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Abstract

Considering the daily increase in the energy consumption all over the world as well as
the global warming, utilizing renewable energies is of importance. Generally renewable
energy sources have a fluctuating nature which highlights the necessity of the energy stor-
age units. Therefore, it will be possible to meet the demand by renewable energy even
in the absence of the renewable source. Hydrogen is one of the clean fuels that can be
produced via different fossil fuel based or renewable based mechanisms. In this study, a
review of current hydrogen production methods is provided with focus on photocatalytic
method which directly uses solar energy to dissociate the water molecules. Moreover, a
model for solar water splitting unit consisting of a 1 [MWp] capacity monocrystalline sil-
icon photovoltaic, a proton exchange membrane electrolysis, and hydrogen storage tanks
is developed for Oulu, Finland, and Milan, Italy. Two scenarios are considered; one where
the modeled system only can sell electricity to the grid (S1), and the other one in which
the system can also purchase electricity from the grid (S2). It is found that the levelised
cost of hydrogen for S1 is lower in Milan, but for S2 it is lower in Oulu for the electrolyser
with capacity larger than 200 [kWel]. In addition, the solar-to-hydrogen (STH) conversion
efficiency of the proposed system is better in Oulu for the electrolyser with capacity lower
than 400 [kWel].

Keywords: Hydrogen production, Photocatalysis, Solar energy conversion, Water elec-
trolysis





Abstract in lingua italiana

Se consideriamo l’aumento quotidiano del consumo di energia in tutto il mondo e quindi il
riscaldamento globale, diventa evidente l’importanza dell’utilizzo delle energie rinnovabili.
Le fonti di energia rinnovabile sono generalmente di natura intermittente, originando la
necessità del loro immagazzinamento. Quest’ultimo redenderebbe possibile una corrispon-
denza tra la domanda e l’offerta di energia rinnovabile, persino quando la fonte dell’energia
rinnovabile in questione è assente. L’idrogeno rappresenta uno dei combustibili puliti e
può essere prodotto a partire da combustibili fossili o da meccanismi basati su energie rin-
novabili. In questo studio presentiamo una revisione dei metodi di produzione di idrogeno
più attuali, specialmente focalizzandoci sul metodo fotocatalitico, che utilizza diretta-
mente l’energia solare per dissociare molecole d’acqua. Inoltre, è stata sviluppata ad
Oulu, in Finlandia, ed a Milano un’unità per la fotolisi dell’acqua che prevede l’utilizzo di
luce solare. L’unità consiste di una cella fotovoltaica basata in un monocristallo di silicio
con una capacità di 1 [MWp], di una membrana elettrolitica a scambio protonico e di
un sistema di immagazzinamento dell’idrogeno. Due scenari possono essere considerati.
Nello scenario S1 l’elettricità è inviata all’unità elettrica, mentre nello scenario S2 può
anche essere ricevuta dall’unità. Abbiamo analizzato che il costo medio dell’idrogeno in
S1 è inferiore a Milano, ma nel caso di S2 è più basso ad Oulu quando si utilizza una cella
elettrolitica con una capacità maggiore di 200 [kWel]. L’efficienza di conversione della
radiazione in idrogeno è maggiore ad Oulu, quando si utilizza una cella elettrolitica con
capacità minore di 400 [kWel].

Parole chiave: Produzione di idrogeno, Fotocatalisis, Conversione dell’energia solare,
Elettrolisi dell’acqua
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Introduction

The world’s energy consumption has risen dramatically as a result of population growth
and increased quality of living (especially in developing countries). As reported by Inter-
national Energy Agency (IEA), total primary energy supply (TPES) of the world has been
increased from 3.7× 108 [TJ] to 6.1× 108 [TJ] between 1990 to 2019. By 2050, the world
population is predicted to reach a peak of 10 billion people, resulting in an even larger
increase in energy demand [1]. Figure 1 presents the world’s TPES by sector. The data
shows that fossil fuels are yet the world’s primary source of energy, despite the fact that
their emissions of greenhouse gases (GHG) pollute and degrade the environment. The
rise in global energy consumption has prompted further debate about clean, affordable,
and long-term energy generating methods [1, 2].

Green hydrogen is one of the promising alternatives to fossil fuels. Due to hydrogen’s
uncomplicated electrochemical conversion, high mass energy density, and light weight,
transporting energy in the form of liquid fuels is also practical [3]. Hydrogen is a well-
known and efficient energy carrier that can be derived from both renewable and nonre-
newable resources. Therefore, it is feasible to have no greenhouse gas (GHG) emissions if
the hydrogen production procedure is carried out with renewable energy sources (RES).
Moreover, besides the energy source, material source of hydrogen is of importance. Re-
sources containing the hydrogen element, e.g. water, carbohydrates, and hydrocarbons,
are converted to hydrogen and other byproducts. Even though water is the most clean
source to produce hydrogen, nowadays, nearly 96% of hydrogen is derived from conven-
tional fossil fuels, with 30%, 48% and 18% coming from naphtha reforming, natural gas
steam reforming, and coal gasification, respectively [4].

Although hydrogen is the most abundant element, it is not available in the nature in its
fuel form. To address this issue, a wide range of technologies are developed which can be
divided into two groups of conventional and renewable methods, based on their raw ma-
terials. Conventional methods, including different hydrocarbon reforming methods, coal
gasification, and pyrolysis utilize fossil fuels to produce hydrogen. On the other hand,
renewable methods employ renewable resources such as water and biomass. Thermoly-
sis, electrolysis and photo-electrolysis are renewable methods operating with water split-
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Figure 1: World total primary energy supply (TPES) [1]

ting reaction. For biomass as the feedstock, thermochemical and biological processes are
developed. Biomass gasification, pyrolysis, combustion and liquefaction are main ther-
mochemical processes, while direct and indirect biophotolysis, dark fermentation, and
photo-fermentation are the biological ones [5].

Solar energy is the most abundant renewable energy freely available all over the world
which can be used in various applications such as water treatment and generating elec-
tricity and thermal energy [6, 7]. In fact, one hour of sunlight produces more energy than
humans consume in an entire year [8]. Furthermore, numerous solar-driven hydrogen pro-
duction methods have been developed that can be categorized as photocatalytic (PC),
photoelectrochemical (PEC), photovoltaic–electrochemical (PV-EC), and solar thermo-
chemical (STC) water splitting, as well as photothermal catalytic (PTC) hydrogen pro-
duction from fossil fuels (mainly CH4) and photobiological (PB) hydrogen production
[9].

According to Global Hydrogen Review 2021 published by IEA [10], fossil fuel-based hy-
drogen almost entirely met the global hydrogen demand of 90 [Mt] in 2020. Owing to
the dominance of the fossil fuel consumption, hydrogen production is in charge of ap-
proximately 900 [Mt] direct CO2 emissions in 2020. Sustainable hydrogen production
technologies were surprisingly strong throughout the COVID-19 epidemic and it was a
record year for policy action and low-carbon production. For example, in 2020, 70 [MW]
of electrolysis capacity was installed (25 [MW] in Peru, 20 [MW] in Canada, and 10 [MW]
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in Japan were the largest ones) which doubled the record of 2019. Additionally, two fos-
sil fuel-based hydrogen producing units with Carbon Capture, Utilization, and Storage
(CCUS) became operational with 320 [kt] of low-carbon hydrogen in Canada during 2020
[2, 10].

In this study, a brief review of major hydrogen production methods based on their source
of energy is presented. Then the photocatalytic hydrogen production which is a promising
method to generate hydrogen directly by solar energy is explained in details. Also several
types of photocatalyst materials considered for hydrogen production has been discussed.
Finally, feasibility analysis of a solar water splitting unit consisting of a photovoltaic plant,
and a water electrolysis is developed for Oulu, Finland, and Milan, Italy. Then, based on
the calculated levelised cost of hydrogen, the investment cost of the photocatalytic water
splitting is calculated as the breakeven reference cost for this technology.
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1| Hydrogen production methods

Hydrogen production technologies are to be designed and developed so as to produce
molecular hydrogen (H2) from hydrogen containing resources where the hydrogen is chem-
ically bound. Hydrogen production methods can be categorized depending on the type of
the utilized raw material and the type of the energy source driving the conversion. In this
chapter various hydrogen production methods are categorized and briefly described based
on the utilized energy source. To produce hydrogen one can employ one or combination
of thermal, electrical, photonic, or biochemical energy forms. Apart from green sources
such as solar, wind, geothermal, etc., the required energy can be obtained from fossil fuels
in which all produced carbon dioxide must be processed (separated, sequestrated, etc.)
to be considered as the green hydrogen production.

1.1. Thermal Methods

Hydrogen production methods with thermal processes as the driving energy are the most
common ones [11]. In this method, heat energy is converted to the chemical energy in the
form of hydrogen. considering the source of the heat, the produced hydrogen might be
green or not. Solar energy, nuclear energy, and fossil fuel-based units with CCUS can be
utilized in thermal methods to produce green hydrogen. Thermal methods are classified
in various subsection listed below.

1.1.1. Thermolysis

The direct thermal decomposition of water molecules to hydrogen and oxygen known as
thermolysis is a one-step reversible reaction.

H2O
Heat H2 +

1

2
O2 ∆H300 [K] = 286 [kJ/mol] (1.1)

A high temperature heat source is indispensable to obtain high degree of dissociation in
this method. At atmospheric pressure, dissociation levels of 4% and 64% are reported
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for 2500 and 3000 [K] heat sources respectively [12, 13]. To ensure the green hydrogen
production, renewable high temperature energy sources such as concentrated solar power
(CSP) can be utilized. Considering the operational conditions for this method, the reactor
must be made of high-temperature resistant materials which increases the cost of the
equipment. Additionally, separation of produced hydrogen and oxygen is also a challenge
to overcome in this method.

