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Abstract: Solar-boosted photo-technology stands out as a powerful strategy for photosynthesis and
photocatalytic processes due to its minimal energy requirements, cost-effectiveness and operation
under milder, environmentally friendly conditions compared to conventional thermocatalytic options.
The design and development of photocatalysts have received a great deal of attention, whereas
photoreactor development must be studied deeper to enable the design of efficient devices for
practical exploitation. Furthermore, scale-up issues are important for this application, since light
distribution through the photoreactor is a concurrent factor. This review represents a comprehensive
study on the development of photoreactors to be used mainly for the photoreduction of CO; to fuels,
but with concepts easily transferable to other photosynthetic applications such as ammonia synthesis
and water splitting, or wastewater treatment, photovoltaics combined to photoreactors, etc. The
primary categories of photoreactors are thoroughly examined. It is also explained which parameters
influence the design of a photoreactor and next-generation high-pressure photoreactors are also
discussed. Last but not least, current technologies for solar concentrators are recalled, considering
their possible integration within the photoreactor. While many reviews deal with photocatalytic
materials, in the authors’ view, photoreactors with significant scale and their merged devices with
solar concentrators are still unexploited solutions. These are the key to boost the efficiency of these
processes towards commercial viability; thus, the aim of this review is to summarise the main findings
on solar photoreactors for the photoreduction of CO, and for related applications.

Keywords: photoreactors; solar photoreactors; concentrating solar systems; solar beam-down
photoreactors; reactor design; CO, photoreduction; solar fuel production; advanced oxidation
processes (AOPs); high-pressure photoreactors

1. Introduction

Energy is needed for meeting basic demands and maintaining comfortable and en-
hanced living standards. Energy consumption has accelerated because of the growing
world population and people welfare and unregulated industrial growth [1]. This leads
to increased fossil fuel usage, which exacerbates the energy crisis and increases CO, emis-
sions. In particular, CO;, as a leading greenhouse gas, significantly contributes to global
warming, causing a critical environmental issue [1,2]. Since approximately 30 Gt of CO,
per year is emitted, primarily from fossil fuels, CO, contributes more than 60% to global
warming. Conferences such as COP21 and COP26 establish targets for reducing greenhouse
gases [3]. Different strategies have been used to minimise the effects of CO, emission at
the source, such as CO, capture, storage and utilisation (CCU) of CO, by the production
of value-added chemicals [4]. Of all the options, utilising CO, to produce renewable fuels
is the most attractive pathway; by this way, the dependency on traditional fossil fuels
would be decreased. The reutilisation of CO; to produce fuels could be achieved through
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chemical conversion, electrochemical reduction, biological conversion and reforming pro-
cesses [4,5]. Figure 1 presents a schematic drawing of solar energy utilisation for fuel
production through various chemical processes, delineated into two primary sections: solar
thermal and photovoltaic cells.
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Figure 1. Various methodologies employed in converting solar energy to produce fuels by reduction
of CO,. Readapted from [6,7].

The solar thermal conversion of sunlight into heat can be employed in thermochemical
processes to drive reactions that transform carbon dioxide (CO;) into solar fuels. On the
contrary, photovoltaic cells allow the conversion of sunlight into electricity, which can be
used to power various electrochemical processes. A third way is photochemistry, which
allows us to directly drive chemical reactions through light utilisation. Collectively, these
processes contribute to the conversion of CO; into solar fuels, exemplifying an integrated
approach to harnessing solar energy for sustainable fuel production. Still, these technolo-
gies have some drawbacks, including the requirement for high temperatures or electrical
voltages to convert stable CO, molecules, limited material activity, high operational costs
and challenging scale-up.

Photocatalysis using light irradiation gained attention due to low temperature and
pressure and small energy input, possibly coming from free solar light [8]. The CO,
photoconversion would meet the energy demands and overcome environmental issues [9].
However, in the CO; photoreduction, the efficiency and selectivity are low and must be
improved. There are mainly two parallel strategies to enhance these: (1) development of
novel photocatalysts and (2) enhanced design of photoreactors [10]. Much research has
been conducted to improve the photocatalyst by designing highly selective and efficient
materials for CO, photoreduction applications [11]. Various strategies have been applied
such as improved visible light harvesting, promoted charge transport and sequestration, the
improved adsorption and activation of reduction kinetics and the suppression of parasitic
reactions [11-14]. These strategies encompass the methods reported below:

e  Use of co-catalyst: It is used to improve the electron-hole separation and to introduce
possible visible light absorption through a plasmonic effect [15].

e  Use of nanocarbon loading: Nanocarbon materials, such as carbon nanotubes, graphene
or carbon dots, can serve as co-catalysts or electron acceptors on the surface of the
photocatalyst. This can enhance the photocatalytic activity by promoting efficient
charge separation and transfer, leading to improved conversion rates of CO, into
value-added products. They can also contribute to the photostability of the photocata-
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lyst by mitigating photo corrosion or degradation phenomena, thereby extending the
lifetime of the catalyst and improving its recyclability in CO, photoreduction [16].

e  Use of heterojunction construction: An efficient semiconductor should have a wide
visible light response, long-term stability, efficient separation of electrons and holes
and strong redox capacity in a photocatalytic reaction. Since it is challenging to
have all the properties from a single material, a heterojunction uses two different
semiconductors, which can be excited at a relatively short wavelength and improve
charge separation by an appropriate migration of electrons and holes in the coupled
materials [17].

e  Use of surface sensitisation: Dyes can be used to absorb light with a broader range of
wavelengths compared to the photocatalyst alone. By sensitising the photocatalyst
with a dye, the overall light absorption efficiency of the system can be improved,
thereby increasing the number of photons available for driving the CO, photoreduc-
tion [18].

e  Use of pore texture tailoring: It influences light scattering and absorption within the
photocatalyst. By controlling the pore structure, it is possible to optimise light pene-
tration and distribution throughout the catalyst, maximising photon absorption and
utilisation. Also, pore structure modifications can influence the migration and trans-
port of the photogenerated charge carriers within the photocatalyst. Well-designed
pore structures can minimise electron-hole recombination and improve the efficiency
of CO; conversion. Additionally, tailoring the pore texture can influence the accessibil-
ity of different sites and pathways on the photocatalyst surface and this can lead to
selective CO, reduction, favouring the formation of specific target products such as
carbon monoxide (CO) or methane (CH,4) over undesired by-products [19].

e Use of dimensionality: It refers to manipulating the structural dimensions of the
photocatalyst material, such as its thickness or morphology. The conversion of CO,
can be improved by changing these properties [20].

e  Use of defect control: Defects on the photocatalyst surface can alter its chemical
reactivity and interaction with CO, molecules. By controlling defect types, it is possible
to tailor the surface chemistry [20].

e  Use of band-gap engineering: By engineering the band gap of the photocatalyst, it
is possible to tailor its light absorption properties to better match the solar spectrum.
This allows for a more efficient utilisation of sunlight, maximising photon absorption
and providing the energy required for driving the CO, photoreduction [21,22].

Although there has been significant progress in ways to increase the efficiency of
semiconductor materials, reactor engineering is compulsory to increase the efficiency
of photocatalytic systems, at least to allow scale-up. Moreover, for the specific goal of
producing solar fuels from CO, photoreduction, materials’ efficiency is not yet optimised.
The photoreactor can be designed by using this approach, including the tuning temperature
and reactor pressure, mode of operation, light intensity and configuration, so that products’
yield, selectivity and overall efficiency could be enhanced [14].

Generally, photoreactors are vessels in which products are generated through the
interaction of the photocatalyst, reactants and photons. This is one of the key points, since
the third actor, light, is usually efficiently spread over the catalyst in small-laboratory-scale
setups; while providing a real-scale design, its distribution inside the reactor is not at all
trivial and should be carefully designed [14].

In CO, photoreduction, three main factors determine the type of reaction system:
(1) the type of interphase involved (gas—solid, gas-liquid—-solid, etc.); (2) operation such as
batch, semi-batch or continuous; and (3) type of catalyst bed such as fixed, layers/membrane
or fluidised/slurry.

The most widely used arrangement on a lab scale is the slurry photoreactor that
uses a three-phase system and agitates the suspended catalyst to promote mass transfer
between the catalyst and reacting phases to supply a high surface area to be irradiated.
Photocatalysts in fixed-bed photoreactors are immobilised on selected supports such as
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plates, beads, fibres, optical fibres, a monolith or other substrates and positioned in the
photoreactor close to the irradiation source or directly on the wall of the photoreactor. Even
though fixed-bed photoreactors produce high gas output and do not need separation of a
catalyst, proper light distribution is an important issue [10].

CO; photoreduction, progressively more and more studied in the latest years, is one
of the most challenging photocatalytic reactions, which will be considered here as the main-
case history, but the same criticalities are common to other very interesting photosynthetic
applications (reactions with AG > 0), such as H, and NHj3 photoproduction and also to
photocatalytic down-hill reactions (AG < 0).

In membrane photoreactors, two compartments are divided by a membrane, keeping
them separate from each other. Although the reaction in membrane photoreactors is well
regulated and is not allowed for a backward reaction, the limited charge and mass transfer
can be a concern. When employed with direct sunlight, these photoreactors use a reflecting
surface to gather and concentrate light into the reactor, thus earning the designation of
solar photoreactors [23].

In addition, the annual operating costs of photocatalytic processes are often dominated
by the production of photons when artificial light is employed. This is the driver toward
the use of photoreactors with natural light harvesting for practical use and large-scale
applications. Solar energy can be used in a photoreactor, but specific design is needed to
harvest the radiation and solar-sensitive materials, and appropriateness for each designed
reaction must be available. For instance, titanium dioxide has been extensively used in CO,
photoreduction as a photocatalyst. However, a TiO, photocatalyst captures radiation with
a wavelength below 380 nm and this accounts for ca. 4-5% of total solar energy, making its
efficient exploitation challenging under solar irradiation [7].

This review covers a comprehensive study on photoreactors and solar concentrators,
predominantly applied to CO, photoreduction. It explores the fundamental principles of
solar photoreactors and investigates how various parameters can be adjusted to enhance
photoactivity and productivity. It also examines different types of reactors used for the
solar photoreduction of CO,, comparing aspects such as catalyst type, irradiation time,
irradiated area, light intensity and product yield.

2. Fundamentals of Heterogeneous Photocatalysis and Mechanism

In recent years, research on photocatalysis has intensively increased, especially con-
cerning energy conversion and environment-related applications. Since the discovery of
photocatalytic properties of TiO, around 1920 [24], many efforts have been dedicated to
understand the mechanism, variables and fundamental parameters that have an impact on
this process.

Heterogeneous photocatalysis accelerates a photoreaction with the use of a semicon-
ductor, generally in the solid phase, forming a multi-phase system with the reactants (liquid
or gas) [25,26]. Heterogeneous photocatalysis begins with the excitation of a semiconductor
by a radiant source with energy equal or higher than the bandgap energy (hv > EBG), as
shown in Figure 2. The energy gradient between the valence band of the semiconductor
(VB) and the conduction band (CB) is indeed defined as the bandgap energy (EBG) [27].

As anticipated, photocatalytic technology may pertain to two main categories. Firstly,
the so-called down-hill processes mainly include purification processes such as water
and wastewater treatment [28] and air purification [29]. In this case, the photocatalyst
acts in kinetic terms, speeding up the oxidation of a compound or driving the selectivity.
Possibly, hybrid technology may arise, combining it with other oxidative technologies:
this is appealing for boosting the efficiency of a photocatalytic system. Additionally,
catalysts can play a role in synthetic pathways by supplying the AG of a reaction such as in
hydrogen generation through water splitting, CO, photoreduction to solar fuels, ammonia
photosynthesis or organic synthesis.



Energies 2024, 17, 3112 50f72

Qeijction process
P A
J

05~

CB / eEB\N\/' -\ :

\

Excitation
combination

Q
hv > Egg (sera ) [s—ttﬂep(‘t)
| v
VB
e

- HO*
Particulate Oxidation process

photocatalyst H30445

Figure 2. Fundamental mechanism of heterogeneous photocatalytic process. Reproduced by kind

permission of Elsevier BV from [27].

