy systems to minimize the waste of clean
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Fig. 5 Water use comparison results of the selected hydrogen production options

water. Water use includes two factors: water consumption and water degradation,
such as water pollution (L/kg H2). The results show that steam methane reforming
has the highest water use, which is around 140 L/kg H2, followed by conventional
electrolysis, which is almost 30 L/kg H2. One reason for the considerably high
water consumption of the conventional electrolysis is the grid electricity generation
process. PEC has the lowest water consumption of around 15 L/kg H2, followed by
PV electrolysis and photocatalysis (about 20 L/kg H2). Another advantage of PEC is
the fact that it can be integrated intowastewater treatment and desalination processes.
As a result, these integrated systems do not only produce hydrogen, but also provides
fresh water, which is a scarce resource around the world.

While the cost and performance of hydrogen energy systems have improved in the
recent years (e.g., fuel cell cost fell more than 50%), performance improvement is not
capturing its full potential as industry standards have been set for specific applications
but remain limited overall. Advancing the energy transition requires harmonized
regional and sector-specific hydrogen standards that will allow for economies of
scale in research, development, and deployment (R, D & D) and manufacturing.

In this study, hydrogen production costs are calculated by taking the life cycle
approach, and the results are presented in Fig. 6. Here, it can be seen that PEC, due
to its early R&D stage and smaller scales, has the highest cost, which is around 9
USD/kg H2. Following PEC, PV electrolysis and photocatalysis have the second
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Fig. 6 Hydrogen production costs of the selected hydrogen production options

highest production cost of about 6 USD/kg H2. The lowest production cost belongs
to steam methane reforming (less than 1 USD/kg H2), followed by conventional
electrolysis (almost 3 USD/kg H2). PEC, photocatalysis, and PV electrolysis have
higher costs compared to steam methane reforming and conventional electrolysis
because of a couple of reasons. Firstly, PEC, PV, and photocatalysis are in smaller
scales than steammethane reforming, and conventional electrolysis, which increases
their production costs significantly. In addition,most of thematerials used inPEC,PV,
and photocatalysis are still expensive, and the high initial cost of these options make
hydrogen production more expensive than the more traditional options. However, it
should be noted that the cost of the renewable-based hydrogen production options
is expected to decrease significantly in the future. The target is to make renewable
hydrogen cost-competitive with fossil fuel-based alternatives.

The last category is energy and exergy efficiencies of the selected hydrogen pro-
duction options, and the results are presented in Fig. 7. In this study, in addition to
energy efficiency, exergy efficiency of each hydrogen production method is calcu-
lated to provide a deeper understanding of the system performances from lifecycle
perspective. Energy efficiency is the ratio of the energy content of the product hydro-
gen, divided by the energy content of the input. Energy efficiency is very useful to
lower any waste and enhance the system performance of a process. However, it does
not reflect the whole picture since it does not focus on the useful work portion of
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Fig. 7 Energy and exergy efficiencies of the selected hydrogen production options

energy. This is actually mentioned in the first law of thermodynamics, stating that
energy can neither be created not destroyed. On the other hand, energy conservation
is not really answering the question of what happens to the quality of our energy. By
using the second law of thermodynamics, exergy efficiency actually states what part
of the useful exergy is conserved in a process. For instance, in a hydrogen production
process, exergy efficiency is the ratio of exergetic content of the product hydrogen
to the exergetic content of all the input. By doing so, exergy efficiency gives a better
perspective when selecting the most sustainable hydrogen production option.

From Fig. 7, it can be seen that steam methane reforming and conventional elec-
trolysis have significant advantages due to their larger scale operation. Steammethane
reforming has about 84% energy efficiency and 52% exergy efficiency. The energy
and exergy efficiencies of conventional electrolysis are 53% and 25%, respectively.
Photocatalysis has the lowest efficiencies among the selected options with 3% energy
efficiency and 2% exergy efficiency. With 18% energy and 12% exergy efficiency,
PEC has a higher performance than PV electrolysis, which has 12% energy and 7%
exergy efficiency.

After performing the environmental, energetic, exergetic, and economic perfor-
mance of the selected hydrogen production methods, the results are normalized and
ranked based on the procedure explained in the previous section. The results are
given in detail in Table 3 and presented in Fig. 8.