1.1.2. Thermochemical water splitting

Even though thermolysis could capture enough attention during the 70s and early 80s,
to overcome the related high temperature issues for hydrogen production, decomposition
of water with the aid of repetitive series of chemical reactions known as thermochemical
water splitting were developed [14]. There is no need for catalysts in these reactions and
all utilized chemicals are recycled except for water which is the source of the produced
hydrogen. Compare to thermolysis in which the required temperature is in the range of
2500 to 3000 [K], thermochemical water splitting operates in feasible temperature range
(600 to 1200 [K]). Zero or low electrical energy demand and no need for separation of H2

and O2 are other features of this method that have made it a promising way to produce
green hydrogen [15]. By 2006, more than 280 thermochemical water splitting cycles were
revealed for hydrogen production reported by Argonne national laboratory (ANL) [16].

The most well-investigated and popular thermochemical water splitting cycle is the sulfur-
iodine (S-I) cycle that is proposed by General Atomics as a promising method to produce
green hydrogen. The maximum operating temperature in this cycle is around 1120 [K]
which can be supplied by nuclear heat sources, CSP, and biomass consumption [17]. The
S-I cycle equations are listed below [18]:

H2SO4 H2O + SO2 +
1

2
O2 at 1120 [K]

I2 + SO2 + 2H2O 2HI + H2SO4 at 400 [K]

2HI H2 + I2 at 400 [K]

(1.2)

(1.3)

(1.4)

Yilmaz and Selbaş [17] have done a thermodynamic energy and exergy performance as-
sessment of a Sulfur-Iodine (S-I) thermochemical unit assisted with solar energy. They
have reported 43.85% and 62.39% energy and exergy efficiency for the S-I cycle, respec-
tively. However, the energy and exergy performance of the whole system is calculated
to be 32.76% and 34.56%, in the given order. With this results they believe that S-I
thermochemical cycle is a feasible technique to produce hydrogen in future.



1| Hydrogen production methods 7

1.1.3. Gasification

Biomass gasification

Municipal or agricultural solid carbonaceous waste (known as biomass) such as sugar cane
bagasse and wood sawdust can be utilized to produce sustainable and green hydrogen
with low emission of carbon dioxide [15, 19]. Biomass is oxidized within a gasifier at a
high temperature and transformed into a gaseous mixture containing hydrogen, methane,
carbon monoxide and carbon dioxide. This process known as biomass gasification is the
most efficient and economic hydrogen production method. While the biomass to hydrogen
efficiency, based on lower heating value (LHV), for this process is reported to be almost
69%, its overall energy efficiency can reach 90% with the aid of energy recovery units
[20, 21]. The performance of this method depends on operational parameters, including
reactor type, the feedstock, and operation temperature [22, 23]. Temperature range of
700 to 1200 [K] and air, oxygen or steam as the gasifying agent are required. Despite the
higher energy cost, the product of the steam gasification has higher heating value and
superior hydrogen production in comparison with air gasification. Moreover, high-cost
oxygen separation process is not required in the case of the steam gasification [24, 25].
Whenever the moisture content of the biomass is too high (e.g. wastewater), it must
be dehydrated prior to gasification or the supercritical water gasification (SCWG) can
be employed. In this process, apart from biomass, water is also a source of hydrogen
production. Water must be in its supercritical condition (P > 22.1 [MPa] and T > 647.1

[K]), therefore lower operational temperature is demanded [26].

Coal gasification

As the most abundant fossil fuel, coal could be a promising source to produce hydrogen
usually through gasification. Even though the efficiency of coal gasification is lower than
the steam methane reforming , it is an economical and practical option particularly where
the coal is more affordable than methane. Currently 18% of the total hydrogen production
in the world is produced using this method [27, 28].

The gasification occurs within the gasifier where the dried coal is oxidized in the presence
of oxygen and steam at high pressure and high temperature condition. In this process
syngas (a mixture of H2, CO and CO2) is produced. The corresponding reactions are [29]:

C + O2 CO2 ∆H = −405.9 [kJ/mol]

C + H2O H2 + CO ∆H = 118.9 [kJ/mol]

(1.5)

(1.6)
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The gas mixture then enters the water gas shift reaction in which the produced CO turns
into CO2 besides enhancing the hydrogen yield. In order to increase the overall efficiency
of the plant, a part of the produced syngas can be used to generate electricity with the
aid of gas turbines.

Considering high CO2 emissions, coal gasification possesses the highest global warming
potential among all hydrogen production processes [30]. To address the environmental
effects, CCUS technologies should be applied which leads to higher capital costs, ergo
high-cost hydrogen production [13]. Therefore, development of CCUS technologies is
indispensable to have a competitive hydrogen production by coal gasification [31].

1.1.4. Reforming

Fossil fuel reforming is a viable option to produce hydrogen. CO and CO2 besides H2

are also emitted in this method. Partial oxidation, steam reforming, and autothermal
reforming are the main reforming technologies. In partial oxidation, the fuel is oxidized
partially in the absence of any catalyst. Unlike the partial oxidation in which the reaction
itself provides the required heat, an external heat source is demanded for steam reforming.
However, no need for oxygen, and lower operating temperature besides higher H2 to
CO ratio are the advantages of steam reforming over partial oxidation and autothermal
reforming. Autothermal reforming has lower operating pressure in comparison with partial
oxidation. Although there is no need for external heat source for autothermal reforming,
similar to partial oxidation, pure oxygen demand for reaction and consequently oxygen
separation unit for products increases the cost of the produced hydrogen [13].

Among all reforming technologies, steam methane (natural gas) reforming (SMR) is the
most widely used hydrogen production method with 48% share of world’s hydrogen pro-
duction. Methane is a more favorable fuel for steam reforming, because of its high
hydrogen-to-carbon ratio which leads to less undesired by-products [4, 32]. Despite the
high global warming potential of SMR, it produces low cost hydrogen (less than 2 [$/kg])
in comparison with other hydrogen production methods [33]. The SMR consists of two
steps: a reforming reaction and a shift reaction.. Methane and steam are mixed during
the reforming step in the presence of a catalyst at 1.5 to 3 [MPa] pressure and 900− 1200

[K] temperature. At this stage, CO and H2 are the products. During the second step (i.e.
the shift reaction), the produced CO reacts with the excess steam producing more H2 as
well as CO2 [34]. Therefore, to produce green hydrogen, it is mandatory to capture the
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emitted carbon dioxide with the aid of CCUS methods.

CH4 + H2O CO + 3 H2

CO + H2O H2 + CO2

(1.7)

(1.8)

1.2. Electrical Methods

Electrical hydrogen production methods, or water electrolysis, are considered as means to
convert electric power into chemical form [35]. Similar to thermolysis, pure hydrogen and
oxygen are the only products of water electrolysis, however, a DC current is the energy
source providing the required significant amount of the energy. Two half-cell reactions of
the oxygen and hydrogen evolution reactions (i.e., OER and HER) occur at the anode
and cathode almost at constant pressure and temperature respectively [2, 15].

Anode : H2O
1

2
O2 + 2H+ + 2 e–

Cathode : 2H+ + 2 e– H2

Overall : H2O H2 +
1

2
O2

(1.9)

(1.10)

(1.11)

Even though, electrolysis is the first utilized method to synthesize hydrogen [36], it only
contributes 4% to the global hydrogen production, due to its lower efficiency and higher
cost in comparison with SMR and CG [31]. Movement of the electrons driven by an
external circuit is the base of this method. Therefore the current density besides the
efficiency is of importance for water electrolysis. Here, the efficiency is defined based on
the ideal and real energies required to drive the reaction. To enhance the current density
and the reaction rate, catalysts (normally Platinum) are often used. [13, 15]

Based on the utilized electrolyte system, electrolyzers are classified into alkaline water
electrolysis (AWE), proton exchange membranes electrolysis (PEMs), solid oxide water
electrolysis (SOE), and anion exchange membranes electrolysis (AEMs) [28, 37, 38]. Elec-
trolysis can also be classified based on their operating temperature as the low-temperature
electrolysis (LTE) with working temperature of 340− 360 [K], and the high temperature
electrolysis (HTE) with working temperature of 970 − 1270 [K] [39]. The advantage of
HTE over LTE is that it makes use of both electrical and thermal sources, consuming less
electricity and producing almost zero emission of GHG in the presence of external clean
heat source [40].
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1.2.1. Low temperature electrolysis (LTE)

AWE and PEM electrolyzers known as the LTEs, are the most commonly used electrical
methods to generate hydrogen in large scale [41]. Two non-platinum metals as the elec-
trodes, a diaphragm membrane, and an electrolyte with 30 − 40% potassium hydroxide
(KOH) are the main components of the AWE (Figure 1.1a). No need for a noble metal
catalyst as well as easy handling due to lower temperature are advantages of this method.
The AWE is considered as the promising method to produce hydrogen up to megawatt
scale [42–44].

PEM electrolyzers are similar to the AWE expect they have a solid polymer membrane
as the electrolyte in which the protons (i.e. hydrogen ions) act as the charge carriers
(Figure 1.1b) [45]. PEM electrolyzer can be both employed to generate hydrogen, and
be used in fuel cells which use hydrogen as the fuel to produce electricity [2]. At the
anode, water splits into oxygen and protons that are transferred to the cathode through
the solid electrolyte to react with electron and produce hydrogen [46]. Even though the
efficiency of the PEM electrolyzer is higher than AWE, the necessity of noble metals such
as platinum and iridium besides the degradation of its electrolyte have made the AWEs
more widespread than PEMs [42, 43, 47]. Based on the IEA report, 61% and 31% of
the installed water electrolysis capacity in 2020 belong to AWE and PEM electrolyzers
respectively [10].