So, for instance, during photocatalytic oxidation processes, the photons are absorbed
by the photocatalyst in step 1 (Figure 2), and results in step 2 where the electrons are
excited from VB to CB. This produces positive holes (h*) inside the VB, creating an electron—
hole couple (e~ /h*), which can promote the oxidation and reduction of the compounds
adsorbed over the surface (step 3). Alternatively, they can recombine restoring the semicon-
ductor in its fundamental state (step 4). For instance, excited electrons in the conduction
band facilitate the reduction reaction of oxygen molecules adsorbed on the catalyst, forming
the superoxide anion (O, ~*) (step 5). Photogenerated holes can promote the oxidation of
water or of oxydril molecules that have been adsorbed on the surface of the catalyst, which
will lead to the production of hydroxyl radicals (HO®) (step 6).

These free radicals are strong oxidisers that can react with organic and inorganic
molecules [25,30,31], promoting their photocatalytic degradation.

On the other hand, during photosynthetic reactions, the photogenerated electrons
are used by reducible substrates, such as H*, CO, or Nj, to produce reduced species.
The holes may either react with water to produce oxygen or with substrates easier to
oxidise that may be generically defined as hole scavengers (HSs). Following the former
approach (down-hill processes), the formed oxygen-based radical species are strongly
oxidising and are directly responsible for the oxidation of the pollutants. Therefore, the
requirements on band potentials are quite fixed and predictable. On the contrary, proper
band engineering is needed in the second photosynthetic case due to the required matching
of band potentials with the redox potentials of the redox couples specifically planned in
the reaction. Photosynthetic “up-hill” applications are by far the most challenging and they
will be prioritised in the following discussion.

The hole scavengers have a crucial importance to consume the holes present on
the valence band of the semiconductor, avoiding the e~ /h* recombination. Its presence
facilitates the consumption of the holes in the valence band and so that the electron can
remain in the excited state. In principle, the consumption of water and the production
of oxygen should occur. However, in practice, this reaction proceeds at an exceedingly
slow rate, hence the use of a hole scavenger is necessary during photosynthetic reactions.
Choosing an appropriate amount of the hole scavenger is fundamental. An excessive
quantity poses the risk of overconsumption, while an insufficient amount might cause the
beginning of photoreforming earlier than expected. This occurrence initiates when all of
the hole scavenger has been consumed.

Various types of hole scavengers can be used for the photoreduction of carbon dioxide
such as methanol, ethanol, 2-propanol, triethylamine and sodium sulphite. Sodium sulphite
can be chosen as a better hole scavenger than others thanks to the photoactivation of
sulphite and the production of highly reactive radicals.



Energies 2024, 17, 3112

6 of 72

Various photocatalysts were used for the photoreduction of carbon dioxide such as
titanium dioxide (TiOy); tungsten oxide (WO3); zinc oxide (ZnO); cadmium sulphide (CdS);
graphitic carbon nitride (g-C3Ny); bismuth photocatalysts such as BipOs, BipS3 and BiVOy;
or Fe,Os3.

Additionally, metal-organic frameworks (MOFs) are a group of porous crystalline
substances characterised by precise structures and adjustable pore sizes, created through the
self-assembly of organic ligands and metal ion centres. Notably, altering these frameworks
with organic ligands, metal ions and active components can adjust their composition
and properties. This versatility has made MOFs extensively utilised as photocatalysts for
CO; reduction. A MOF from non-porphyrinic photoactive azo-ligands that can integrate
functions such as intensive light absorption, CO, adsorption and charge separation and
transfer was prepared by a hydrothermal method. It showed significant catalytic activity for
visible light-driven CO, photoreduction in the presence of water vapor. The CH, product
yield reached 16.32 umol g~! with 77.57% selectivity [32]. Dye sensitisation has also been
carried out in MOFs. The CO evolution rate reached 10.27 pmol g~ in 4 h with a selectivity
of over 99% without the need for any organic sacrificial agents or photosensitisers [33].
Heterojunctions between CuO and a Co-based MOF were also explored. The presence of
p-n heterojunctions and Schottky barriers in the composite materials inhibited electron—
hole pair recombination and enhanced charge migration. The CO production rate was
3.83 umol g~ h™1, ca. 9.6 times higher than that of pure Cu,O [34].

These are only examples, since the scope of this review is not a comprehensive dis-
cussion of the materials, but a focus on photoreactors. Many different examples of active
materials can be found elsewhere for the interested reader [35-37].

In the photoreduction of CO», selectivity issues arise due to the generation of differ-
ent competitive products. The common products of CO, photoreduction include carbon
monoxide (CO) and methane (CHy), typically obtained under gas phase operating con-
ditions and/or in the presence of H;. Methanol (CH3OH), formic acid (HCOOH) and
ethanol (C;H50H) are instead mainly found as products when operating in the liquid
phase. The selectivity of these products depends on various factors, including the choice
of photocatalyst, reaction conditions and the presence of co-catalysts. The selectivity can
be tuned by changing photocatalyst formulation, e.g., adding a co-catalyst (for instance,
Cu?* favours the production of methanol, while Au is often reported to favour selectivity
to CHy); changing temperature, pressure or pH; creating oxygen vacancies; or doping with
non-metals. By optimising these factors, it is possible to tune the selectivity to favour the
production of specific desired products [38]. An efficient way to compare the performances
of the photocatalysts can be achieved by calculating the total stored energy [39,40]. The
stored energy can be calculated considering the lower heating value (LHV) of the products
by using the formulae below:

Moles of product i(mol) = productivity( :Olh> « time(h) * meat(kg) (1)
cat

Stored energy i(J) = Moles of product i(mol) * LHVi(mLOl) )

Total stored energy(J) = ) _(Stored energy i) 3)

The total energy can be calculated for all the products obtained to also calculate the
overall efficiency of the process, knowing the irradiance or the consumed power. This
allows a safe comparison between different catalysts, operating conditions and reactors.

3. General Classification of Photoreactors

The design of a photoreactor has an essential role in the efficiency of the photocatalytic
process. There are four main steps to be followed to improve the conversion of reactants.
The photoreactor design is based on an in-depth investigation of the variables that influence
its performance, including the light source, the geometrical configuration to distribute light,
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the material of construction, heat exchange, mixing and, consequently, the flow patterns.
An efficiency of capturing photons affects the performance of a photoreactor and it is first
correlated to the intrinsic light harvesting ability of the receiving semiconductor, but also
to its efficient exposure to light within the reactor. The latter point should be maximised
through appropriate reactor engineering [41-43]. To have an efficient photoreactor, the
collection of photons should be high and that depends on the geometry of the photoreactor,
where the largest active area must be irradiated [10].

The irradiation source dictates the range of wavelengths and intensities used in the
photocatalytic process. The type of light source and its accommodation are also important.
The need of light transmission limits the choice of materials of construction for the photore-
actor [44]. Various materials can be used to build the photoreactor, such as quartz [45,46],
Pyrex glass [47] and stainless steel (for external envelope only) [48,49]. Quartz and fused
silica are frequently chosen as light transmission material, because of their perfect trans-
parency, especially in the UV range [50].

To regulate the temperature, it is necessary to remove most of the energy supplied by
the source inside the reactor through heat exchange. This factor must be considered during
the design process [51]. In addition, mixing and flow patterns must also be optimised in
a proper way, first to maximise the interaction between the reactants and catalyst, but in
addition this affects the light harvesting ability of the catalyst. Additionally, it is crucial to
consider the operational mode (batch or continuous), the type of catalyst bed, the number
of phases, the selected membrane (if present) and the type of light source [52].

Based on the phases involved, the photocatalytic reactors can also be classified into
two categories: (1) two-phase systems, which consist of gas or liquid reactants and a solid
catalyst, and (2) three-phase systems, which include solid-liquid—gas interphases.

Based on the catalyst bed, the following additional classification holds for photore-
actors: (1) slurry, where the photocatalyst is suspended in the liquid phase; (2) fixed-bed,
in which the fluid reactants flow through photocatalyst beads; (3) catalytic layers, where
thin films of a catalyst are deposed over transparent inert layers of support and exposed to
light; and (4) membrane-type. All of them might be further classified as shown in Figure 3
depending on the light source.

Photoreactors

v

v v

Slurry photoreactors Fixed bed photoreactors Membrane photoreactors

Internally illuminated Horizontal fixed bed Slurry type photoreactor

Externally illuminated Cylindrical fixed bed fxedibedienbane

photoreactor
Thin film
> Illuminated from sides
Circulated bed

> Top illuminated

Optical fiber fixed bed

Monolith photoreactor

Internally illuminated
monolith photoreactor

Figure 3. Possible classification of photoreactor design used for CO, photoreduction. Readapted
from [10].

Based on light locations, the slurry photoreactors have been further divided into exter-
nally and internally illuminated photoreactors. On the other hand, fixed-bed photoreactors
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have plenty of possible designs. When natural sunlight irradiates any of the previously
mentioned photoreactors, they are referred to as solar photoreactors. These reactors are
further classified as in Figure 4 based on the type of solar source and the possible presence

of a solar concentrator [10].
|
|

Suspended Supported
photocatalyst photocatalyst

|
[ | [ | |

Concentrated Non-concentrated Non-concentrated Concentrated Non-Concentrated Non-Concentrated
photoreactor photoreactor photoreactor with photoreactor photoreactor photoreactor with

without reflector reflector without reflector reflector
. (38 Photochemical
Parabolic-trough Aluminium
— PC photoreactor: PTR g solar collector
reactor (PTR) photoreactor oy
concentrating Sliiry type concentrating Tublar
solar-light | b solar-light —
photoreactor st photoreactor He e

Membrane type Optical Fiber
photoreactor photoreactor

Figure 4. Classification of solar concentrator based on photocatalyst support bed (in this scheme,
acronyms stand for the following as indicated: PTR—Parabolic trough reactor; DSSR—Double-skin
sheet reactor; CPC—Compound parabolic concentrator) [7].

Details on different arrangements are reported in the next paragraphs.

To have a better understanding of the features of different kinds of photoreactors,
a comparative review has been published on different gas—solid photoreactors for the
photoreduction of CO; and it is partially summarised in Table 1 [53]. In particular, the
comparison considers different types of photoreactors and active materials and specifies
whenever possible the operating conditions and the main results. The reader is referred to
the original review paper for the specific references and detains therein [53], while a short
description of its content is reported in the next lines. Finally, a more detailed description
of each typology of photoreactor is reported in the next paragraphs.

For instance, In-doped nanoparticles were prepared with a sol-gel method. CO was
observed as the main product over TiO;, while In-TiO; increased the methane yield. The
CHy production rate over 10 wt.% In-doped TiO, was 7.9-fold higher than the bare TiO; at
100 °C and the CO, /H,O ratio of 1.43. A technique based on the adsorption of ions onto
the surface of two-dimensional (2D) nanosheets has been devised for the photocatalytic
reduction of CO,. Isolated Bi ions, confined within the surface of TiO, nanosheets with
the aid of simple ion adsorption, enables the formation of a built-in electric field that
enhances the separation of charge carriers. Consequently, this contributed to an improved
performance of the photocatalytic CO, reduction with favoured selectivity to CHy [54].

A method utilising the adsorption of ions on the surface of two-dimensional (2D)
nanosheets has been developed for the photocatalytic CO, reduction. Isolated Bi ions,
confined on the surface of TiO; nanosheets through a straightforward ionic adsorption
technique, aided in creating a built-in electric field that efficiently enhanced charge carrier
separation. This resulted in improved performance of the photocatalytic CO, reduction
process, favouring the conversion to CHy. It was observed that the TiO,-Bi provided
6.38 umol g~! CO and 153.08 pmol g~! CHy, while the blank TiO, provided 3.74 umol
g1 CO and 34.86 umol g~! CHy in 14 h. Tt is worth mentioning that TiO,-Bi exhibited
a 1.7-fold increase in CO conversion performance. However, it demonstrated even more
significant enhancement in CHy conversion, achieving a 4.4-fold increase compared to the
blank TiO, [55].
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Table 1. Comparative examples of CO; reduction performance of gas—solid phase photoreactors
reported in the literature. Readapted from [53].