The overall comparison shows that PEC has advantages in terms of its low emis-
sions and the use of energy and material resources. Steam methane reforming has
the highest results based on the energy and exergy efficiencies and cost. In contrast,
steammethane reforming has the lowest performance in terms of emissions, resource
use, fossil fuel use, and water use. PEC has the lowest performance in cost criteria
while photocatalysis has the weakest performance in energy and exergy efficiency
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Table 3 Normalized performance rankings of the selected hydrogen production options

GHG
emissions

Resource
use

Fossil
fuel
use

Water
use

Efficiency Cost Average
rankingEnergy Exergy

Steam methane
reforming (SMR)

0.00 0.00 0.00 0.00 8.38 5.18 9.15 3.24

Conventional
electrolysis (CE)

1.53 4.90 5.54 7.81 5.31 2.53 6.96 4.94

Photo-electrochemical
calls (PEC)

9.48 5.92 9.22 8.93 0.75 0.35 0.00 4.95

PV electrolysis (PVE) 5.81 3.23 8.88 8.43 1.24 0.72 2.86 4.45

Photocatalysis (PC) 9.37 4.71 8.79 8.28 0.24 0.13 3.62 5.02

Ideal 10 10 10 10 10 10 10

Fig. 8 Normalized
performance rankings of the
selected hydrogen
production options
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categories. When the averages of the normalized performance rankings are taken,
it is seen that PEC has the highest normalized average ranking of 5.24 out of 10,
which is immediately followed by photocatalysis with 5.02. The third highest nor-
malized average ranking belongs to conventional electrolysis, that is 4.94. Among
the selected options, steam methane reforming has the lowest average normalized
ranking (3.24), and PV electrolysis has 4.45.

In this study, for the first time in the literature, a comprehensive quantitative com-
parison approach is taken to evaluate the environmental, economic, thermodynamic,
and technical performances of the solar, conventional, and fossil fuel-based hydro-
gen production options. This study takes GHG emissions, resource use, fossil fuel
use, water use, energy, and exergy efficiencies, and cost into account to provide a
better insight into the cleaner hydrogen production methods. The results not only
show a clear picture of the current status of these options, but also provides potential
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future directions to guide researchers, policymakers, and industries in the field of
renewable energy systems for a sustainable future.

6 Conclusions

This study is conducted to explain the advantages of hydrogen as a fuel to support the
transition to 100% renewable energy systems. The benefits of hydrogen include pro-
viding high-grade heat; addressing a range of energy needs that direct electrification
cannot meet; and replacing fossil fuel-based feedstocks, such as natural gas, in high-
emission applications of different sectors and the industry as a whole. According
to the present study, renewables-based hydrogen could be critical for deeper energy
transition for the following reasons:

• Hydrogen could potentially be the missing link in the transformation of sectors,
such as aviation or refining, where electrification is not suitable to replace fossil
fuels.

• Hydrogen can support higher shares of wind and solar energy in power sectors all
over the world by serving as a reliable storage option for renewable electricity to
balance the grid and even out variable power production.

• Hydrogen offers possibilities to tap high-quality renewable energy resources,
such as remote deserts since it is easier to transport compared to electricity and
unconstrained by grid connections.

• Hydrogen can take advantage of existing energy infrastructure, including injec-
tion into the existing natural gas grids reducing emissions of the current gas
infrastructure such as gas turbines for the power sector.

• The transportation sector powered by hydrogen can offer consumers low emissions
driving performance similar to conventional vehicles using internal combustion
engines.

In this study, the GHG emissions, resource use, fossil fuel use, water use, energy
and exergy efficiencies, and cost of hydrogen via five different production methods
are investigated in detail from a life cycle perspective. The results are then com-
paratively evaluated by normalizing and ranking the environmental, energetic and
exergetic, and economic performances of the selected hydrogen production options.
Steammethane reforming, conventional electrolysis, PEC, PV electrolysis, and pho-
tocatalysis are the selected hydrogen production options. This study is one of the
first attempts to thoroughly investigate the life-cycle environmental and economic
impacts of sustainable hydrogen production. And the results indicate that:

• In terms of GHG emissions, steam methane reforming has the highest emissions
(9 kg GHG/kg H2), and PEC has the lowest emissions (0.47 kg GHG/kg H2).

• Steam methane reforming has the highest resource consumption (251 MJ natural
gas energy/kg H2), and PEC has the lowest resource consumption (103 MJ solar
energy/kg H2).
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• Fossil fuel consumption data shows that steam methane reforming has the highest
fossil fuel consumption (251 MJ fossil fuel energy/kg H2) and PEC has the lowest
resource consumption (20 MJ fossil fuel energy/kg H2).

• Steammethane reforming has the highest water consumption (140 Lwater/kg H2),
and PEC has the lowest water consumption (15 L water/kg H2).

• Steammethane reforming has the highest energy and exergy efficiencies, which are
83% and 52%, respectively and photocatalysis has the lowest energy and exergy
efficiencies, which are 2% and 1%.

• Cost comparison shows that steam methane reforming has the lowest cost (0.76
USD/kg H2) while PEC has the highest cost (9.02 USD/kg H2).

• The overall normalized performance ranking comparison shows that PEC has the
highest average normalized ranking (5.24/10) and steam methane reforming has
the lowest average normalized ranking (3.24/10).
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