1.2.2. High temperature electrolysis (HTE)

In comparison with LTEs, SOE electrolysis produce hydrogen from steam or water at
high temperature with higher energy efficiency and operating power [48]. Apart from
the electricity, thermal energy is also needed in SOEs to drive the reaction as given in
Equations (1.12) and (1.13) [31, 43]:

H2O + 2 e– H2 + O2–

O2– 1

2
O2 + 2 e–

(1.12)

(1.13)

SOE electrolysis is in early development and is not commercially available yet. However,
its low estimated cost (by 2050) and its capability to operate in the inverse process to
produce electricity (solid oxide fuel cells, SOFC) have made it a promising method to
produce hydrogen in large scale in the future [31].

The other HTE method, i.e. AEM, is designed in the way that contains advantages of
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both alkaline and PEM electrolysis simultaneously. In this technique, an anion exchange
membrane is utilized as the electrolyte besides two catalyst-based metals such as platinum
and iridium as the electrodes [49]. The low capital cost of the AEM electrolysis can help
the large scale hydrogen production become a reality [44]. Although, AEM electrolysis is
principally similar to PEM electrolysis, hydroxyl ions carry the charge instead of protons,
as presented in Figure 1.1d. The reactions happening within an AEM electrolysis are [44]:

2H2O + 2 e– H2 + 2OH–

2OH– 1

2
O2 + H2O + 2 e–

(1.14)

(1.15)

(a) Alkaline water electrolysis (b) Proton exchange membranes electrolysis

(c) Solid oxide water electrolysis (d) Anion exchange membranes electrolysis

Figure 1.1: Schematic diagram of various electrolysis.
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Primary energy sources such as fossil fuels and renewable energies are used to generate
secondary ones like electricity and heat. Fossil fuels including coal, natural gas, and oil are
the primary energy source for more than 60% of the world’s total electricity generation [1].
Therefore, in order to produce green hydrogen by water electrolysis, electricity generated
by renewable sources such as solar photovoltaic, nuclear, and wind must be employed
[31]. As reported by National Renewable Energy Laboratory (NREL), in major part
of the United State, the cost of hydrogen production by electrolysis is comparable with
gasoline [50].

1.3. Photocatalytic Methods

One clean source of energy that can provide the required energy for water dissociation
is solar radiation. Therefore, photocatalysis is a way of converting and storing the solar
energy in the form of chemical energy using suitable catalysts (i.e. semiconductor) [51].
In addition to water, organic substrates like methanol, ethanol, as well as aromatic water
pollutants can also be used as the source of the hydrogen through similar processes known
as photoreforming processes [52, 53]. Photocatalytic methods has also the capability to be
used in water treatment technologies to remove organic pollutants from wastewater. Be-
sides clean water as the main product, hydrogen is a valuable byproduct of photocatalytic
degradation of contaminants [54, 55].

The solar radiation spectrum at the top of the earth’s atmosphere as well as at sea level is
depicted in Figure 1.2. The distribution of the solar light is similar to that of the blackbody
with approximately the surface temperature of the sun (5520 [K] temperature) [56]. The
solar spectrum can be divided into three sections of ultraviolet light (wavelengths less than
400 [nm]), visible light (wavelengths between 400 to 760 [nm]), and infrared (wavelengths
larger than 760 [nm]). While 38.9% of the sunlight at top of the atmosphere is visible light,
6.8%, and 54.3% of it is comprised of ultraviolet (UV) and infrared (IR) respectively [57].
However, as light passes through the atmosphere, it loses a portion of its power due to
Rayleigh scattering, dust and aerosol scattering, cloud surface reflection, and absorption
by water, oxygen, and carbon dioxide. Therefore, at the sea level, solar spectrum is
divided in 6% of UV light, 48% of visible light, and 46% of IR light [58].

It is known that the energy of the photon is correlated to the frequency of the radiation
as below:

Ephoton = hν (1.16)

in which, ν, and h are the frequency of the radiation and the Plank constant respectively.



1| Hydrogen production methods 13

Figure 1.2: Solar Spectrum. Reproduced with permission from reference [56]

Figure 1.3: Photocatalytic water splitting stags. (i) photo-induced charge generation, (ii)
charge migration, (iii) photochemical reactions and (iv) charge recombination. Repro-
duced with permission from reference [59].

In a photocatalytic process, solar radiation is absorbed by the photoelectrodes made of a
semiconductor. Similar to a photovoltaic (PV) cell, an electron-hole pair is generated when
the absorbed photon has energy higher than the band gap energy of the semiconductor.
However, in photocatalytic methods, the generated electrical charge is directly used to
dissociate water as opposed to electrolysis using solar energy, where the solar energy would
be first converted into an electric current driving the reaction at the electrode. Therefore,
there is no need for a distinct power generation like PV that makes it a more compact
solution [13]. Different stages of the photocatalytic water splitting reaction are depicted
in Figure 1.3.

In this type of hydrogen production method, the utilized catalyst should have the following
criteria [51]:
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• absorb visible light (display suitable band gaps)

• be chemically stable under redox conditions

• be chemically resistant

• have a low cost

• be recyclable

• be adaptable for large-scale hydrogen production

So far, various types of photosensitive semiconductors are studied in which, titanium
oxides, cadmium sulfides and zinc oxide/sulfides are expressed as the most efficient ones
for hydrogen production by means of photocatalytic water splitting [13, 14]. Due to the
accessibility, and affordability of titanium dioxide (TiO2) besides its chemical resistance
properties, it has attracted more attention [60]. Studies have shown that addition of
different metals, particularly earth-abundant ones such as Ni and Cu, can enhanced the
hydrogen production [61–64]. Although the global worming potential is the lowest for this
method, the need for sacrificial reagents which have environmental impact, low visible light
activity of photocatalysts, low exergy efficiency, and the high cost are the disadvantages
which make it less favorable [11, 14].

1.4. Biological Methods

Hydrogen production from biomass or solar energy with the aid of microbial species such
as hydrogenase or nitrogenase enzymes are known as the biological methods which is
usually done at ambient pressure and temperature. Biological methods can be classified
as light dependant methods, i.e. direct or indirect biophotolysis and photo-fermentation,
and light independent ones, i.e. dark-fermentation [65]. Bio-photolysis benefits from
photosynthetic reaction to split water into hydrogen and oxygen in the presence of solar
energy in both direct and indirect mood. Cyanobacteria and microalgae are used in this
method to drive the photosynthetic reaction in specific photo-bioreactors. The direct bio-
photolysis consists of one step to dissociate water into hydrogen, while during the indirect
one, at the first stage water is used to produce glucose which then is transformed into
hydrogen [11].

Besides photosynthetic bacteria, anaerobic ones like Rhodobium and Rhodobacter can also
be employed in the presence of solar energy to generate hydrogen from organic compounds
through photofermentation in which nitrogenase-catalyzed reaction is the driven reaction
[66]. The absence of oxygen evolving reactions and consequently no need for oxygen
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separation, high substrate conversion yields, capability of using varied range of sunlight,
and possibility of combining this method with waste disposal are the main advantages of
photofermentation [2].

Organic and waste materials can be utilized to produce hydrogen by using anaerobic
organisms even in the absence of the solar energy known as dark-fermentation [67]. Lower
estimated production cost and required energy have made dark-fermentation a promising
technique to produce hydrogen. However, similar to photo-fermentation, it is sensitive to
a series of process parameters including the type of the organism, reaction temperature,
pressure, etc. which has been studied to optimize the hydrogen production [11, 14].
Moreover, It is shown that higher total hydrogen yield is feasible by a hybrid system with
dark-fermentation as the first stage and photo-fermentation as the second one [68].

1.5. Solar-driven hydrogen production

Hydrogen production methods are introduced and developed so as to address the climate
change and air pollution by replacing the fossil fuels with a clean fuel. On the other
hand, solar energy is the most abundant and almost easily available renewable energy all
over the world. Therefore, solar hydrogen production has the potential to tackle these
issues by harvesting solar energy and store it in the form of chemical energy to be used
whenever it is needed. Photocatalytic water splitting, photoelectrochemical water split-
ting, photovoltaic–electrochemical water splitting, solar thermochemical water splitting,
photothermal catalytic hydrogen production from fossil fuels (mainly CH4), and photo-
biological hydrogen production methods are the main solar-driven hydrogen production
techniques.

Photocatalytic water splitting is briefly explained in Section 1.3 and will be explained
more in the next chapter. Solar thermochemical water splitting and photothermal cat-
alytic hydrogen production from fossil fuels are the thermochemical water splitting and
reforming hydrogen production that solar energy provides the required thermal energy.
These methods are explained in Sections 1.1.2 and 1.1.4, respectively. Photobiological hy-
drogen production consists of bio-photolysis and photofermentation which are mentioned
in Sections 1.4.

Photoelectrochemical water splitting employs both solar and electrical energy to pro-
duce hydrogen. This is commonly done using n/p-type semiconductor-based photoan-
ode/photocathode for oxygen/hydrogen evolution (i.e., OER and HER) reaction as well
as a counter electrode for the other half-reaction. In a photoelectrochemical cell with
n-type semiconductor-based photoanode (see Figure 1.4b, left), light is irradiated on pho-
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Figure 1.4: Various solar-driven hydrogen production approaches: (a) photocatalytic wa-
ter splitting, (b) photoelectrochemical water splitting, (c) photovoltaic–electrochemical
water splitting, (d) solar thermochemical water splitting, (e) photothermal catalytic hy-
drogen production, and (f) photobiological hydrogen production. Reproduced with per-
mission from reference [9].
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toanode, generating electron-hole pairs within the anode. While the holes (hydrogen ions)
transfer to the surface of the anode to drive the OER, the electrons migrate through the
external circuit towards the cathode to drive the HER. As presented in Figure 1.4b, right,
by combining a photoanode and a photocathode it is possible to decrease or even elminate
the external electrical potential [9].