Photoreactor Photocatalyst Reference Light Source Condition Main Products
. " 0.25 g, 0.20 bars reactor pressure, 373 K 141
Tiles or ca rpet In-TiO, [54] 500 W Hg lamp reaction temperature and CO,/H,0O CH, 243.75 pmol & h,l /€O
type feed ratio of 1.43 81.25 pmol g~ h
100 mg, photocatalyst powder was put
S in a glass reactor filled with CO, CH, 153.08 pmol g~ h~1, CO
TiO;-Bi (5] 300 W Xe lamp followed by an injection of 2 mL H,O 6.38 umol g~ ' h~!
in the reactor for 14 h
- CO 406.77 pmol g~! h™1, CH,
ZnO [56] 125 W Hg lamp 50 mg, 0.5 mL deionised water at 473 K 20.16 pmol g1 h-!
Photocatalyst was suspended in 10 mL
Pt-TiO, [57] 8 W Hg lamp of distilled water and this suspension CH, 22.04 pmol g~ ' h!
was applied to the foam
300 W Xe lamp with a
o . 400 nm cut-on filter CO 12.67 umol g1, CH;0H
Thin film HN-TiO [58] attached in front of AM CO; and water vapor at 343 K 1.79 umol g1
1.5 G filter
. 100 W Xenon solar A 2.0 x 2.0 cm? film, a mixture of CO, 211
rGO-TiO, NP [59] simulator and H,0 vapor CH,4 5.67 ppmcm™* h
. Drop-casted (15 mL of 25 mg mL~!
. 300 W Xenon lam; th . e _
NiMgGaAl [60] fitted IR blockingpﬁlv?er aqueous solution) thin film on 1 cm by COca. 55 umol g 1
1 cm glass
CdS/Mn, 03 . 2 . C,Hs0H 52.2 umol g ' h7t,
nanocomposites [61] Sunlight 25 cm? photocatalyst film HCOOH 13923 pmol g1 h-
Vs-CulnsSg [62] Simulated visible light CO, and H,O vapor at 101.1 kPa CH4 8.7 pmol gt h™!
e E . The space velocity of CO, gas and CH,4 091 umol gt h™!, CHy
Optical fibre Cu-Fe/TiO, [63] 150 W Hg lamp H,O vapor was maintained at 0.72 h~! 0.58 umol g 1 h™!
. . ) The space velocity of CO, gas and 11
Cu-Fe/TiO;-Si0O;-acac [64] 150 W Hg lamp H,0 vapor was maintained at 0.72 h-1 CHy 0.279 umol g™ h
The flow rate of CO, was almost 3 mL
Cu-TiO, [65] 365 W Hg lamp min ~! and the pressure of CO, was in CH;3;OH 0.46 pmol g1 h™!
the range of 1.05-1.4 bar
i1
Monolithic Fe-MMT/TiO, [66] 200 W Hg lamp Fed flow rate was 20 ml min CO 166 pmol g~ h~!
The nanocatalysts (about 50 mg) were 11
(MMT)/TiO, [67] 200 W Hg lamp coated uniformly as a thin film inside CH, 13592 um011g 1 };1,1 » CoHy
the microchannels of the monolith Hmolg
NiO/InTaOy4 [68] Xenon lamps CO; and water vapor flows into the CH30H 1.8510~* mol m—3
monolith inlet
. . H,0 and CO, with a ratio of 1:10 CH30H 36.18 umol g~ h~!
24 2 2 3 H g ,
Plate microreactors Cu*-TiO, [69] UV LED 365 nm 26333 K C,H5OH 79.13 pumol g’l h-1
CdS-Cu?* /TiO, [70] 300 W Xe lamp 20 and €O with aratio of 1:10 C,H50H 109.12 pmol g~ h-!
40 mg, water vapor was incorporated
Cu P25 [71] 1 W UV LED in the pure CO, stream using a water CHy 117 pmol g~ h™!

bubbler to saturate the stream

The efficiency in separating electron—hole pairs and the adsorption capacity of photo-
catalysts towards CO, represent the pivotal factors influencing the performance of pho-
tocatalytic CO, reduction. In order to improve these points, the surface structure of the
semiconductor was tuned. Three ZnO samples with different morphologies, surface area
and defect content were fabricated by varying the preparation methods. The results demon-
strated that the prepared porous ZnO nanoparticles and nanorods were characterised
by more defect sites, and these are zinc and oxygen vacancies. These defects would de-
crease the combination rate of the electron—hole pair together with the promotion of the
formation of basic zinc carbonate by Lewis acid-base interaction, which is the active in-
termediate species for the photoreduction of CO,. ZnO nanoparticles and ZnO nanorods
with few defects exhibited limited CO, adsorption, resulting in inferior photocatalytic
performance [56].

Pt/TiO; (0.5-3.0 wt.%) samples were prepared by deposition—precipitation then de-
posited on a commercial Al,O3 foam. It was observed that the main reaction product was
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methane, but hydrogen and carbon monoxide were also detected. The highest yields of
CHy, Hy and CO were achieved in the presence of 1.5 wt.% Pt/TiO,. It was seen that higher
yields of CO; photocatalytic reduction were achieved in the presence of photocatalysts
deposited on the commercial support compared to the powder photocatalysts [57].

A core-shell metal oxide with their shell having nitrogen and hydrogen coordinated to
a metal atom provides energy states for visible light absorption and efficient electron-hole
separation. Nanocrystals for a visible light sensitising core—shell metal oxide of titanium
oxide (HN-TiO,) were fabricated and its energy states were determined by integrating
experimental measurements with density functional theory (DFT) calculations. Addition-
ally, photoelectrochemical measurements were performed to observe the photocatalytic
activity of the visible light sensitising core—shell metal oxide photocatalyst. The efficiency
of solar-to-fuel conversion has also been assessed, demonstrating that the conversion rate
to C1 chemical fuels such as methanol and carbon monoxide was significantly improved
using a Cu co-catalyst (HN-TiO,:Cu), which is approximately 25-fold higher than that
of the bare TiO, loaded with a Pt co-catalyst (bare TiO,:Pt) and 8-fold higher than that
for a Pt co-catalyst (HN-TiO;:Pt). Also, the method used to fabricate a visible light sensi-
tising core—shell structure of TiO; has been applied to fabricate other similar structures,
such as HN-ZnO and HN-CuO, which enabled efficient charge separation from other
wide-bandgap metal oxides like ZnO and CuO [58].

TiO, nanotube arrays were covered with reduced graphene oxide (rGO) plates containing
embedded TiO, nanoparticles. It was observed that methane yield was enhanced, attributed
to the graphene providing enhanced light absorption and effective separation of the photo-
generated charges. It was observed that the rGO-TNTNP evolution rate, 5.67 ppm cm~2h™!,
was 4.4 times higher than the pure TNT sample, 1.28 ppm cm 2 h~! [59].

Metal-based layered structures were promising as photocatalysts. For instance, a
quadruple metal-based layered structure, composed of aluminium (Al), gallium (Ga),
magnesium (Mg) and nickel (Ni), has been reported, which allows the photocatalytic
conversion of CO; into CO with a high selectivity close to 100% in the presence of water.
The shifted oxidation states of the Ni and Mg ions, compared to their usual bivalent states,
resulted in increased electronegativity for the adjacent oxygen (O) atoms, while the Ga
and Al ions retained their trivalent states. This adjustment allowed the oxygen atoms to
adsorb a higher amount of CO,. Additionally, the quadruple metal-based layered structure,
even without the use of scavengers, demonstrated nearly double the photocatalytic activity
compared to bi- or triple-metal-based structures [60].

The photoreduction of CO, was accomplished by using CdS and CdS/Mn,O3 nanocom-
posites as a photocatalyst supported on porous anodic alumina (PAA) support. An in-
complete anodisation of an aluminium film substrate left a thin layer of aluminium in
the middle that enhanced mechanical integrity and retained electrical conductivity of the
support. The rod-shaped crystals of CdS, grown on the support’s pore surface, formed a
crumpled sheet-like structure that enhanced the trapping of light energy incident on the
catalyst surface. The photocatalytic reduction of CO, was carried out under direct sunlight,
using reflectors such as flat mirrors, compound parabolas and concentrating Fresnel lenses
to focus the solar radiation onto the catalytic surface. The combination of a Fresnel lens as
a concentrator and a CdS/Mn;O3 nanocomposite as the catalyst significantly improved the
photocatalytic activity compared to CdS alone. The CO, conversion efficiency (CCE) (%)
determines the ability of the photocatalyst in converting CO, to useful organic compounds
and the CCE (%) obtained using CdS/Mn,0O3 nanocomposites as a photocatalyst was
exceptionally high with Fresnel lens giving 23.2% of CO, conversion [61].

Atomically thin layers of sulphur-deficient CulnsSg that contained charge-enriched
Cu-In dual sites were highly selective towards the photocatalytic production of CH4 from
CO;. The formation of highly stable Cu-C-O-In dual sites was the key feature determining
selectivity. This configuration lowered the overall activation energy barrier and also
converted the endoergonic protonation step to an exoergonic reaction process, changing
the reaction pathway to form CHy instead of CO. Near 100% selectivity was achieved for
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visible light-driven CO, reduction to CHy over CO, with a rate of 8.7 umol g~! h~! by
using CulnsSg [62].

The photocatalytic reduction of CO, with H,O in the gaseous phase was studied by
using a Cu-Fe/TiO; catalyst coated on optical fibres under UVA and UVC irradiation.
Catalyst-coated optical fibres were assembled in the reactor such that the UV light can enter
along the fibres to conduct the photocatalytic reaction on its surface. Methane and ethylene
were observed as main products. The presence of Fe as a co-dopant in the Cu/TiO; catalyst
synergistically enhanced the reduction of CO, with HyO to produce ethylene, achieving a
quantum yield of 0.024% and a total energy efficiency of 0.016% [63].

A montmorillonite (MMT)-dispersed Fe-doped titanium dioxide (Fe/TiO,) nanocom-
posite was tested for dynamic photo-induced CO, reduction by Hj to fuels. Cordierite
monolithic support was used in order to enhance the photoactivity and reusability of the Fe-
MMT/TiO, nanocomposite. MMT-supported Fe/TiO, samples were prepared by a direct
sol-gel method and were dip-coated over the monolith microchannels. The efficiency of
Fe-loaded MMT/TiO; for CO, photoreduction by H, towards CO was investigated using a
monolith photoreactor under UV light. The maximum CO yield over the 3 wt.% Fe-10 wt.%
MMT-loaded TiO, catalyst reached 166 umol g~ h™! at a selectivity of 99.70%, which was
higher than the amount of CO produced over the MMT/TiO; (16,166 pmol g’l h~1) and
the bare TiO; (5 umol g’1 h=1) [66].

An optical fibre reactor was used for the photoreduction of CO, with H,O to fuels
under UVA artificial light and concentrated natural light. The optical fibres were coated
with gel-derived TiO,-5i0; mixed oxide-based photocatalysts. During the sol-gel process,
Fe atoms were incorporated into the TiO,-5iO, lattice, leading to complete visible light
absorption and influencing the product selectivity of the resulting catalyst. Under UVA,
ethylene was mainly produced on a Cu-Fe/TiO; catalyst with the quantum yield of 0.0235%
whereas a Cu-Fe/TiO,-5iO; catalyst was observed to favour methane production with the
quantum yield of 0.05%. It was found that only methane evolved over both bare TiO,-5i0,
and Cu-Fe/TiO,-5iO; catalysts under natural sunlight with production rates of 0.177 and
0.279 umol g*1 h—1[64].

An optical fibre photoreactor, consisting of approximately 120 fibres coated with
Cu/TiO,, was designed and assembled to uniformly distribute light within the reactor.
The TiO; film was applied to the optical fibres using a dip-coating technique. Cu-loaded
titania solutions were prepared through thermal hydrolysis. The obtained Cu/TiO; film
had a thickness of 53 nm and was composed of very fine spherical particles with diameters
around 14 nm. The most active Cu species on the TiO; surface were CuyO clusters, which
played a crucial role in methanol formation. The methanol yield increased with the intensity
of UV irradiation. The maximum methanol rate was 0.45 umol gcat_l h-1 usinga 1.2 wt.%
Cu/TiO; catalyst at 1.29 bar of CO;, 0.0026 bar of H,O and a mean of 5000 s under
16 W cm—2 UV irradiation. Higher Cu loading than 1.2 wt.% resulted in a lower methanol
yield rate due to the masking effect of Cu,O clusters on the TiO, surface [65].

The performance of a montmorillonite (MMT)/TiO,-coated monolith photoreactor
was tested for the photoreduction of CO,. The main products were obtained as CH4 and
CO with productivity of 139 and 52 umol g~ h™!, respectively. The higher rates in the
monolith photoreactor were due to the higher illuminated surface area and efficient light
utilisation [67].

An optical fibre monolith reactor (OFMR) for InTaO4-based CO, photoreduction was
used as a photoreactor. OFMR was coupled with a parabolic trough concentrator (PTC) to
increase the daylighting area without raising the cost of photocatalysts. Using the Monte
Carlo ray tracing (MCRT) approach and the finite volume method (FVM), a computational
model of the reaction module was developed to optimise the fibre honeycomb reactor
coupled with the PTC, considering the light, heat and mass transfer. As a result, the
volume-averaged product concentration reached 1.85-10~* mol m~3, significantly higher
than the traditional OFMR concentration of 9.61-10~® mol m~3 under the same conditions.
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Optimised monolith structure for improved photocatalytic performance was identified,
showing that gas channel diameters between 1.5 and 2 mm enhance reaction efficiency [68].

Cu?*-TiO; nanorod thin-film photocatalysts were applied in optofluidic planar re-
actors under UV light. These Cu®*-deposited TiO, nanorod thin films were fabricated
through a combination of the hydrothermal method and an ultrasonic-assisted sequential
cation adsorption method. Their photocatalytic activities were assessed through the re-
duction of gas-phase CO,, producing primarily methanol and ethanol. The experimental
results indicated that with a Cu?* dopant concentration of 0.02 M, the yield of products
reached the maximum, with methanol and ethanol yields of 36.18 umol g~! h~! and
79.13 umol g~ h~! at a flow rate of 2 mL min~! and a reaction system temperature of
80 °C. The high photocatalytic efficiency of Cu?*-TiO, nanorod thin films in CO, reduction
was attributed to the incorporation of Cu?* ions and the one-dimensional nanostructure,
which enhanced photon transmission limitations [69].

CdS-Cu?* /TiO, nanorods were used for the photoreduction of CO, under visible
light. They were prepared by the hydrothermal method, after which Cu?* ions and CdS
quantum dots (QDs) were deposited on the TiO, nanorod arrays using an ultrasonic-
assisted sequential cation adsorption method and successive ionic layer adsorption and
reaction (SILAR) method. The experimental results demonstrated that when the SILAR
method cycle deposition was repeated twice, the ethanol yield reached the maximum [70].

Various photocatalysts were prepared based on the combination of TiO, and Cu,O. The
synthesised systems were applied in the photoreduction of CO; to yield CHy inside a two-
dimensional flow reactor where the gas stream was passed over a thin layer of the catalyst
under UV irradiation. The combination of core-level and valence-band-level spectroscopies
enabled the authors to have a Z-scheme-structured photocatalyst. A significant formation
rate of CH4 was reached (100 umol g’l h™1) using low-power led irradiation [71].

3.1. Slurry Photoreactors

The most popular type of reactor in a two- or three-phase system is a slurry pho-
toreactor. For instance, in the case of CO, photoreduction, CO; is fed in the gaseous
phase, and the reductant (in general, H,O) is often in the liquid phase with or without
additional compounds such as sacrificial agents, HSs or pH tuners (e.g., NaOH, NaySO3,
etc.). Nonaqueous solvents (e.g., acetonitrile, dimethyl sulfoxide, dimethylformamide, etc.)
or ionic liquids are sometimes used in place of water. The photocatalyst is suspended
through a stirrer, usually magnetic in small-size devices, or mixed by injecting the gas
by bubbling it through the reactor without sedimentation. Slurry photoreactors are also
named as fluidised bed photoreactors, usually when gas—solid reactions take place, due to
the mobilisation of the catalyst bed [72]. For the selected application, a mixture of steam
and CO; is fed from the photoreactor bottom to suspend the fine catalyst particles.

Slurry photoreactors are operated in a batch or continuous mode, where the process
begins with the injection of CO, into the sealed reactor (the first step could be removing
air by vacuum or outgassing) and the reaction starts upon exposure to light. Depending
on the operating mode, there can also be an accumulation of gaseous or liquid products,
even if liquid product collection is often performed in batch mode. In a batch process,
CO, is bubbled through the photoreactor for a specific duration. The reaction is started by
switching on the light irradiation and stopping the CO; feed; in contrast, in continuous
photoreactors, CO; is continuously bubbled into the reactor through the liquid solution,
while the gaseous products (such as CHy, CO or Hy) are taken continuously to be analysed.

The main characteristics in slurry photoreactors can be summarised as below:

1.  Liquid-suspended particles enable a high surface-area-to-volume ratio for the ex-
posed photocatalyst.

2. Inorganic salts have been reported to have a remarkable effect on the photoreduction
of CO,. The addition of NaOH increases the solubility of CO, with respect to pure
H)O because OH™ ions react with the CO, to produce CO32~ and HCO; ™. It has
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been proposed that a high concentration of HCO3 ™ in the system can accelerate the
photoreduction reaction, improving its performance [38,72].
3.  Liquid-suspended particles remain inside the liquid stream and should be removed after
the reaction. This creates substantial cost and complexity for separation and recycling.
4. The progressive consumption of HS might cause the increment of the recombination
rate of the electron-hole pairs. In continuous systems, the accumulation of spent HS
is an issue.

In slurry photoreactors, the reaction rate depends on several factors: (1) the intensity
of the light on the photocatalyst’s surface, (2) semiconductor light harvesting properties,
(3) the adsorption properties of the reacting and non-reacting components in the solution
and (4) the photocatalyst intrinsic (quantum) efficiency [73,74].

Advantages of slurry photoreactors are related to the easy construction that implies
low investment cost. Furthermore, if the particles’ size of catalyst is small and the mixing
is properly conducted, the whole surface illumination of the solid occurs, with increased
effectiveness of the catalyst.

Drawbacks include a limited penetration depth due to light absorption or scattering
by liquid and solid catalyst particles, causing ineffective usage of part of the surface area of
the catalyst. Vigorous agitation is needed to maximise the homogeneity of suspension and
improve mass transfer. This leads to the drawback of catalyst particle erosion and attrition.
This may further decrease the particle size of the catalyst, changing the optical properties
and activity, and again affecting the scattering effect [75].

The particle size has an essential role because it affects the electron-hole recombi-
nation, surface area and possibly to a certain extent the band gap, so that optimum size
must be chosen to reach the maximum efficiency for photocatalytic conversion. Never-
theless, the particle size should be selected for optimising the use of light irradiation vs.
scattering/absorbing effects [10].

To have the best conversion results in a photochemical reaction, light should be
absorbed as much as possible by the photocatalyst. Considering this, slurry photoreactors
have potential to be the ideal choice for the photocatalysts that have small particles. The
other possible option that can be conducted to enhance the light capture and reduce
the irradiation losses due to reflection is optimising the lamp position through careful
modelling of light dispersion across the reactor volume, as exemplified in [76,77] and
references therein.

According to lamp position, they can be further classified into externally illuminated,
either from sides or from the top, or internally illuminated.

3.1.1. Externally Side-Illuminated Slurry Photoreactors

In this type of photoreactor, light is utilised inefficiently because, falling along the
curved face of the cylinder constituting the reactor envelope, it is partially reflected and this
causes the loss of photonic energy. In addition, the irradiation should be conducted from
different sides; otherwise, inhomogeneous exposure of the material is achieved. This causes
a higher consumption of energy, making the process uneconomical. Based on particle
size and mixing efficiency, if no segregation of phases occurs, the whole external surface
exposure may be reached, but in any case not simultaneously decreasing the effectiveness
of the catalyst on a mass basis. In the worst cases, the penetration depth might be decreased,
leading to large inactive surface area. As an example, Ola et al. [78] used a stirred batch
annular reactor for CO, conversion, depicted in Figure 5. In this design, two irradiation
sources were put next to the photoreactor, located on two sides. To measure the light
intensity, a UVA digital radiometer was placed inside the reactor. CH4 productivity of
0.03 umol gcat_l h~! was achieved. This result was also compared with an internally
illuminated monolith reactor by the same group and in this configuration, a productivity of
methanol equal to 0.10 umol gcat’l h~! and of acetaldehyde equal to 0.21 pmol gcat’l h-!
was obtained. Still, it is possible to have further improvement by altering the location of
the light and expanding the irradiation area, which has been found to be quite limited.



Energies 2024, 17, 3112 14 of 72

Figure 5B provides a schematic of another photoreactor arrangement where the light
source was located on one side. A bed of powdered samples was spread uniformly on the
photoreactor surface. CO, was flown into the reactor diluted with H, or N; and saturated
with water.

A (B)

Switch Value

g b ¢E¢J

— Reactor

y

‘

Products

Figure 5. (A) Schematics of a slurry photoreactor externally illuminated from side [10,78]. (B) Left: ph-
otoreactor consisting of Hg lamp (1), synthetic quartz windows (2) and gas chamber, (3). Right: Top
view displaying shallow bed of material situated in photoreactor [10,79]. Reproduced by kind
permission of Elsevier BV from [10].

This type of photoreactor is generally preferred in the case of having a photocatalyst
with a small particle size, a bright colour and water, which does not have any organic
impurities, used as a reducing agent so that maximum penetration depth can be reached.
However, the external irradiation limits the energy efficiency of this solution.

Further issues may arise in case refrigeration or heating are needed. Common posi-
tioning of a heat exchange device is on the shell of the reactor, at least up to ca. 10 L sizing,
since internal heat exchange devices cannot be easily allocated, which would interfere with
light distribution from an external light source.

Another study conducted by Tahir et al. [80] worked with a novel externally reflected
photoreactor for photocatalytic CO, conversion in the liquid phase by the use of the func-
tionalised carbon nitride (f-C3Ny) modified with ZnV,;0O4 nanosheets and then compared
with the solar photoreactor. The maximum production rate of CH3OH was 4.7 mole
kgcafl, which was 1.25 times higher than the solar photoreactor (3.7 mole kgcat’l). This
photoreactor demonstrated exceptional efficiency in converting CO, through photocataly-
sis, attributed to its superior light capture compared to the solar photoreactor. As a reason
of that, it was given that the externally reflected photoreactor reached enhanced rates
because the reflector provides greater photon flux for dynamic CO, reduction.

3.1.2. Top-Illuminated Slurry Photoreactors

In this configuration, irradiation is placed directly from the top of the reactor vessel.
Particle size and irradiation energy, again, have an important role for designing the photore-
actor [81]. Light hits over the surface of the particles in the slurry and some passes through,
the rest being reflected. The advantage of this configuration is that reflection may occur
from the bottom of the vessel with a possibly higher utilisation of photons. Nonetheless,
it has some cons. One is that the area directly illuminated is limited, and in addition to
this, when the solution is dark, then it becomes challenging for the light to pass through
the slurry and to reach or be reflected from the bottom. To achieve better performance,
the slurry solution must be distant from the optical window to prevent the photocatalyst
powder sticking to the surface of the window, obstructing the incoming light. For example,
a study reported in [48] used a cylindrical slurry reactor for the photoreduction of CO; to
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fuel, having CHy as the major product, along with methanol and ethanol. The reactor was
irradiated from the top using a Xe lamp. Similarly, in other papers [82-85], the photoreduc-
tion of CO, was accomplished in a stainless steel slurry photoreactor, where irradiation
was passed from the top through a quartz window. The main products were CHy, CO and
Hy. In another study [82], platinum- and copper-doped photocatalysts with 0.5-2 wt.% of
Pt, 0.5-2 wt.% of Cu and 1 wt.% of Pt combined with 1 wt.% of Cu prepared and tested
them for the photocatalytic reduction of CO, in a stirred batch reactor. A 2wt.% Cu/TiO,
photocatalyst demonstrated the highest photocatalytic performance in the production of
methane, 35 pumol gfl, which was nine times higher than in the case of the commercial
TiO, photocatalyst. In addition, its higher specific surface area, Sggr 112 m?g~!, supported
its higher performance. The schematic representation is demonstrated in Figure 6 [10,82].
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Figure 6. Schematic diagram of photocatalytic CO, reduction system irradiated from top. Readapted
from [10].

3.1.3. Internally Illuminated Slurry (IIS) Photoreactors

In this type of reactor, the lamp is placed inside the reactor vessel. This type of
photoreactor uses the irradiation quite efficiently. First, the direct contact area of light with
the reacting solution is larger than externally illuminated reactors. In addition, since the
reactor is annular-shaped, the optical path of light radiation is shorter and easier to reflect
from the wall. So, among the others, this configuration could be the most attractive one
for photocatalytic and photosynthetic applications on a small scale. Possible issues may
arise for scale-up. For instance, Tseng et al. [72] carried out the photoreduction of CO; for
producing methanol with 254 nm UV irradiation. The lamp irradiated inside the reactor, as
illustrated in Figure 7. The catalyst powder was suspended in 300 mL of a 0.2 N NaOH
aqueous solution. The concentration of the TiO, photocatalyst was maintained as lower
than 1 g dm~3 for avoiding light scattering, which would hinder the light in reaching the
surface of the particles.