Photovoltaic-electrochemical water splitting system is a combination of photovoltaics
(PV) cell to convert solar energy into electricity and an electrolyzer to convert the elec-
tricity to chemical energy by splitting water into hydrogen and oxygen. Various types
of electrolyzers are explained in Section 1.2. The main advantages of this system is that
both PV cells and electrolyzers are technically developed and have already been commer-
cialized. While the water splitting efficiency of electrolyzers is in the range of 60− 83%,
the efficiency of PV cells is almost 18% restricting the total efficiency of photovoltaic-
electrochemical water splitting systems. However, the solar-to-hydrogen (STH) conver-
sion efficiency of these systems is higher than 10% which is high enough to be economically
viable [69].

1.6. Summary

For the given classification based on the driven energy, some recent publications regard-
ing various hydrogen production methods are summarized in Table 1.1. Key features of
literature and the main results, including the reached efficiency or STH, are mentioned.

Hydrogen production

method

Short description of the project Results Date Ref.

Thermolysis Experimental direct thermolysis of water
using concentrated solar radiation

η = 1.17% 1986 [70]

Experimental direct thermolysis of water
within a solar furnace

η = 1.1% 1983 [71]

Thermochamical water
splitting

Thermodynamic performance assessment
of solar based Sulfur-Iodine thermochem-
ical cycle

ηI,cycle = 43.85%, and
ηI,sys = 32.76%

2017 [17]

Thermodynamic performance assessment
of solar based Copper-Chlorine thermo-
chemical cycle in presence of phase change
materials

ηI,sys = 80%, and STF =

25.8%

2022 [72]

Thermodynamic and economic assess-
ment of solar based Copper-Chlorine ther-
mochemical cycle

ηI,cycle = 40.4%, and
ηI,sys = 28.77%, with hy-
drogen production capac-
ity 1530.4 [kg/h]

2022 [73]
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Thermodynamic performance assessment
of solar based ZnO/Zn thermochemical
cycle

STF = 62.6% 2021 [74]

Thermodynamic performance assessment
of solar based ZnO/ZnSO4 thermochemi-
cal cycle

ηI,cycle = 40.6% and
STF = 48.9%

2017 [75]

Thermodynamic performance assessment
of solar based SnO2/SnO thermochemical
cycle

ηI,cycle = 41.17% and
STF = 49.61% %

2017 [76]

Biomass gasification Extensive set of small-scale biomass gasifi-
cation systems available in European mar-
ket is monitored on-site.

The most efficient technol-
ogy has η = 78.5% with
more than 20% molar frac-
tion of hydrogen within
the product gas.

2021 [77]

Coal gasification Catalytic steam gasification of coal to pro-
duce hydrogen

Up to 61% hydrogen con-
tent within the product
gases

2018 [78]

Steam methane reform-
ing

Six different process arrangements for
sorption enhanced steam methane reform-
ing are proposed

Near 100% carbon capture
with ηmax = 76.3%.

2020 [79]

Electrolysis A review of AWE powered by renewable
energy

ηstack = 70% for both
AWE and PEM technolo-
gies.

2020 [80]

Comparative study of AWE, PEM water
electrolysis and SOE with the aid of mul-
tiphysics modeling

ηPTH of 50-60%, 65-70%,
and 90-95% for AWE,
PEM, and SOE water
electrolysis

2022 [81]

Performance and stability analysis of
AEM without critical raw materials

η = 80% for the steady
state condition.

2022 [82]

A study of hydrogen production by elec-
trolysis including fundamentals, engineer-
ing aspects and more detail description.

η = 51-60%, 46-60%, and
76-81% for AWE, PEM,
and SOE water electroly-
sis

2020 [83]

AEM water electrolysis with non-noble
metal catalysts

η = 75% 2020 [84]

Anion exchange membrane alkaline sea-
water electrolysis with Ni-doped FeOOH
anode

η = 76.35% 2021 [85]

Photocatalysis TiO2 photocatalytic hydrogen production
enhanced with NiSe2 nanoparticles as a
co-catalyst

STH = 9% 2022 [86]

A quadruple-band metal–nitride nanowire
artificial photosynthesis system for photo-
catalytic solar water splitting

STH = 5.2% 2019 [87]

Visible light-driven water splitting using
p-type metal-nitride nanowire arrays

STH = 1.8% 2015 [88]
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Biohydrogen A coupled method of microalgae photo-
synthesis and dark fermentation to pro-
duce hydrogen

η = 11.76% 2022 [89]

Effects of temperature and total solid con-
tent on biohydrogen production from dark
fermentation of rice straw is investigated.

The highest biohydrogen
production is measured to
be 63.60± 2.98 [mL/g].

2022 [90]

Photo-fermentation biohydrogen produc-
tion from corn stalk is enhanced by using
iron ions.

The maximum hydrogen
yield is increased 19.98%

and reached 70.25 [mL/g]
in comparison with the
case without iron ions.

2022 [91]

A review of green technology for sustain-
able biohydrogen production

ηmax = 2.6% of light con-
version is reported for the
direct biophotolysis.

2020 [92]

Photovoltaic-electrolysis Solar water electrolysis by photovoltaic-
electrolysis in which two polymer elec-
trolyte membrane electrolyzers are con-
nected to the solar cell.

STHaverage = 30% for 48

[h].
2016 [93]

Photoelectrochemical
water splitting

Analysis of the optimal band gaps of light
absorbers in integrated tandem photoelec-
trochemical water-splitting systems.

Light-absorbing materials
with 1.6–1.8 [eV] band
gap integrated with Si can
have water splitting effi-
ciencies more than 25%.

2013 [94]

Table 1.1: Summary of almost recent hydrogen production publications. ηI,cycle is the first
law efficiency of the cycle, ηI,sys is the first law efficiency of the system, STF is solar-to-
fuel conversion efficiency, ηstack is the nominal stack efficiency, ηPTH is power-to-hydrogen
efficiency, and STH is the solar-to-hydrogen conversion efficiency.
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production

Photocatalytic solar to hydrogen conversion is a promising method to produce green and
sustainable energy. Since the pioneering work of employing TiO2 as the photocatalyst
by Fujishima and Honda [95], various photocatalysts including inorganic semiconduc-
tors as well as conjugated polymeric photocatalysts have been introduced to drive the
non-spontaneous water splitting reaction. As mentioned in Section 1.3, photosensitive
semiconductors can be used as photocatalysts to decompose the water and thereby pro-
duce hydrogen. Semiconductors with suitable conduction band (CB) and valance band
(VB) energy levels besides good separation of generated electron-hole pairs are the most
efficient ones [13].

Photocatalytic materials can be classified based on their chemical composition into sim-
ple binary metal oxides and sulfides, multicomponent materials, nonmetal semiconduc-
tors, magnetic composites and metal organic frameworks (MOFs) [55]. Apart from the
photocatalytic activity, stability, cost and toxicity, the light absorption range must also
be considered to design a photocatalytic system with higher STH conversion efficiency.
For instance, extensively studied TiO2 photocatalyst is capable to absorb only UV light
[60, 96], which is approximately 6% of the total electromagnetic solar spectrum.

2.1. Metal Oxides

Metal oxides consist of metal cations and oxygen anions have already been developed as
heterogeneous catalysts for applications such as petrochemical industry. Metal oxides like
oxides of titanium, vanadium, and zinc possess desired band gaps, stability, reusability,
and light absorption ability making them suitable heterogeneous photocatalysts. A charge
separation process (i.e. generation of electron-hole pair) occurs within these metal oxides
when they are exposed to either ultraviolet light, visible light or a combination of both.
The generated electron-hole pairs are capable to reduce and/or oxidize a compound which
is adsorbed on the surface of the photocatalyst [97].



22 2| Photocatalytic hydrogen production

Since 1972 that Fujishima and Honda [95] used TiO2 as a photocatalyst, it has been
widely used to produce hydrogen [98]. However, the high recombination rate of generated
electron-hole pairs has kept its efficiency low. Coupling TiO2 with other semiconductors
has been proposed as a way to decrease the recombination rate thereby improving the
photocatalytic efficiency which will discussed in Section 2.3.

Pure water splitting with the aim of artificial photocatalytic hydrogen production has
attracted a great deal of attention. However, utilizing the seawater to produce hydrogen
would be more practical and cost effective. Recently, Zhang et al. [99] have investigated
hydrogen production from seawater splitting under full solar spectrum in the presence
of TiO2 nanoparticles without any sacrificial agent. They have used three various crys-
tal structures of TiO2 nanoparticles, i.e. brookite, anatase, and rutile, as photocata-
lysts. They have reported the maximum hydrogen production rate of 1476 [µmol/g/h] for
brookite TiO2 which has shown outstanding photoelectric properties besides more suitable
band gap position and consequently higher efficiency and stability in comparison with the
other two structures. Moreover, they have reported that the hydrogen production rate by
the brookite TiO2 nanoparticles is higher for seawater than that in deionized water.

2.2. Metal sulfides

Metal sulfides consisting sulfur and a metal as the anion and cation respectively, are
another group of promising semiconductors with photocatalytic properties. Owing to
suitable electronic band position (i.e. shallow valence band), suitable band gap, exposed
active sites, good catalytic activity, availability in various sizes and shapes, chemical
compositions and excellent light response, metal sulfides are known as outstanding pho-
tocatalysts to harvest the total solar light spectrum [100].