However, internally illuminated photoreactors also have some disadvantages as fol-
lows: (1) The holy grail in photocatalysis is to use free solar light as a source of energy,
but in this configuration, it is not easy to exploit it efficiently, since the light source should
be conveyed in the axial optical guide. (2) The volume of IIS photoreactors is limited and
hard to increase because of the fast decreasing light intensity with an increasing optical
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path from the axis to the periphery while there is an increasing reactor volume. (3) There
might not be homogeneous photocatalyst distribution because of the presence of the inner
tube, which requires efficient and optimised mixing. The latter is quite easy to achieve
on a lab scale both for the reduced size and the suitable proportion with the capability of
a conventional stirrer. The typical mixer configuration for large-scale reactors is instead
axially mixed through vertical stirrers moved by a top motor, which conflicts with the
same location of the immersion lamp. (4) There might be some photocatalyst impingement
onto the wall of the inner tube if the particle size is very small and this decreases the light
passage across the solution [10].
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Figure 7. (A) Schematics of annular photocatalytic photoreactor irradiation source positioned in-
ternally (reproduced by kind permission of Elsevier BV from [72]). (B) Block scheme of internally
illuminated annular photoreactor for CO, photocatalytic reduction (reproduced by kind permission
of Elsevier BV from [10,76]).

Another study conducted by Asadi et al. [86] also employed the bubble slurry photore-
actor but the focus was on the modelling and simulation of photocatalytic CO, reduction
into methanol. A 2D axisymmetric geometry was utilised considering different parameters
such as the number of spargers, inlet gas flux, average bubble diameter and light intensity.

In addition, Olivo et al. [87] investigated the effect of CO, photoreduction parameters,
irradiance and reaction time to produce methane in a cylindrical Pyrex glass reactor. It
was achieved through a design of experiments (DOE), which evaluated how experimental
conditions varied across different setups. The usage of a low light intensity (40-60 W m~2),
reaction time and temperature showed a significant effect on methane productivity, with a
maximum value of 28.50 pmol gcat’l (40 W m~2, 4 h). Meanwhile, with the use of high
irradiance (60-2400 W m~2), the maximum production of methane was 0.19 pmol gcat’l
(1240 W m~2, 2 h). It was found that irradiance was the main parameter with a significant
effect on the production of methane. The impact of varying input was evaluated using
a DOE approach, which considered experimental parameters influencing photon input,
irradiance and reaction time. The relationship between product formation and irradiance
remains poorly understood, requiring comparisons with more established photooxidative
processes. It was observed that at low irradiance levels where the surface has not been
saturated by the photons, both reaction time and irradiance influence the production of
methane, suggesting that photoexcitation limits overall process efficiency. Conversely, at
high levels, where the surface has been saturated by the photons, increasing irradiance
does not affect photocatalytic performance, but extending the reaction time is crucial for
increasing methane yield. It is not sufficient to have a single irradiance condition for
evaluating material activity. To have better understanding, low- and high-irradiance tests
should be combined to observe how efficiently the catalyst interacts with the reagents.
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3.2. Fixed-Bed Photoreactors

Slurry reactors have been used for many years to perform bench-scale photocatalytic
reactions. However, their utility is constrained by the small catalyst particle size that may
foul the light source. Furthermore, there will be an additional cost for removal/recovery
of photocatalysts, and catalyst separation may be hard and not feasible for continuous
application. Due to these restrictions, a new class of photoreactors was developed, fixed-
bed photoreactors, taking advantage of the experience in thermocatalytic processes for
which this is the simplest and most common arrangement.

The photocatalyst is often fixed on supports, allowing for continuous operation with-
out the requirement for catalyst separation. These photoreactors are employed mostly in
the gas—solid phase where CO, and other gaseous substances may be directly fed. The
design of materials, especially the small particle size and reduced grain boundaries of
photocatalysts, may be a key factor for exposing the photocatalytic sites. In this type of
photoreactor, photons directly reach the exposed photocatalyst surface, which should be
maximised. Additionally, the low-penetration-depth issue can be overcome by using a
thin-film layer of a photocatalyst, which will result in a larger exposed surface area for
improved photon usage in CO, reduction. Large grain size can be used in fixed-bed pho-
toreactors to increase external mass transfer and reduce pressure drop. Light distribution
becomes a limiting factor in this system considering the geometry of the irradiation source
and spatial distance between the light source and photocatalyst. Furthermore, depending
on the transparency of the support and thickness of the catalyst layer, the optical path
through the reactor can be more or less effective [88].

The catalytic bed and the photoreactor vessel (shell) are the two primary components
of a fixed-bed photoreactor. Different types of materials, mainly glass or stainless steel,
are used to construct the photoreactor vessel. In this type of reactor, the photoactive
material can be either fixed in powder form at the bottom of the reactor [89] (very inefficient
arrangement) or coated over different kinds of support such as glass beads or tiles [90,91],
optical fibres, monoliths or plane or curved surfaces, thus avoiding catalyst separation cost.
These supports can have a variety of shapes, including spheres [90], cylinders [92], fibres
and tiles [64]. In a photocatalytic reactor, variables such as the thickness of the photocatalyst
active film and the transparency and the size and shape of the supporting particles affect
how much radiant energy will be absorbed by the catalytic bed. Thin catalytic films and
small sizes of support enable deeper light penetration into the photocatalyst active sites,
increasing conversion efficiency. However, continuous light irradiation may harm the
photocatalyst due to the increased temperature, which would cause less reactants to adsorb
on the photocatalyst surface, reducing the productivity. Conversely, a thick layer of a
photocatalyst or large particle size might cause a shallow penetration depth and poorly
activated sites. Additionally, the selecting of optimum thickness and particle size of a
photocatalyst is crucial when designing a fixed-bed photoreactor.

3.2.1. Horizontal Photoreactors

The geometry of a photoreactor is closely tied to the irradiation source, aiming to
maximise light collection while minimising the energy losses and investment costs. Fixed-
bed photoreactors can be both vertically and horizontally oriented. Horizontal fixed-
bed photoreactors are commonly used in batch processes, and the maximum area to be
exposed to photocatalyst light irradiation is obtained either by spreading in the bottom of
a photoreactor or by coating/dispersing the catalyst on a plate. In this configuration, the
shell of the reactor is placed horizontally, the catalyst bed is fixed in the reactor and the
irradiation source is placed either inside or outside of the reactor.

For instance, Tahir et al. [93] used a rectangular photoreactor; the photocatalyst was
homogeneously dispersed in powder form at the bottom to have a well-distributed light
over the catalyst surface, as can be seen in Figure 8A. A Hg vapor lamp was used as an
irradiation source. The productivity of methane by the photoreduction of CO, was found
to be 0.208 mmol kgcat_1 h~1. In another study [92], a horizontal quartz tube reactor
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was used and the light source was put inside the tube as illustrated in Figure 8B. In total,
0.12 mmol kgcat’1 h~! of methane was produced after 6h of UV irradiation on the catalyst,
constituting TiO, pellets. Also, a flat tray was used to hold the catalyst pellets. In a related
study by Zhang [94], a cylindrical quartz tube photoreactor such as the one in Figure 8C was
utilised, and a flat quartz glass held a Pt-loaded TiO, catalyst used for the photocatalytic
reduction of CO;. The light source was located inside the tube. As the temperature rose, it
was found that the CH, yield increased. Additionally, an increase in temperature was noted
to enhance the desorption process of the formed products and increase the likelihood of
effective collisions. The productivity of CHy was found to be approximately 1.5 pmol gear ™
at 323 K while with the increased temperature at 343 K, the maximum productivity reached
5.5 umol geat ! A similar cylindrical quartz tube photoreactor was utilised in a different
study by Park et al. [95], but the light source was fixed outside of the cell, as illustrated in
Figure 8D. A Pyrex glass plate was coated with double-layer film of catalysts TiO, /Cu-TiO,
as compared to TiO; and inserted as shown in the reactor. It was found that adding Cu
to TiO, improved the double layers’” photocatalytic activity. The improved photocatalytic
activity resulted from two factors. First, the photocatalyst demonstrated a red-shift in
UV-Vis absorption with the increase in Cu concentration. Additionally, improving charge
separation and the prevention of the recombination of the photogenerated electron-hole
(e~ /h*) pairs was demonstrated thanks to interfacial transfer between TiO, and Cu-TiO5.
The maximum methane yield was 0.175 mmol kgcat_1 h~! over TiO, /5.0 mol% Cu-TiO,
after 8h compared to the 0.08 mmol kgeat ~! h™! accomplished over the TiO, /TiO, double-
layered film.
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Figure 8. (A) Schematic of experimental setup of horizontal fixed-bed photoreactor for photocatalytic
CO; reduction with H,O and/or H; (reproduced by kind permission of Elsevier BV from [93]).
(B) Schematic drawing of cylindrical quartz tube reactor (reproduced by kind permission of Elsevier
BV from [92]). (C) Setup of fixed-bed photocatalysis reactor. A—UV /visible light; B—electrical
wire; C—U-type terrarium; D—quartz glass plate; E—quartz glass reactor; F—insulating chest;
G—gas flowmeter; H—conical flask for deionised water; [—CO, gas; ] —absorption flask; K—gas
chromatograph; 1-5—valve; a,b—thermometer (reproduced by kind permission of Elsevier BV
from [94,96]). (D) Horizontal tubular photoreactor with double-layer film catalyst coated on glass
plate (reproduced by kind permission of Elsevier BV from [95]).

3.2.2. Cylindrical Photoreactors

This reactor design includes a cylindrical tube that can be placed vertically or hori-
zontally. Based on where the irradiation source is located, these reactors can be classified
into three different configurations: (1) illuminated from the top; (2) illuminated from the
sides where the catalyst bed is placed in the middle of the photoreactor and the light source
is installed on the wall of the cylindrical tube; and (3) illuminated from the centre where
the light source is placed axially and the catalyst is coated on a support having an annular
shape with respect to the reactor. To achieve the highest photocatalytic efficiency, massive
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usage of photonic energy must be considered, while maximising the interaction between
the photocatalyst and reactants (CO, and H,O).

Configurations where the photocatalyst bed is placed at the bottom or in the centre of
the photoreactor are illustrated in Figure 9. A study reported in [67] dispersed the catalyst
in powder form in a stainless steel cylindrical tank that was 150 cm® in volume and had a
length of 5.5 cm. A 200 W mercury reflector lamp served as the UV irradiation source. This
arrangement fits gas—solid phase reactions and it is suitable for small reactors only.
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Figure 9. Vertical tubular fixed-bed photoreactor with catalyst dispersed in powder form in bottom
of vessel. Readapted from [67]).

The results demonstrated that the photocatalyst bed was spread at the bottom of the
photoreactor in such a way that the flow was occurring over the bed and not through the
bed, resulting in poor contact and low CHy yield, concomitantly caused by inefficient light
distribution and mass transfer.

The most widely used fixed-bed photoreactors are those in which reactant flow occurs
cross-sectionally through the bed to optimise the interaction between the photocatalyst
and reactants. The photocatalyst bed is spread out over supports in this instance, most
frequently fibre glass filters, which have great strength, good stability and low cost. Stainless
steel mesh is also occasionally employed. However, to keep saturated water vapor in the
reactor, glass wool is also used. However, if this arrangement improves the contact between
the catalyst and the reactants, it is less efficient for irradiation.

In another study [97], a cylindrical photoreactor was employed, with the light sources
positioned on the walls of the reactor in opposite directions as depicted in Figure 10. A
UV lamp and Xe lamps, which emit ultraviolet and visible light, were the sources of
light. In the same way, a nanocomposite of nickel-loaded TiO, photocatalysts was fixed
on activated carbon fibres (ACFs), and NiO-TiO,/ACF (3 cm X 3 cm) was spread on a
Teflon surface dispersed in the centre of the photoreactor. The porous structure and large
surface area improved the conversion of CO, to methanol by providing more surface-active
sites. The photocatalytic conversion of CO, to fuels under visible light irradiation was
enhanced through catalyst immobilisation, which boosted light absorption and improved
the formation and survival of electron-hole pairs.
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Figure 10. Schematic drawing of cylindrical quartz tube reactor [97].