Metal sulfides can be in the form of mono-metal sulfides (e.g., MoS2, FeS, ZnS), bio-metal
sulfides (such as CuSbS2) or tri-metal sulfides (like PbFeSb6S14). Although the mono-
metal sulfide MoS2 is stable and has remarkable light absorption and excellent electronic
arrangement, the indirect band gap of 1.2 [eV] in its bulk phase is inappropriate for the
separation of charge carriers and consequently to start off the photocatalytic reaction.
It has been revealed that using different morphology is a way to address this issue by
customizing the band gap [100]. When the size of the MoS2 is decreased to the two-
dimensional scale like nanosheets, the indirect band gap is changed to a direct band gap
of 1.9 [eV] which makes it a promising photocatalyst operating with visible light. Hence,
various thicknesses of MoS2 can be used as co-catalysts with other photocatalysts to
improve the efficiency [101].
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Figure 2.1: Schematic diagram of various heterojunctions, (a) type-I, (b) type-II and (c)
type-III. Reproduced with permission from reference [102]

2.3. Multicomponent Materials

While the charge transfer is quite straightforward in previous materials, in multicom-
ponent materials which is usually made of three different components forming a hetero-
junction system, the electron-hole pair recombination is delayed due to the fact that the
charge passes through a buffer medium in its path between the heterosites. It is worth-
while to mention that the interface of the two components A and B can be considered
as the nanojunction bridge and consequently forming a ternary system. Combination of
semiconductors effects the surface structure as well as charge transfer characteristics of
the resulting photocatalytic system making it possible to absorb a broader spectrum of
light. Different types of possible heterojunctions are depicted in Figure 2.1.

As can be seen in Figure 2.1a, in type-I heterojunctions, the VB and CB of the semicon-
ductor with smaller band gap is enclosed by those of the one with bigger band gap. In
this type, generated electrons and holes can move from semiconductor I to semiconductor
II. However, in type-II (see Figure 2.1b), both CB and VB of semiconductor II are below
the CB and VB of the other one. Therefore, electrons move from conduction band (CB)
of one component to CB of the other one, while holes migrate between the valance bands
(VB) of components. In type-III of the heterojunctions, CB of one semiconductor is be-
low the VB of the other one. For this type, electrons of semiconductor II will recombine
with the holes on the semiconductor I. Among theses three types of heterojunctions, only
type-II has the ability to enhance the fast spatial separation of generated electron holes
that makes it the widely used heterojunction in photocatalysis. If the electrons of one



24 2| Photocatalytic hydrogen production

component recombine with the holes of the other one in a type-II heterojunction, elec-
trons accumulate on one side and the holes move to the other side. It is known as direct
Z-scheme heterojunction [102].

As mentioned in Section 2.1, TiO2 has been exhaustively used as photocatalyst, even
though, its photocatalytic activity is insufficient due to its high recombination of generated
electron–hole pairs. So far, several investigations have been down on coupling of TiO2

with different semiconductors to enhance it photocatalytic activity. Ramírez et al. [103]
have studied core-shell structure of SnO2/TiO2 with different molar ratios. They figured
out that the interaction between SnO2 as the core and Tio2 as the shell forms energetic
states at the surface which enhances the separation of generated electron-holes.

Wang et al. [104] have investigated the photocatalytic water-splitting capability and STH
conversion efficiencies of two crystal phase heterostructures (CPHS) including CdS/SPtSe
(CPHS(S)) and CdS/SePtS (CPHS(Se)) by using hybrid density functional. They re-
ported that negative interface formation energies besides the small lattice mismatches
have made the CPHSs stable and feasible. Also, the narrow energy band gaps of the
CPHSs make it possible to absorb adequate visible light. By switching the contact surface
of the two semiconductors, the CPHSs flip between type-I and type-II without effecting
the electronic structure. Type-I CPHS(Se)s have the potential to be employed as light-
emitting diodes. The type-II CPHS(S)s band alignment promote photoinduced carriers’
spatial separation, whereas the generated built-in electric field around the interface en-
hances separation and migration of photoexcited carriers. They revealed that the band
edges of CPHS(S)s satisfy the thermodynamic criteria for photocatalytic water splitting,
and STH conversion efficiency would be up to 37.5 percent. All their findings point out
that the CPHS(S)s are highly efficient photocatalysts for water splitting.

In another study, a novel two-dimensional (2D) direct Z-scheme heterostructures photo-
catalyst based on β GeSe and HfS2 monolayers has been investigated by Liu et al. [105].
They took advantage of DFT theory to look into the potential photocatalytic properties
as well as structural stability of the β GeSe/HfS2 heterostructure. It has been proved
that the β GeSe/HfS2 heterostructure has an exceptional light absorption capability in
a wide range including both ultraviolet and visible spectra. Furthermore, on the surface
of this heterostructure and when pH is in the range of 7 to 12, the entire water splitting
reaction proceeds spontaneously and concurrently without any additional overpotential
or co-catalyst. With the β GeSe/HfS2 heterostructure they could reach the highest pre-
dicted STH efficiency of 37.95%.
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Figure 2.2: In situ growth of TiO2 mesoporous composites on CNT. Reproduced with
permission from reference [109].

2.4. Nonmetal Semiconductors

Graphitic carbon nitride (g-C3N4) is a novel nonmetal semiconductor which has gained
considereable attention due to its narrow band gap, high thermal and chemical stability,
availability of raw materials as well as its easy production in large-scale [106]. The g-
C3N4-based materials such as its composites, mesoporous carbon nitride (mpg-C3N4) and
its doped versions (with metal-free materials) are nonmetal semiconductor photocatalysts
suitable for harvesting solar energy [107]. Apart from the suitable band gap (2.73 [eV]),
large surface area and therefore more active sites of mpg-C3N4 make it more favorable
catalyst in comparison with g-C3N4. However, mpg-C3N4 has lower quantum yield which
shows lower efficiency of electron-hole pair generation that can be addressed by coupling
it with another co-catalyst. In a study done by Liu et al. (2017), nitrogen-doped carbon
nanotubes is used as the co-catalyst which has improved its photocatalytic activity [108].

In conjunction with metal oxides such as TiO2, nonmetal semiconductors can be employed
to enhance the photocatalyst’s light harvesting capabilities. Currently, Bai et al. [109]
have prepared a spot-coated carbon nanotube (CNT) composites by in-situ doping of
carbon nanotubes into TiO2 materials (see Figure 2.2) to produce catalysts with higher
efficiency and stability. Besides lower degree of agglomeration, they have reported higher
hydrogen evolution performance (0.0337 [mg/ml]) for the prepared nanocomposites.

Polymeric photocatalysts, particularly covalent triazine frameworks (CTFs), have shown
to be a promising photocatalyst to produce hydrogen in the presence of light. Due to
uniform distribution of donor–acceptor motifs within the structure of CTFs, the separation
and transfer of charges are isotropic. Lan et al. [110] theoretically and experimentally
have shown that the modification of the molecular structure of CTF-based photocatalysts
by adding the electron donor thiophene (Th) or benzothiadiazole (BT) units (widely used
electron donar and acceptor units, respectively) as the dopant leads to an anisotropic
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charge carrier separation and migration. They have reported that the modified polymers
have displayed a better photocatalytic activity to produce hydrogen in the presence of
visible light. The hydrogen evolution rate under visible light irradiation (λ > 420 [nm])
for the pure CTF is reported to be 45 [µmol/h], while it is 62 and 112 [µmol/h] for CTF
modified by Th and BT units.

2.5. Magnetic Composites

One of the most important applications of photocatalysts is water purification by degra-
dation of organic pollutants. In this study we have focused on the hydrogen production
so we have not mentioned water purification so far. However, in order to cover all pos-
sible photocatalytic materials, it is necessary to discus about it in this section. When
a photon of light excites the photocatalyst and a pair of electron-hole is generated, the
photoinduced hole (h+) with sufficient energy oxidises the water molecule on the surface
of the semiconductor through the following reaction:

H2O + h+ OH• + H+ (2.1)

Then, the organic pollutants are oxidised in the presence of the oxidants i.e. electrons,
holes, H+, OH•, and even O •

2 [111].

For heterogeneous photocatalysts suspended within the polluted water, the efficient recov-
ery is of importance. Magnetic materials are considered as a possibility in the isolation of
heterogeneously catalyzed liquid-phase reactions. This fast, inexpensive and easy catalyst
recovery is much efficient in nano-based catalysts because of their extremely small sizes
which make effective separation very difficult by centrifuging at high speed. Generally,
magnetic composites are consist of a magnetic core (magnetic materials like iron, nickel,
cobalt as well as their oxides) and a shell made of a well known photocatalytic material
(e.g., TiO2 and ZnO). Jing et al. [112] have investigated a magnetic composite consist
of Fe3O4 and TiO2 as the magnetic core and photocatalytic shell, respectively. They
have reported 90% of removal of pollutant within two hours while being irradiated by
UV radiation. After three cycles, photodegradation of 84% is observed which is around
95% of the initial photocatalytic activity. In another study done by Chen et al. [113],
recyclable cobalt nanocatalyst, supported on magnetic carbon with core-shell structure,
is synthesized and used in hydrolysis of NaBH4 at room temperature. They have reported
the 1403 [mlH2.g

−1
cat.min−1] hydrogen production rate.

Since the photocatalytic shell is in contact with the magnetic core, the main drawback
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of this method is the probability of the core photo dissolution. It can lead to decrease in
photocatalytic activity of the shell as well as change in the properties of the core. There-
fore, in order to evade the direct electrical contact and consequently prevent the charge
transfer between core and shell, an intermediate coating like SiO2 is required. Besides the
abovementioned features, SiO2 is able to absorb light which can further enhance the pho-
tocatalytic performance of the whole composite. This magnetic composite configuration
has demonstrated strong photocatalytic activity on the degradation of several organic
compounds under UV and visible light [55].

2.6. Metal Organic Frameworks (MOFs)

Metal-organic frameworks (MOF) are porous materials with high porosity and specific
surface area which are of interest due to their wide applications including gas separa-
tion/adsorption, organic transformations, carbon dioxide reduction, photocatalysis and
hydrogenation. Cluster or metal ion nodes known as secondary building units (SBUs) be-
sides organic linkers connecting the SBUs, and consequently making crystalline structures
with significant porous texture development, are two components of the MOFs. Polytopic
linkers like carboxylates, sulphates, phosphonates, and heterocyclic compounds are the
widely used organic linkers. The combination of same SBU with various organic linkers
leads to MOFs with different pore shapes thereby having different properties [114]. The
main advantages of MOFs over conventional inorganic semiconductors are [115]:

• MOF’s high porosity allows active areas to be exposed and catalyzed more easily.