3.2.3. Thin-Film Photoreactors

Typically, only a small percentage of the photocatalyst in fixed-bed photoreactors gets
activated by light, which lowers the efficiency of the entire process. The impregnation of
the photocatalyst on a moist quartz wool can be a desirable alternative, but the amount of
water is not checked, so there might be some differences in the calculations of the CO, /H,O
ratio. So, film reactors have been designed to increase the efficiency of the photocatalyst
in the CO; conversion. For instance, in the work by Olivo et al. [87], the TiO,, CuO-TiO,
and Au-TiO, photocatalysts were deposited on the reactor surface exposed to radiation,
preventing light absorption from the reaction medium, which has been observed to occur
in thin-film reactors in previous studies. This enabled reducing the catalyst amount from
400 mg to 10 mg and, significantly, almost complete exposure of the catalyst to incident
light. The small amount of catalyst and the use of thin film promoted the adsorption of
reagents. Light harvesting was more efficient on the thin film-deposited catalyst. It was
observed that methane formation increased significantly from 0.03 mmol kgcat’l to 14.00
mmol kgeat !, changing the reactor from a fixed-bed to thin-film reactor. The presence
of CuO and Au promoters influenced the activity together with the selectivity in CO,
photoreduction. When they are compared with the undoped TiO, sample, the promotion
by CuO slightly enhanced the photocatalytic activity toward the formation of methane
(from 20 to 23 mmolCH4-kg_1) ; indeed, the selectivity to methane enhanced from 95% for
the undoped TiO; sample to 98% for the Cu-TiO;, sample while the sample containing Au
nanoparticles resulted in the lowest methane production (15 mmolCH4-kg’1), leading to
60% selectivity to methane. The reaction was illuminated under a 125 W mercury UVA
lamp while the temperature was kept at 40 °C.

In addition, Rossetti [98] developed a simple and scalable method for immobilising
TiO, P25 on glass slide surfaces using an organic-based surfactant by using the dip-coating
technique. By this way, improved adhesion properties and the homogeneous dispersion of
catalyst nanoparticles were achieved. To have a uniform and homogeneous deposition, a
six-slide holder was designed by using 3D printing technology that can be dipped into the
suspension or solution of the target materials. Then, photocatalytic tests were performed
by using synthesised catalysts for two major applications, hydrogen production through
the photoreforming of glucose and the photoreduction of CO; into various solar fuels. The
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latter experiments were conducted in a high-pressure reactor using Ag/P25-supported
catalysts, showing significant results with formic acid productivity three times higher
(around 20 mol kg ! h™1) than that of dispersed catalysts, along with enhanced stability
and recoverability. No weight loss was observed for the coated tiles.

3.2.4. Packed-Bed Photoreactors

Utilising a circulating packed-bed assembly enhanced the efficiency of photocatalytic
reactors. The selected photoreactor allowed larger surface area, and a uniform concentration
distribution has occurred and thanks to this, the reaction time has been reduced. In this
configuration, the photoreduction of CO, with H, and H,O was carried out in a circulated
batch photocatalytic reactor as illustrated in Figure 11. The temperature was kept at
43 £+ 2 °C. Four UV light sources were placed around the photoreactor, which was used to
immobilise the TiO; and ZrO, catalysts on glass pellets independently. Glass beads were
coated with photocatalyst powder to create homogeneous layers, and the layer thickness
was easily adjusted by changing the coating time. An ideal coating thickness must be
selected because thicker coatings have lower optical transparency, which lowers their
photocatalytic activity, while thinner coatings might have a negative impact on stability.
The productivity of methane was 4.11 mmol kgcat’1 h~! while that of carbon monoxide was
0.14 mmol kgcat_1 h~! and that of ethane was 0.10 mmol kgcat_1 h~!. The photoreduction
of CO; to CO, CHy and CyHg at room temperature has been proven as feasible, despite
the low product yield [99], but this type of photoreactor is unable to efficiently irradiate
the catalyst because the catalyst-coated glass pellets inside the tube cannot be reached.
In addition, the use of four irradiation sources results in additional costs and inefficient
power use.
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Figure 11. Schematic of experimental setup: (A) photoreactor and lamps; (B) plant scheme. Repro-
duced by kind permission of Elsevier BV from [100].

A study in the literature conducted by Rastgaran et al. [101] worked on a 3D model
for the photoreduction of CO, to CHy, H; and CO in a packed-bed reactor. The study was
divided into two parts: designing the geometry of the reactor using a new method in a
“blender” and using computational fluid dynamics (CFD) to study and analyse the reaction,
transport phenomena and light intensity through the reactor. To provide a quantitative
comparison, the average rates of surface reactions were calculated for CHy, CO and Hp,
resulting in values of 533.70 pmol m~2h71, 876.16 pmol m—2 h~! and 48.79 umol m—2
h~1, respectively. Creating the geometry of a 3D packed-bed reactor was crucial for optical
modelling, as a large number of rays needed to be traced. Using the blender’s rigid body
physics, all the pellets were considered to simulate realistic conditions. This was the first
time that rays were traced through a photocatalytic packed-bed reactor, known to be the
most challenging geometry. This technique can be combined with other models including
optical modelling to overcome the challenge. As an example, in packed-bed reactors, as
the cross-sectional area and the number of particles increase, the number of secondary
rays will exponentially enhance too, increasing the calculation cost. The authors suggested
reducing the time and cost of calculation by using a GPU instead of a central processing
unit (CPU), as ray tracing calculations are parallel. Still, common CFD software does not
utilise a graphics processing unit (GPU) for ray tracing yet.

3.2.5. Optical Fibre Photoreactors

In comparison to conventional fixed-bed reactor designs, optical fibre photocatalytic
reactors have been employed to enhance the distribution of light inside a reaction. The
photoreactor is commonly constructed from a cylindrical glass vessel with a quartz window
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(B)

Pyrex glass

to allow light to enter. To increase contact between the catalyst and CO,, catalyst-coated
optical fibres are set in a way to occupy a large volume of the reactor. One of the best
advantages of this type of reactor is that unlike traditional reactors, this reactor overcomes
the challenge of photon energy supply nearby the photoactive material and may therefore
have applications for large-scale design [99]. Figure 12 displays a schematic and images of
optical fibre photoreactors.
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Figure 12. Schematic diagram (A) and images (B) of photoreactor with catalyst-coated optical fibres.
Reproduced by kind permission of Elsevier BV from [63].

Wang et al. [99] carried out the photoreduction of aqueous CO, using an optical
fibre reactor and achieved quantum efficiencies of 0.0045 and 0.063% in two reactor types,
respectively. It is observed that the quantum efficiency was enhanced due to the higher
light-energy utilisation of NiO/ InTaO; thin film in the optical fibre photoreactor. To
boost the activity, various catalysts were coated on optical fibres. For instance, to enhance
the yield of fuel from CO,, many materials such as TiO; [63], NiO/InTaO4 [99], Cu-
Fe/TiO; [65], a TiO-i0; mixed oxide [64], inverse opal titania [102] and many more have
been coated on optical fibres. Most of the techniques for the conversion of CO; to fuels
have been discovered to produce a significant amount of methanol and formic acid as
primary products. The incoming light hits the inner surface of the fibre; then, two beams
are divided because of the difference in the refractive index between the coating film and
the silica core. Some of the light is reflected and transmitted through the fibre, while
some photons penetrate then excite the film at the interface. When it is compared with
the traditional packed-bed photoreactor, light is uniformly transmitted through the optical
fibre reactor, with the photocatalyst dispersed on the optical fibres with large surface area
per unit reactor volume [99]. However, the drawback of this photoreactor is the low usage
of the volume because the coated catalysts on the fibres are quite thin, thus occupying
minimal volume within the reactor (utilisation of just 20-30% of the effective total reactor
volume). Additionally, the thickness of the catalyst layer and its adhesion strength on the
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fibres may impact its durability and performance. The use of an optical fibre photoreactor
has boosted the efficiency of photoreactors; however, more development is required to
make them commercially applicable.

In addition to this, Walko et al. [103] also studied scalable optical fibre reactors for
the photocatalytic H, production. They utilised optical fibres coated with 5 wt.% CuO
supported on TiO; for photocatalytic H, production from water-methanol mixtures. In
a CuO/TiO, photocatalyst, Cu species are known to act as sensitisers that induce visible
light activity. The study demonstrated the scalability of optical fibre-based systems and
their potential use in non-potable turbid water media. In particular, the device used
included 10,000 optical fibres, partially etched with HE. The maximum activity observed
was 22 moles of Hj in 8 h with 50 mg of a catalyst quantity coated on optical fibres, which
increased linearly with an increase in the number of fibres. In contrast, a drastic reduction
in activity was observed in the powder catalyst with an increased quantity of the catalyst.
Furthermore, a direct comparison of 700 mg of the catalyst in powder form and coated
on optical fibres revealed more than a one-order improvement in activity in the optical
fibre-based system.

3.2.6. Monolith Photoreactors

A monolith is one of the structured photoreactors that has been utilised to convert
CO; into fuels [104,105]. The schematic representation is shown in Figure 13. Some of
the benefits of the monolith in the photoreactor are as follows: (1) its unique structure,
(2) low-pressure drop and (3) efficient light harvesting and photon flux. Additionally,
the large number of channels coated with a catalyst provides high contact time with
reactants and light irradiation, and the surface area given by the monolith substrate can
be 10-100 times higher when it is compared to other catalyst supports [106,107]. As an
example, CO, was photoreduced with H; to CH4, CO and many other hydrocarbons. It
was discovered that the CHy produced by the monolith reactor was six times higher than
that attained in a slurry photoreactor. In addition, a monolith photoreactor for the synthesis
of CHy returned a quantum efficiency 12 times higher than a slurry-type photoreactor [108].
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Figure 13. Internally illuminated reactor with top illumination. Readapted from [14].

3.2.7. Internally Illuminated Honeycomb Photoreactors

The efficiency of photon conversion is enhanced by the ability of optical fibres to
evenly distribute light to the photocatalyst surface. However, because of the small surface-
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to-volume ratio of the reactor, the optical configuration is unable to fully utilise the reactor
volume. The drawbacks of optical reactors can be solved by monolith photoreactors with
honeycomb structures because they can supply a high surface-area-to-volume ratio. How-
ever, a monolith’s efficiency is compromised since limited light can get through the cells
of the honeycomb substrate. Tahir et al. [67] (Figure 14) worked on a montmorillonite
(MMT)/TiO;-loaded monolith photoreactor for the photoreduction of CO,. CH4 and CO
were the main products, yielding rates of 139 and 52 umol gt ' h™!, respectively. The reac-
tor performance for CH4 formation followed the order of MM T-TiO,-monolith (139 pmol
gcat~ h™1) > TiOy-monolith (82 pmol geat ! h™1) > MMT-TiO,—cell (43 pmol gear ™' h™1)
> TiOy—cell (7.7 pmol gcat_l h~1). The higher yields in the monolith photoreactor were
attributed to the larger illuminated area and more efficient light employment.
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Figure 14. (A) Schematic representation of experimental setup of monolith photoreactor for photo-
catalytic CO, reduction with Hj; (B) Effects of channel density and length on performance of the
monolithic photoreactor. Reproduced by kind permission of Elsevier BV from [67].

The internally illuminated honeycomb photoreactor by Wu et al. [109] incorporated a
honeycomb structure of the monolith with optical fibres, to get over the difficulty of limited
light penetration. A uniform NiO/InTaOy layer was deposited on a pre-coated SiO, layer
on the internal cells of the monolith. The polymethylmethacrylate (PMMA) optical fibres
could transmit and scatter light effectively to illuminate the catalyst within the monolith’s
channel. Gaseous CO; was photocatalytically reduced with H,O to hydrocarbons under
Vis or UV irradiation under flowing conditions. The maximum methanol production rate
was 0.16 mmol kg, ~! h™! with Vis light at 25 °C. The observation indicated a significant
enhancement in quantum efficiency, suggesting the efficient utilisation of photon energy in
the monolith reactor.

Another study conducted by Xiong et al. [110] has proven that the rate of CO, pho-
toreduction in a honeycomb reactor was remarkably higher than in a conventional reactor,
attributed to the high surface area and efficient light utilisation. The schematic representa-
tion is shown in Figure 15.

To overcome the challenge of limited light penetration, Wu et al. [109] incorporated an
optical fibre-inserted honeycomb structure into the monolith, as shown in Figure 16. The
integration of optical fibres and the monolith was given significant enhancement for the
photoreduction of CO5.
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Figure 15. Schematic representation of internal-illuminated honeycomb reactor (A) and conventional
powder reactor (B). Reproduced by kind permission of Elsevier BV from [110].

Figure 16. Internally illuminated monolith photoreactor: optical fibres are embedded within the
monolith to improve light penetration through the solid support. Reproduced by kind permission of

RSC from [109].
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In addition, Zheng et al. [111] worked on a sunlight-driven honeycomb photoreactor,
which is prepared by swelling poly(ionic liquid)s with polymeric carbon nitrides for
wastewater treatment. Ionic liquids containing polymerizable groups polymerised in
situ with crosslinkers in a system dispersed in polymeric carbon nitride (PCN) to realise
a photoreactor. The resulting photoreactor exhibited improved photoelectric properties
attributed to a 3D honeycomb structure, which improved the contact between the active
centres in the reactor and the reaction substrate. This enhancement in the electron-hole
separation efficiency of PCN was achieved by efficient electron transfer ability of poly(ionic
liquid)s. This developed photoreactor demonstrated the ability to degrade anionic dyes
such as methyl orange and acid blue 93 using a metal halide lamp or natural sunlight.

3.3. Membrane Photoreactors

Membrane reactors have a membrane, a photocatalyst or, in some cases, an electrocat-
alyst. This design has been particularly advocated for integrating water splitting and CO,
photo-hydrogenation in a twin photoreactor. Additionally, they could be categorised as
fixed-bed and slurry photoreactors based on the type of photocatalytic bed arrangement.
In general, they perform controlled reactions separately, so the blending of products or
reactants and solutions are blocked. Electrons, protons and holes are transferred between
the chambers, as well as reactants. A membrane is inserted between the chambers and the
transfer of electrons may take place internally through the reactor or externally through a
wire connected to it. Sometimes, a potentiostat is inserted in the external wire to assist the
electron flow by supplying a biased voltage [112]. Those photoreactors function similarly
to reverse fuel cells, with each compartment acting as a half-cell. This method combines,
for instance, water splitting with CO; reduction to produce hydrocarbons. As a result of
charge separation under light irradiation, photocatalytic water splitting occurs in one of
the chambers, while CO, reduction is carried out in another to convert it to fuels [113].
In comparison to other photocatalytic reactors, the membrane photoreactors have the
following benefits: (1) a backward reaction is not allowed because hydrogen and oxygen
are produced in divided chambers. (2) Since oxidation and reduction take place in different
chambers, therefore, the reaction takes place and is easy to control and the selectivity of
products is quite high. However, the efficiency is still very low. Low efficiency is due to
a number of factors, including (1) the mass transfer limitations of reactants to the surface
of a catalyst; (2) loss of photocatalytic efficiency due to a low illuminated-area-to-weight
ratio; (3) the distance for electrons, protons and holes to travel across the membrane is quite
high from a microscopic view, so side reactions may occur, leading to undesired reactions;
(4) additionally, membrane fouling is a significant issue that lowers the efficiency of mem-
brane reactors [114].

3.3.1. Slurry-Type Membrane Photoreactors

This type of photoreactor is characterised by the presence of three phases where
the photocatalyst (solid phase) is suspended in the liquid phase, while CO, is in the
gaseous phase, dissolved in the liquid—solid suspension. The photoreactor comprises
two chambers separated by the membrane to facilitate the separation of oxidation and
reduction reactions. Slurry membrane photoreactors can also be divided into stirred
membrane photoreactors (generally magnetically stirred) and fluidised photoreactors,
in which fluidisation is accomplished by either bubbling or pumping CO, through the
reactor with overpressure. In a slurry-type photoreactor, protons may be formed in a
chamber in which water is photocatalytically oxidised and transferred across a membrane
to form fuels through the reduction of CO; in another compartment [115-117]. Twin-tower
photoreactors have been found to be more effective than single-tower photoreactors because
O, is isolated from the reduction reaction, thereby blocking the reverse oxidation of Hj
and hydrocarbons [115]. Twin-tower photoreactors have more than double efficiency than
a single-tower photocatalytic reactor system. Additionally, the rise in temperature and
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hifunctionalized TiO; film
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pressure leads to improved mass transfer, which enhances the conversion efficiency of CO,
into fuel.

In order to improve mass transfer between the liquid and gas phases, Chu et al. [116]
demonstrated a new bubbling twin-tower reactor. This reactor produced 9.75% higher
ethanol in comparison to traditional twin reactors. Compared to fixed-bed photoreactors,
membrane photoreactors, which involve suspending a photocatalyst in a solution, are more
efficient, versatile and adaptable for practical applications. However, challenges such as
CO;, diffusion and electrical conductivity limit their practical applications. In order to
enhance the performance, sacrificial agents, such as NaOH and Na;COg3, are able to boost
the photocatalytic reduction of CO; to fuels, and improve the performance of slurry-type
membrane photoreactors: (1) the sacrificial agents increase the dissolution of CO; in the
liquid phase, leading to an enhanced concentration of CO; in liquid; (2) by scavenging
the photogenerated holes, the use of sacrificial agents can considerably reduce the charge
recombination; (3) there might be an improved electrical conductivity for simple charge
transport [10].

Qin et al. [118] designed an H-type photoreactor with electrodes immersed in two
separate solutions as illustrated in Figure 17. The photocathode featured a bi-functionalised
TiO, film, aiding in the separation, transfer and renewal of photoexcited electrons involved
in the photocatalytic reduction of CO,. Also, external electrical power was applied to
enhance the production of value-added fuels.

copper wire

CO, bubbling

e

I Nafion membrane 1L

Figure 17. Photocatalytic reduction of carbon dioxide in H-type reactor. Distilled water is used as
medium for both solutions I and II. The catalyst is inserted into solution I, while a Pt/FTO electrode

is inserted into solution II. Reproduced by kind permission of Elsevier BV from [118].

3.3.2. Fixed-Bed Membrane Photoreactors

Catalysts are fixed on the surface of electrodes in fixed-bed reactors. Light is irradiated
onto a cathode, anode or both by rotating the electrodes to operate as a photocathode
and/or photoanode, depending on the reaction that must be carried out. Then, electrons,
holes and protons might participate in various reactions for generating several compounds.
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However, to obtain the advantages of the aforementioned three products, electrons and/or
protons generated in the water splitting chamber are transferred to the other part across a
membrane in order to reduce CO, and form hydrocarbons. The internal transmission of
electrons between the chambers may occur with the use of a quite thin composite material
sheet or it may occur externally using an electric connection, converting the photoreactor
into a photoelectrochemical reactor [112]. Again, to keep the flow of electrons, a potentiostat
may be put outside of the reactor supplying an electrical bias and it was found that the
CO;, photocatalytic conversion significantly enhanced when external power was used.

In contrast, Arai et al. [119] asserted in their experiments that a wireless system is
more efficient than one that uses an external wire when there is no electrical bias.

3.4. High-Pressure Photoreactors

As mentioned previously, the high stability of a CO, molecule makes the conversion
options difficult, but additional elements contribute to its scarce conversion. To increase the
photocatalytic efficiency of CO, photoreduction, an innovative high-pressure photoreactor
has been designed, which newly opens the route for high-pressure photocatalysis [120,121].
The photoreactor operates at a high CO, pressure up to 20 bar; by this way, it enhances
the availability of carbon dioxide in the aqueous reaction medium when operating in
the three-phase mode, which demonstrates more efficiency than gas—solid phase reactors.
Operating at high pressure improves the photocatalytic performance by also increasing the
CO; surface adsorption over the photocatalyst surface.

Photoreactors generally operate at atmospheric pressure since transparent windows
are required, typically fragile materials. Furthermore, ambient temperature is typically
used in water-based media and a moderate increase in temperature has been explored
up to ca. 60 °C, showing decreasing activity with increasing temperature. However, the
high-pressure operation also makes it possible to reach relatively high temperatures in the
liquid phase (up to 100-110 °C). These conditions were utilised for the photoreduction of
CO,, speeding up kinetics and mass transfer, while also keeping as significantly higher the
gas solubility and surface adsorption of the reactants. Indeed, CO, solubility dependence
on T and P has been quantified elsewhere (Figure 18) [114] and confirms the predominantly
positive effect of raising P compared to the negative one of raising T. According to the finest
literature data, exceptionally high productivities have been attained with this strategy.
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Figure 18. Effect of saturation temperature and pressure on equilibrium CO, molar fraction in water.
Reprinted by kind permission of RSC from [114].

Titania-based samples were used to first illustrate the concept. The configuration is set
up at two different pressures, at 8 and 18 bar, to understand the effect of pressure to convert
CO;. Since water oxidation was too slow, Na,SO3 was used as a hole scavenger. The results
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showed that the increasing pressure favours the productivity of formic acid, which reached
7.0mol h~1 kgcat’l at 8 bar and further enhanced by 64% when CO, pressure of 18 bar was
reached.

Another study [122] used a g-C3Ny photocatalyst and results demonstrated that the
productivity has increased significantly at high pressure. The productivity of HCOOH
was found to be 8 mol h—1 kgcat_1 at 8 bar and 80 °C. In another study [40], enhancing
the pressure has favoured the accumulation of organic reduced products in the liquid
phase such as HCOOH with 7 mol kgeat ! h™!, whereas productivity of compounds in the
gas phase was favoured at intermediate pressure in the presence of a 0.2 wt.% Au/P25
photocatalyst. This high-pressure process was demonstrated for CO, conversion to high-
value products such as methane, methanol, formaldehyde or formic acid [38,123-125].

Significantly high methanol productivity was also obtained at ca. 1.4 mol kgeat ' h ™1,
which is incomparably higher than other results in the literature. Overall, the highest
productivity and energy storage efficiency was achieved by maximising formic acid pro-
duction and a feasibility assessment for the possible exploitation of solar light has been
undertaken in [39,40].

The sketch of the high-pressure photoreactor can be seen in Figure 19. The oper-
ated reactor is made of AISI 316 stainless steel having an internal capacity of 1.7 L. It is
equipped with a magnetic stirrer providing appropriate liquid mixing and a double-walled
thermostatic system.

Dki—»2

4—»>

UG {>—Q} »5

Figure 19. Sketch of high-pressure photoreactor. 1: Pressure reducer, 2: Sample valve for gas phase,
3: Lamp, 4: Double-walled thermostatic system, 5: Sample valve for liquid phase, 6: Magnetic stirrer,
PI: Pressure indicator, TI: Temperature indicator. Reproduced by kind permission of Elsevier BV
from [126,127].

A 125 W medium-pressure Hg vapor lamp with emission wavelengths from 254 nm to
364 nm was utilised as the source of radiation and was inserted vertically into the reactor
axis. The pressure and temperature inside the reactor were measured using a pressure
transducer and a thermocouple, respectively. Continuous heat removal from the lamp
bulb was achieved with the aid of an air circulation system surrounding it, which also
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assisted in maintaining the temperature of the solution at a constant value, measured by
the thermocouple located 1 cm away from the centre of the quartz candle [126].

Although the results were promising, the configuration as a slurry three-phase reactor
prevented the easy separation of the catalyst and made a continuous mode reaction quite
challenging. A further study in the literature [98] proposes a new layout in order to
overcome these issues. A simple and scalable method has been developed for immobilising
TiO, P25 over the surface of glass slides using an organic-based surfactant that imparts
good adhesion properties.

A holder was designed with 3D printing technology (Figures 20 and 21) so that it can
hold catalyst-coated glass tiles in a precise position near the lamp. Photocatalytic tests
were performed in a high-pressure reactor with Ag/P25-supported catalysts since it was
demonstrated that very high formic acid productivity (ca. 20 mol kge,t ~' h™!) comparable
to the one achieved in the slurry phase with the dispersed catalyst is feasible, with the
further advantage of improved stability and recoverability [98].

Figure 20. Optimised design of the glass tile holder. Reproduced under the Creative Commons
licence from [98].

(b)
Figure 21. (a) The final version of the holder supported, printed and set up in ABS. (b) Details of the

sample holder. Reproduced under the Creative Commons licence from [98].
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3.5. Solar Photoreactors

The benefits and drawbacks of different solar photoreactors along with their specific
characteristics are shown in Table 2.

Table 2. Benefits and drawbacks of different solar photoreactors along with their specific characteris-

tics. Readapted from [7].