• MOF’s structural tunability makes it possible to adjust the light absorption range.

• Separation of electron-hole pairs are enhanced due to MOFs porous structure which
leads to a short charge transfer path.

• It is also feasible to place co-catalysts or photosensitizers within the pores or on the
framework to assist electron-hole pair separation.

• Tunability of structure of well-defined MOFs can be utilized to create a model to
investigate the structure-activity relations.

In order to have a better photocatalytic activity, MOFs can be used in the presence of
a co-catalyst. Zhou et al. [116] have studied a hybrid photocatalysts consists of UiO-66
metal organic framework and CdS as the co-catalyst. In comparison with UiO-66 and
CdS alone, they have reported a significant improvement in hydrogen evolution activity
of the developed hybrid system under the visible light irradiation. For the hybrid CdS
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Figure 2.3: Schematic representation of secondary building units (SBUs) and organic
linkers of MOF-5 and HKUST-1 metal organic frameworks. Yellow and blue spheres
represent the free spaces. Reproduced with permission from reference [114].
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/UiO-66, maximum 235 [µmol/h] of hydrogen production was reached. The efficient
interfacial charge transfer between UiO-66 and CdS, which inhibits the recombination of
the generated electron-hole pairs and consequently improves the photocatalytic activity,
is attributed to the increased hydrogen production over this hybrid system.

2.7. Low dimensional materials

Since 2004 that Nan et al. [117] discovered the graphene, considering the many unique
features arising from the bulk to monolayer transition, two-dimensional materials have
been gaining popularity. For instance, the indirect band gap of 1.2 [eV] of MoS2 in its
bulk phase is changed to a direct band gap of 1.9 [eV] in its two-dimensional form of
nanosheets [101]. Among the 2D family, the monolayer transition metal dichalcogenides
(TMDs) are considered as the most promising cost efficient instead of noble metals as
catalysts for hydrogen production. Pan et al. [118] have used the first-principles calcula-
tions so as to analyse the electrical and catalytic properties of Janus bismuth oxyhalide
(Bi2O2XY in which X and Y are Cl, Br or I, and X̸=Y) for the hydrogen evolution reac-
tion (HER). They have shown that Janus Bi2O2XY possesses a higher electron-hole pair
separation efficiency and operates within a wider range of solar spectrum thanks to Janus
asymmetry. Moreover, the asymmetric halogen surfaces on both sides generate an elec-
trostatic potential difference, resulting in a staggered band alignment. They have found
that, in comparison to BiOBr and BiOCl with 0.69% and 0.23% STH efficiency, Janus
Bi2O2BrI and Bi2O2ClI have significantly higher efficiencies (corrected STH efficiency of
10.76% and 9.77% respectively).
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comparison

Hydrogen production technologies based on the fossil fuels benefits from well-established
raw material infrastructures, developed production technologies, and being more cost com-
petitive. Similarly, water electrolysis is also a well-developed hydrogen production method
that makes use of current infrastructure and grid. In the short-term, these methods play a
major part in the hydrogen market. Methane steam reforming and coal gasification with
carbon capture, utilization, and storage besides biomass gasification can be classified as
the mid-term approach [2]. On the other hand, to cover the demanded hydrogen in the
long-term but with minimum global worming potential and environmental impact, low
emission technologies including photoelectrochemical and photocatalytic water splitting,
electrolysis using renewable electricity, nuclear and solar based thermochemical cycles,
and biological methods will be of importance [14]. In this chapter we are going to com-
pare hydrogen production via current water electrolysis technology connected to a PV
with current photocatalytic water splitting method from technical and economic point of
views. In order to have a better insight into these technologies, a case study is done for
Oulu, Finland.

3.1. Energy assessment of Finland

Finland is located in northern Europe and is among the the world’s most northern coun-
tries with a long and cold winters. As reported by IEA [1], during 2020, 32.4%, 23.4%
and 20.3% of the total energy supply in Finland were produced by biofuels and wastes,
oil, and nuclear energy sources, respectively (Figure 3.1). Almost two-thirds of Finland is
covered by thick woodlands which is the reason behind why biofuels and wastes are the
main energy sources. Figure 3.1 shows that, during last decade, energy supply from fossil
fuel sources (i.e. oil and coal) has been reduced. But on the other hand, energy supply
from wind and solar sources has been increased from 2015.

Figure 3.2 represents the electricity generation by solar energy in Finland. Despite of
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Figure 3.1: Total energy supply by sources for Finland [1]

the sharp increase in electricity generation by solar energy, still it is less than 0.5% of
the total electricity generation (Table 3.1). Electricity generation via various sectors for
Finland and Italy is tabulated in Table 3.1. As can be seen, nuclear and hydro powers
are two major sectors for electricity generation in Finland, while natural gas and hydro
are the major ones for Italy. Furthermore, solar energy share in electricity generation is
0.4% and 8.8% for Finland and Italy, respectively.
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Figure 3.2: Electricity generation by solar energy for Finalnd [1]

Finland Italy
GWh % GWh %

Coal 5489 7.96 Coal 13064 4.64
Oil 266 0.39 Oil 9771 3.47
Natural gas 3702 5.37 Natural gas 137649 48.90
Biofuels 10996 15.95 Biofuels 17330 6.16
Nuclear 23291 33.78 Geothermal 6029 2.14
Hydro 15856 23.00 Hydro 48558 17.25
Solar PV 256 0.37 Solar PV 24942 8.86
Wind 7938 11.51 Wind 18702 6.64
Waste 892 1.29 Waste 4838 1.72
Other sources 260 0.38 Other sources 604 0.21
Total 68946 100.00 Total 281487 100.00

Table 3.1: Electricity generation by sector in 2020 for Finland and Italy [1]

3.2. Methods

3.2.1. PV plant with water electrolyser

In this section the utilized system and modelling procedure are described. The schematic
diagram of the system which is considered to convert solar energy into hydrogen via PV
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Figure 3.3: The schematic diagram of the proposed PV+EL system

plant is plotted in Figure 3.3. Here, the PV plant is connected to the grid and a Power-to-
Gas (P2G) system consisting of a water electrolyser, and a pressurized hydrogen storage
system (H2 tanks). The considered elements are listed below:

• The PV plant including PV panels and the invertor to transform the DC current
output of the panels to AC current.

• The electrolysis unit including purification system for the supply water, the sepa-
ration tanks to separate production gases from water, a dryer for the supply water,
and a transformer and rectifier in order to connect the system with the electric grid.

• The hydrogen storage unit including the hydrogen storage cylinders as well as a com-
pressor pressurizing the produced hydrogen up to the cylinders maximum allowed
pressure (i.e. 200 [bar]).

Despite the dark winters in high latitudes countries such as Finland, the long days during
the summer can be worthwhile to invest on solar energy. Therefore, Oulu which is near
Arctic Circle, has been selected as the location of the proposed system. In this study,
the PV electricity generation data from Renewables.ninja (an online tool) for azimuth
axis tracking with 58◦ tilt angle is used. In order to convert solar radiation data into
power output, the Global Solar Energy Estimator model (GSEE) is utilized by this online
tool [119, 120]. Figure 3.4 illustrates the average daily electricity generation ratio of PV
to its peak capacity at Oulu in 2019. Since the electricity generation during November,
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Figure 3.4: Average daily PV generation with respect to its peak capacity at Oulu in 2019

[120]

December and January is lower than 10% of the PV peak capacity, it is assumed that
the proposed system operates only from the beginning of February to the end of October.
Here, the year-long hourly time series in 2019 is considered for Oulu assuming it as
a typical year profile (Figure 3.5a). Figure 3.5b shows the corresponding accumulated
duration curve which is about 1200 equivalent operating hours (EOH).
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(a)

(b)

Figure 3.5: (a) Hourly PV generation with respect to its peak capacity, and (b) Solar PV
generation duration curve in 2019 for Oulu, Finland [120].

Based on the proposed system, two different scenarios are selected to produce hydrogen:

• S1: when only the electricity from PV plant is used to produce hydrogen (green
hydrogen)

• S2: Electricity from grid is utilized to run the electrolyser with at least its half
capacity (as the first guess) when there is not enough electricity coming from the
PV plant.
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The electricity generated by the PV plant (EPV ) is divided into the portion used by water
electrolyser (EPV toEL) and the one sent to the grid (EPV toGRID).

EPV (t) = EPV toEL(t) + EPV toGRID(t) (3.1)

When the generated electricity by PV is more than the electrolyser capacity, the excess
electricity will be sent to the grid for both scenarios. However, for S1, when the generated
electricity is lower then the minimum capacity of the electrolyser, it will be also sent to the
grid. On the other hand, when the generated electricity is less than half of the electrolyser
capacity, the remain electricity will be supplied by the grid in S2. Therefore, for hydrogen
production the equation is:

EH2,prod(t) = (EPV toEL(t) + EGRIDtoEL(t)− Ecomp(t))× ηEL (3.2)

in which, ηEL is the efficiency of the water electrolyser and Ecomp is the consumed elec-
tricity by the compressor to pressurize the produced hydrogen.

By assuming a negligible leakage for the hydrogen storage tank, the energy stored in the
form of H2 gas and the energy consumed by the compressor will be:

EH2,tank(t+ 1) = EH2,tank(t) + EH2,prod(t) (3.3)

and

Ecomp(t) =
EH2,prod(t)

LHVH2

× wcomp (3.4)

here, wcomp is the specific consumption of the compressor and LHVH2 is the lower heating
value of the hydrogen gas. For a three-stage inter-cooled compressor that has constant
compressor ratio on each stage with constant efficiency, wcomp will be 4 [MJ/kgH2] when
hydrogen gas is compressed from 30 [bar] to 200 [bar] [121].

For the first set of calculations Equations (3.1) to (3.4) is solved for both scenarios with
the PV peak power of 1 [MW], and the electrolyser capacity of 400 [kW] (as the first
guess) with 10 percentage minimum load. Figure 3.6 shows the integration between the
PV generation and water electrolyser operation for this case. The technical information
of the utilized components are shown in Table 3.2.
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Figure 3.6: Integration between PV generation and EL operation.

Component Type Efficiency Minimum load

PV Monocrystalline Silicon 20% -
with one axis tracking

El PEM electrolysis 70% (EE-to-LHV) 10%
H2 storage 200 bar cylinders Negligible leakage -
Compressor Intercooled volumetric comp. 60-70% -

Table 3.2: Technical parameters of components [121]

By taking all abovementioned assumptions into account and solving Equations (3.1) to
(3.4), the hourly hydrogen production is calculated for both scenarios. As can be seen from
Figure 3.7, when the electricity generation by PV is higher than the required electricity
to operate the EL with its half capacity, both scenarios have same hydrogen production.
When the produced electricity is lower than the minimum capacity of the EL, the elec-
tricity is sent to the grid for the first scenario (Figure 3.8). This is the reason behind the
higher amount of the excess electricity for first scenario in comparison with the second
one (Figure 3.9).

The economic assessment of the proposed system is developed in this section. To do
this, the total investment cost (ICAPEX) and the yearly maintenance prices (IOPEX(t))
are calculated for all components, i.e., PV plant, water electrolyser, hydrogen storage
unit, and the compressor. The list of the component prices are given in Table. 3.3. It is
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Figure 3.7: Hydrogen production [kg] for both scenarios (PV peak power of 1 [MW] and
EL capacity of 400 [kW])

Figure 3.8: Excess electricity produced from PV to grid as well as produced hydrogen for
Scenario 1
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Figure 3.9: Excess electricity produced by PV and sent to grid

assumed that the investment is conducted in one installments which is defined 0 year in
calculations which is amortized in 15 years equally.

ICAPEX =
∑
i

Pi × CAPEXi

IOPEX =
∑
i

Pi ×OPEXi

(3.5)

(3.6)

here, Pi is the capacity of component i. In order to calculate the yearly revenue Equation
(3.7) is used. Csell is the price of the electricity which is sold to grid, and CH2 and mH2 is
the price and mass of the produced hydrogen.

Revenues(t) = EPV toGRID(t)× Csell +mH2(t)× CH2 (3.7)

By subtracting the yearly operation cost, amortization and the cost of the electricity from
the grid for the S2, the yearly profit before tax is calculated (Equation (3.8)). In this
study, 5 years tax exemption is assumed.

Profit(t) = Revenues(t)− IOPEX(t)− Amort.(t)− EGRIDtoPV (t)× Cpurch (3.8)

By multiplying profits with the tax rate (Tt), yearly tax can be calculated (Equation
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(3.9)). Here, five years of tax exemption has been assumed.

Tax(t) = Profit(t)× Tt (3.9)

For cash flow, discounted cash flow and cumulative cash flow, the below equations are
used. Here, r represents the inflation rate.

CashF low(t) = Revenues(t)− ICAPEX(t)− IOPEX(t)− Tax(t) (3.10)

DisCash(t) =
CashF low(t)

(1 + r)t
(3.11)

CumCash(t) = CumCash(t− 1) +DisCash(t) (3.12)

All parameters required for economical assessment are listed in Tables. 3.3 and 3.4.

Component CAPEX OPEX Ref.

PV 946.08 [€/kWp] 1.28 % of CAPEX [€/year] [122]
El 1185 [€/kWel] 2 % of CAPEX [€/year] [121]
H2 storage 1600 [€/kWel] 1 % of CAPEX [€/year] [121]
Compressor 500 [€/kg] 1 % of CAPEX [€/year] [121]

Table 3.3: CAPEX and OPEX of the component

Parameter Value Ref

Lifetime 25 years -
Interest rate 5.4% [123]
Inflation rate 2.2% [124]
Tax rate 20% [123]
Tax exemption 5 years -
Financial amortization 15 years -
Electricity purchase price 7.77 [c/kWh] [125]
Electricity Sell price 4.27 [c/kWh] [126]

Table 3.4: Assumptions for the economical assessments for Oulu, Finland

The capacity of the electrolysis unit is of importance for the proposed system. Therefore,
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Figure 3.10: Levelised Cost of Hydrogen [€/kgH2]

for both scenarios, Levelised Cost of Hydrogen (LCOH) has been calculated for various
water electrolyser capacity to find the optimal system for the given PV capacity. LCOH
is the price of hydrogen that covers all the investment and operating costs of the system
without profit which makes the cumulative cash flow for the last operation year to be
equal to zero.

As depicted in Figure 3.10, LCOH for S1 is always higher than S2 which shows that
the price of the green hydrogen will be higher. For the current system, with hydrogen
storage capacity for 4 days, the optimal capacity of electrolysis unit for green hydrogen
production is 250−300 [kWel]. For the second scenario, by increasing the capacity of water
electrolyser, LCOH is almost constant showing that the price of the produced hydrogen
will depend mainly on the price of the electricity. Because, for higher EL/PV power ratios
capacities, the electricity from the grid is the main source of energy to produce hydrogen.

Component CAPEX [€] CAPEX [%]

PV 946080 56.46
El 355500 21.22
H2 storage 356357 21.27
Compressor 17618 1.05

Table 3.5: Investment cost of each component for PV peak power of 1 [MW], EL capacity
of 300 [kW], and 4 days hydrogen storage capacity
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Table. 3.5 shows the capital cost of each component for the system with PV peak power
of 1 [MW], and EL capacity of 300 [kW] which has the capacity to store maximum 4

days of produced hydrogen. As can be seen, the hydrogen storage unit cost is comparable
with even PV panels. The cost of the storage unit will be equal to the PV plant cost for
approximately 10 days hydrogen storage capacity.

To have a better insight into the proposed system, whole calculations are repeated for
Milan. The PV electricity generation data from the same source is considered with same
technical parameters. However, for the economic assessment of the system, different
parameters are used which are given in Table. 3.6. Although the hardware costs for PV
facilities is same for both countries, the soft costs (including, the cost of relevant permits,
marketing, sales and administrative costs) and installation costs are lower in Italy leading
to lower CAPEX of 826.15 [€/kWp] [122].

Parameter Value Ref

Lifetime 25 years -
Interest rate 6.69% [123]
Inflation rate 2.2% Similar to Finland
Tax rate 24% [123]
Tax exemption 5 years -
Financial amortization 15 years -
Electricity purchase price 16.47 [c/kWh] [121]
Electricity Sell price 9.00 [c/kWh] [127]

Table 3.6: Assumptions for the economical assessments of the system for Milan, Italy

Figure 3.11 illustrates the LCOH for both locations, i.e. Oulu and Milan. For electrolyser
capacity bigger than 300 [kWel], the LCOH for S1 for Milan has an increasing trend
similar to the one for Oulu. For the second scenario, the LCOH has lower slope for
both locations. On the other hand, for electrolyser capacity of less than 300 [kWel], both
scenarios for Milan have shown a completely different trend. This different behaviour
is due to the difference in the sell and purchase price of the electricity which are more
than twice bigger than those for Oulu. It is also clear form figure that the LCOH of
green hydrogen in Milan is lower than Oulu, however, it is higher for Milan for S2 with
electrolyser capacity approximately more than 200 [kWel].

Figure 3.12 represents the green hydrogen production for both locations for the PV peak
power of 1 [MW], and EL capacity of 400 [kW]. As it is clear from the figure, the amount
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Figure 3.11: Levelised Cost of Hydrogen [€/kgH2] for Oulu and Milan

of the produced hydrogen is higher for Milan due to higher solar radiation.

Figure 3.13 illustrates the effect of the minimum electrolysis capacity that should be met
with electricity by PV plant or the grid (for the second scenario). It shows that by
increasing the percentage of the minimum electrolysis capacity from 25% to 75%, LCOH
reduces for Oulu. However, LCOH is increased for Milan by increasing the minimum
electrolysis capacity. This contradiction is due to the difference in the electricity price
for considered locations. The low electricity price for Oulu leads to cheaper hydrogen
production while the high electricity price in Milan makes it more expensive.

(a) (b)

Figure 3.13: LCOH for S2 with various minimum electrolysis capacity for a) Oulu, and
b) Milan
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Figure 3.12: Green hydrogen production comparison between Oulu and Milan

3.2.2. Photocatalysis

In order to compare the proposed PV+EL system with photocatalytic method, STH
(solar-to-hydrogen) conversion efficiency is employed. STH is defined as the ratio of out
put energy in the form of hydrogen gas to the input energy of the incident solar light for
any time intervals.

STH(%) =
rH2 ×∆GH2O

Isolar × A
× 100 (3.13)

Here, rH2 is the hydrogen evolution rate in [mol/s], ∆GH2O is the Gibbs free energy change
for the generation of one mole of hydrogen by splitting water under standard conditions
(237.2 [kJ/mol]), Isolar is the light energy flux in [kW/m2] and A represents the irradiation
area in [m2] [128, 129].

Figure 3.14 represents the STH efficiency of the PV+EL system for the first operating
year in both locations (9 months operation for Oulu and 12 months operation for Milan).
Due to the uncertainty in assumptions, the two are almost identical. Even though, the
efficiencies of the PV panels and water electrolysis unit are constant, the STH conversion
efficiency varies by the electrolyser capacity. Because, by increasing the capacity of elec-
trolysis unit, the proposed system is able to produce more hydrogen from the same amount
of the available solar radiation (i.e., same produced electricity by PV) and consequently
it will have higher STH efficiency.

The maximum theoretical STH for the proposed system would be: ηPV × ηEL = 14%.
However, the maximum STH efficiencies for Oulu and Milan are calculated as 13.03% and
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Figure 3.14: Solar-to-hydrogen conversion efficiency of proposed PV+EL system for Oulu
and Milan

13.21% respectively, for electrolyser capacity of 500 [kWel] (Figure 3.14). For this case,
almost 66.5% (ηEL = 70% ) of the generated electricity is stored in the form of hydrogen
gas and 2.9% of it is sold to grid. Therefore, the current system is capable to convert
almost 13.86% of the solar radiation to hydrogen and electricity. The water electrolysis
unit with capacity of 500 [kWel] is the saturation point of the available power for this
system. For electrolysis capacity higher than 500 [kWel], the amount of the available
solar energy decreases due to the fact that the minimum load increases. It is interesting
that despite the difference in sun availability, the optimal power ratio remain the same.

Since the photocatalytic water splitting method directly converts solar energy into hydro-
gen, it is possible to reach higher efficiency comparing to the PV+EL system. It could
be more interesting to compare the amount and cost of the produced hydrogen via these
two methods for the same area at the same location. Unfortunately, due to the lack of de-
tailed technical information, it is not possible. However, to have a better understanding,
for a particular photocatalyst, the investment cost is calculated based on the minimum
reported LCOH by the considered PV+EL system for Oulu. The schematic diagram of
the proposed photocatalysis water splitting unit is depicted in Figure 3.15.

A quadruple-band metal–nitride nanowire photocatalyst is designed and synthesised by
Wang et al. [87]. These multi-band nanowires have energy band gaps of ∼ 2.1 [eV], 2.4
[eV], 2.6 [eV], and 3.4 [eV] which enable them to absorb wider range of solar spectrum. The
STH conversion efficiency of 5.2% is reported for water splitting for this photocatalyst. To
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Figure 3.15: The schematic diagram of the proposed photocatalysis water splitting unit.

calculate the investment cost of the photocatalytic water splitting unit, it is assumed that
multi-band nanowires are synthesised over the suitable panels which have the same area of
the PV panels used in PV+EL system. The produced hydrogen gas will be compressed and
stored within the storage tanks which has the capacity to store the produced hydrogen
during 4 days, similar to the previous system. By considering the STH = 5.2%, and
the same solar irradiation, the hourly hydrogen production is calculated using Equation
(3.13). Almost 9500 [kg] hydrogen is produced with considered assumptions which is 48%
of the produced hydrogen by the PV+EL system.

For economic analysis, same price of the electricity is taken into account for the electricity
required by the compressor (Table 3.4). It is assumed that the yearly operation cost of the
photocatalytic panels is 2% of its CAPEX. Same values of PV+EL system are considered
for the remaining parameters, including CAPEX and OPEX of compressor and storage
tank. For the minimum calculated LCOH by PV+EL system for Oulu (i.e., 7.07 [€/kg]),
the total investment cost of almost 0.68 [M€] is found, using Equations. (3.5) to (3.12).
Therefore, for the photocatalytic water splitting to be economically comparable with
PV+EL system, its total investment cost should be lower than 0.68 [M€]. The CAPEX
of photocatalytic panels is around 0.5 [M€] which is near 39% of the CAPEX of both
PV plant and water electrolysis unit. It should be mentioned that the compressor and
hydrogen storage capacities will also lower in comparison to PV+EL system, which reduces
the total CAPEX to 46%.
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For the photocatalytic water splitting system producing the same amount of the hydrogen
as PV+EL system, the total area of the photocatalytic panels should be 2.08 times of the
PV panels area. In this case, the same LCOH is reachable by almost 87% of investment
cost of the PV+EL system. In should be noted that the land cost is not considered which
can affect this value. By considering abovementioned assumptions, the cost of 1 [m2]
photocatalytic panel (made of the quadruple-band metal–nitride nanowire photocatalyst)
should be lower than 125 [€] to produce hydrogen with a price comparable with the
PV+EL system.

The whole calculations has been repeated for same LCOH as well as the same total in-
vestment cost in order to find the corresponding STH conversion efficiency. The STH

conversion efficiency of 12.45% is calculated based on the minimum LCOH (7.07 [€/kg])
and related investment cost of the proposed PV+EL system. The calculated STH rep-
resents the minimum conversion efficiency that photocatalytic panels should have, to be
economically comparable with the current PV+EL technology.
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developments

4.1. Conclusions

Considering the daily increase in the total energy consumption all over the world and
its impact in the environment, using cleaner sources of energy with lower greenhouse
gases emission is of importance. Hydrogen is a clean fuel with a heating value more
than twice of the methane which only produces water when it burns. Therefore, green
hydrogen can be a promising alternatives to fossil fuels. The green hydrogen is referred to
hydrogen produced by using renewable sources or nonrenewable ones with carbon capture,
utilization and storage (CCUS) unit. Material source of hydrogen is also of importance
to produce green hydrogen. Even though water is the most clean source to produce
hydrogen, currently near 96% of hydrogen is derived from conventional fossil fuels.

The present hydrogen production methods can be divided in conventional and renewable
methods which have been briefly explained in Chapter 1. Photocatalytic water splitting
is one of solar-driven hydrogen production methods that transforms directly the solar
energy into chemical energy in the form of hydrogen gas. Photocatalytic materials based
on their chemical composition has been classified and explained in Chapter 2.

Finally, to compare the photocatalytic water splitting with the current solar-driven hy-
drogen production technology, a solar water splitting unit consisting of a photovoltaic
plant, and a water electrolysis is developed in Chapter 3. The proposed PL+EL system is
studied for Oulu, Finland, and Milan, Italy. Two different scenarios are considered; only
the electricity generated by PV is utilized to produce green hydrogen (S1), and electricity
from grid is also used to run the electrolysis unit with its half capacity (S2).

As expected, the amount of the produced hydrogen for first scenario (green hydrogen)
is higher for Milan due to higher available solar radiation in comparison with Oulu.
Therefore, the levelized cost of hydrogen (LCOH) for both scenarios is higher in Oulu
in comparison with Milan. While, the LCOH of S1 is higher in Oulu, the LCOH of S2 is
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higher in Milan. Because of the huge difference in the electricity price between Finland
and Milan making it more economical in Oulu to use the grid electricity to produce hydro-
gen. In Oulu, the minimum LCOH for S1 is calculated for water electrolysis capacity of
300 [kWel] and then by increasing the electrolysis capacity, LCOH also rise. On the other
hand, the LCOH is roughly constant for higher electrolysers capacity for S2. However,
by increasing the capacity of the electrolysis unit, LCOH increases for both scenarios
but less sharply for second scenarios in Milan. By increasing the minimum electrolyser
demand which should be met even with grid electricity for S2, the LCOH decreases for
Oulu, while for Milan, conversely, it increases. It again highlights the importance of the
purchase price and the sell price of the electricity for hydrogen production via PV+EL
system.

Interestingly, the solar-to-hydrogen conversion efficiency is almost similar for both loca-
tions. Increasing the water electrolysis capacity improves the STH conversion efficiency
sharply till it reaches its maximum value of approximately 13% for 500 [kWel] capacity.
Then, increasing the electrolyser capacity does not effect the STH conversion efficiency
noticeably.

A photocatalytic water splitting system made of quadruple-band metal–nitride nanowire
photocatalyst with STH = 5.2% is compared with the proposed PV+EL system. For
the photocatalytic panels covering the same area as PV panels, the minimum hydrogen
production should be 48% of the PV+EL production so as to have the same minimum
LCOH for Oulu (7.07 [€/kg]). In this case, the total investment cost is calculated to
be 42% of the PV+EL system. In order to have the same hydrogen production with
the same LCOH (7.07 [€/kg]), the area covered by the photocatalytic panels is found
to be 2.08 times of the area covered by the PV panels. Without considering the land
price, in this case, the total investment cost will be 87% of the PV+El system. These
results demonstrate that the photocatalytic water splitting system should have lower
investment costs in comparison with PV+EL system. Moreover, for the photocatalytic
water splitting system with same LCOH and investment cost, STH conversion efficiency
of 12.45% is calculated. Therefore, a photocatalytic water splitting system should have
STH conversion efficiency higher than 12.45% to be economically comparable with the
current PV+EL technology.

4.2. Future developments

In this study, hydrogen production using photocatalytic water splitting method is com-
pared with the photovoltaic assisted water electrolysis method. Electricity is the energy
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source of water electrolysis method. However, for proposed photocatalytic water splitting
method, electricity is only required to compress the produced hydrogen gas which is less
than 2% of the total electricity required for hydrogen production via water electrolysis.
Moreover, considering the contradictory behaviour of the LCOH for Oulu and Milan, the
importance of the purchase and sell prices of the electricity becomes more clear. Cur-
rently, the price of electricity has been increased and it is expected to rise even more.
Furthermore, inflation rate is also an important factor affecting the LCOH which is also
increasing. Therefore, the effect of the electricity price and inflation rate on the LCOH
can be taken into consideration as the future development for current study.

More importantly, the lack of detailed information about the photocatalytic water split-
ting makes it challenging to do the comparison with current commercial hydrogen produc-
tion methods. Usually, the hydrogen production rate for photocatalytic water splitting is
reported in the form of [µmol.h−1.g−1

cat] without reporting the density of the produced pho-
tocatalysts. Moreover, the intensity of utilized light is generally reported in [W] without
giving information about the surface area that receives this power. The abovementioned
parameters affects the technical assessment of the photocatalytic water splitting units.
Even though a couple of large scale photocatalytic water splitting studies have been done
so far, there is a big gap in economical information regarding this technique. In conclu-
sion, studying the photocatalytic water splitting with more details, which can makes the
comparison with other hydrogen production methods possible, can be considered as the
developments for current study.
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