Solar Photoreactor

Reactor Characteristics

Advantages

Disadvantages

Slurry photoreactor

— Light illumination can be
directed from the top or sides
— The photocatalyst is
suspended in the liquid phase
— Agitation methods:
Mechanical stirring or

gas agitation

— Simple construction
Possibility to scale up to the
large photoreactor

— Higher
surface-area-to-volume ratio
of illuminated catalyst

— A lower amount of
photocatalyst required

— Limited possibility for
catalyst recycling

— Excessive stirring could
result in erosion of
photocatalyst

— Issues of low active surface
area due to inefficacious light
distribution

Optical fibre photoreactor

— Photocatalyst-coated
optical fibre triggers the
photocatalytic reaction

— There is good contact
between the photocatalyst and
carbon dioxide

— Even distribution of solar
light transmission on the
catalyst surface

— High conversion rates

— Lower surface area for
coating support

— Non-efficient utilisation of
the entire reactor volume

— Durability issues

Monolith photoreactor

— Comprises a network of
channels impregnated with
the photocatalyst on its walls
— Operation mode: Batch,
continuous

— Low-pressure drop
— High surface area

— Lower conversion to
solar fuels

— Low penetration of light
under solar irradiation

Twin reactor (membrane
photoreactor)

— The reactor system is
separated by a membrane,
which enables the redox
process to occur in a separate
compartment

— Higher diffusion and mass
transfer among gas as well as
liquid phases

— Higher conversion
efficiency

— Higher selectivity

— Prevent backward reaction

— Difficulty with CO,
diffusion and
electrical conductivity

More or less, the same configurations already described are also used to exploit solar
light. The critical issue in this case is the need for efficient light harvesting and to focus the
captured light into the photoreactor.

The solar/energy efficiency of various photoreactors is examined in Table 3.

Table 3. Solar efficiency obtained with various solar photoreactors. Readapted from [7].

Solar Photoreactor

Solar Energy Efficiency

Concentrated reactor system

0.087-0.15%

Slurry photoreactor 1%
Optical fibre photoreactor 0.0182%
Membrane reactor 0.08-10%

The conversion of photon to chemical energy is an aspect of solar-to-energy efficiency.
Solar concentrated photoreactors enable us to have maximum efficiency thanks to a better

utilisation of solar radiation.

Nguyen et al. [64] employed an optical fibre photoreactor coated with gel-derived TiO,-

510, mixed oxide-based photocatalysts for the photoreduction of CO,. The overall energy
efficiency for CHy as well as CoHy formation was significantly higher on Cu-Fe/TiO,-5i0,
(0.0182%) compared to its Cu-Fe/TiO, counterpart (0.0159%).
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3.5.1. The Effect of Parameters on the Performance of Solar Photoreactors
Solar Photoreactor Geometry and Configuration

The geometry of solar photoreactors has strong influence on the efficiency of the
collection of photons, choosing the construction of the solar photoreactor in a way that
enables efficient light transmittance and reflection. A desirable photoreactor design ought
to have the capacity to enhance the photons absorbed and to enable the efficient usage of
electron-hole pairs. The larger the area that can be illuminated by the solar light with a
uniform transmission enhances the performance of solar photoreduction [14,42]. A critical
parameter is the thickness of the reactor. The use of glass reactors provides better light
transmittance; however, there is still the risk of breaking and a restriction in reactor size.

Physical geometry of the reactor has a crucial effect on the light distribution and
physical parameters. For instance, a cylindrical photoreactor is mainly employed at the
laboratory scale since it allows for good mixing of reacting particles inside the reactor.
Mixing can be achieved through magnetic stirring in small-scale batch photoreactors.

In the first configuration of Figure 22, the catalyst inside the reactor can stick to the
windows of the reactor and this could shield the light irradiation, decreasing the efficiency.
In the second example, thanks to generated turbulence, which prevents the photocata-
lyst particles from settling outside the photoreactor, the photocatalyst particles remain
suspended. It is observed that the H, productivity is higher in the latter assembly [128].
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Figure 22. (A) Batch photoreactor under solar radiation for H, production. (B) Modified batch
photoreactor set up for passive mixing. Reproduced by kind permission of Elsevier BV from [128].

The reactor can be shaped as annular, tubular or cylindrical. The dimension and the
shape of the selected light source have a crucial effect on the geometry of a photocatalytic
reactor. Its geometry should enable us to increase the collection of the emitted light from
the selected sources. Photoirradiation can be occurring from outside of the reactor, called
external illumination, as seen in Figure 23a, or from inside by the lamps immersed in the
liquid, called internal illumination, in Figure 23b. External illumination can be occurring
through one or more lamps and/or LEDs’ strip placed inside the reactor in Figure 23a,b.
In the case of packed-bed reactors, they generally have an annular geometry and they are
illuminated by a central lamp to allow the harvesting of all the light released by the source
(as in Figure 23c). However, it might have a limitation of having an incomplete irradiation
of the photocatalyst because of the annular thickness. In addition to this, nonuniform
liquid flow distribution might restrict the contact between the volume of water and the
surface of a photocatalyst and as a consequence, the performances of the photoreactor are
decreased. Compared to annular ones, photocatalytic reactors having flat plate geometry
(Figure 23d—f) are easily scalable and they are able to be employed with the direct solar
light. Therefore, they are very attractive for practical application [129].

Operating Conditions

Providing optimum temperature and pressure is an important criterion for a solar
photoreactor. Heater tape is used for heating purposes. The solubility of CO, in water is
really low, i.e., 1650 ppm at 25 °C in pure water [130]. Recirculating cooling water through
the photoreactor setup to keep the reactor temperature at 0° C can enhance the solubility
of CO2.
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Figure 23. Examples of different photoreactor geometries: (a) Annular geometry irradiated by central
lamp, (b) annular geometry irradiated by central light emitting diodes (LEDs), (c) annular packed-bed
photocatalytic reactor, (d) parallel plate disk photoreactor, (e) flat plate photoreactor and (f) flat plate
photocatalytic reactor filled with structured catalyst. Reproduced by kind permission of John Wiley
and Sons from [129].

Even at the considerably higher temperature of 85 °C, the solubility of CO, can be
addressed by having a high-pressure photoreactor in which the pressure is set to 7-20 bar in
the liquid phase, as demonstrated in Figure 18 [97,98]. High productivity rates of products,
such as Hy at 51.2 mmol h~! kgcafl, CH,; at1.73mmol h~! l<gcat’1 and organic compounds
(in either liquid or gas phase) at 110 g C h™! kg, !, have been recorded employing a
Ag/TiO, photocatalyst [114]. Another work has demonstrated that the formation of liquid
compounds was favoured by an increase in pressure. In the case of gaseous products, the
initial formation rate is high because CO, is more soluble, but during the process of the
reaction, this production rate is slowed down due to thermodynamic limitations [131].

Sanju et al. [132] demonstrated that the yield of the product is affected by relative
humidity. Thin wafers composed of P-25 TiO,, promoted with Cu or Pt nanoparticles,
have been investigated for the gas-phase photoreduction of CO;. Sputtered layers of Cu
and Pt co-catalysts were applied to the wafer surface for increasing reaction rates, which
were negligible in the absence of co-catalysts. The optimum loading of co-catalysts on the
wafer surface was found to be approximately 9.6 at % of Cu and 8.7 at % Pt, whereas the
presence of both co-catalysts enhanced the overall reaction rates. The influence of relative
humidity (RH) on CO; reduction indicated that the maximum production of reduction
products occurred at about RH of 55%. In these conditions, the yield was 20 ppm cm 2 h~!
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for methane and 9 ppm cm~2 h~! for carbon monoxide for Cu-coated samples, and in
the case of Pt-coated samples, the yield of methane was 32 ppm cm~2 h~! under solar
simulator AM 1.5 G irradiation, 100 mW cm~2. The pressure was maintained close to the
atmospheric pressure to carry out the photocatalytic reaction under ambient conditions.

3.6. Current Technologies for Concentrating Solar Systems

Concentrated solar power (CSP) is an electricity generation technology that focuses
solar irradiance using heliostats onto a small area, known as the receiver. A heat transfer
medium (currently a fluid) carries heat to the heat storage and power block. For the past
decade, CSP has been highlighted as one of the promising and potential renewable and
sustainable energy technologies. A review on recent opportunities from this point of view
can be found in [133].

Solar concentrators can be a useful tool to increase the photons’ flow inside the
photoreactors, boosting productivity. The concentrating ratio significantly impacts the
efficiency performance of solar photoreactors. In concentrating solar light photoreactors, it
was observed that when increasing the concentrating ratio, the CH, yield increased at first
and then lowered.

There are many different types of solar concentrating power plants, and most of them
are found in solar fields. Existing solar concentrating devices can produce substantial
heat at medium to high temperatures, which can be utilised to feed power blocks. The
fundamental concept behind all the designs is to employ mirrors to effectively reflect and
focus solar radiation in a specific area, which is called the receiver, and so high photon flow
and/or high temperature could be reached in the focal area. A working fluid flows from
the receiver, absorbing heat that could be used in the power production plant.

The concentration ratio (CR), which is a crucial parameter of solar concentrating
technologies, is defined as the ratio of the solar field aperture (Agelq, i.€., total effective area
through which sunlight is captured in a solar field) to the receiver area (Aeceiver), @s shown
below [134]:

CR — _Aield @)
Areceiver

The concentration ratio plays a crucial role in determining the overall system per-
formance, as it establishes the global system efficiency (gjop). The optimal operating
temperature of the receiver (Tyopt) for the ideal scenario of a solar concentrating system
incorporated with an ideal power engine (Carnot Cycle) can be found below [135]:

CRGbT]
Tom {1+ ——

T. =
Fopt Ut Tam

(5)

In this equation, the ambient temperature (Tam), the direct beam irradiation (G) and
the collector thermal loss coefficient (Uy ), which is considered as constant, are used for
calculations. Equation (2) indicates that a higher concentration ratio results in a higher
optimum receiver temperature and a study showed that [136] increasing the optimum
receiver temperature enhances the global system efficiency. As a result, the concentration
ratio is an important parameter, associated with the design of the solar concentrating
systems. According to the concentrating image geometry, there are primarily two broad
categories for solar concentrating technologies.

e Linear concentrating systems: The primary field of the mirrors has a linear pattern,
and solar irradiation is concentrated within a narrow, linear region. The parabolic
trough collector (PTC) and the linear Fresnel reflector (LFR) are the most representative
solar concentrating technologies with linear configuration.

e  Focal point concentrating systems: To maximise the concentration ratio and the operat-
ing temperature levels, the solar irradiation concentrates in a small area in comparison
to the solar field. The primary reflectors generally have a circular pattern, and the solar
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towers (STs) and solar dishes (SDs) are the most representative technologies. Some
common designs couple dishes with Stirling engines.

The most common solar concentrating technologies are depicted in Figure 24. They
are separated as the linear systems and the focal point systems. It is essential to point
out that concentrating technologies greater than CR > 5 [137] are essentially imaging solar
systems that utilise only direct solar beam irradiation. This value for linear technologies is
generally within 10-50 [138], whereas in the focal point systems, it reaches up to 1000 [139].
Considering the working temperature, linear technologies are able to function at up to
400 °C using thermal oil as the working fluid [138], and up to 600 °C using molten
salts [140]. However, focal point systems, particularly solar towers, could function up to
900 °C or even higher [141].
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Figure 24. Conventional solar concentrating technologies. Reproduced by kind permission of Elsevier
from [142,143].

A tracking mechanism must be used for the concentrating systems to operate effec-
tively in order to accurately follow the “apparent path” of the sun. The linear technologies
require a single-axis tracking system, whereas the focal point requires a two-axis tracking
mechanism, which makes these technologies complex and expensive to realise and adapt
to centralised facilities.

3.6.1. Basic Index Definitions for the Concentrating Solar Power Systems

From a more modelling-oriented point of view, it is worth mentioning the study by
Faez Ali et al. [144] that focuses on the optical analysis of solar systems with secondary
concentrators, compound parabolic concentrators (CPCs), and they evaluated designs
both in the presence and absence of tracking mechanisms. A separate study reported
in [145] worked on the two-stage concentrating systems by considering various geometries.
The characterisation of the CSP systems and subsystems is dependent on some specific
performance indexes, which are outlined in the present part.
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The collector optical efficiency (nopt) can be calculated as the proportion of the ab-
sorbed solar irradiation (Q,ps) by the receiver to the solar beam irradiation in the solar field

(Qsol):
- Qabs

Mopt =
p Qsol
The optical efficiency (opt) can be computed based on several factors, typically ex-
pressed for a collector with two reflectors, a cover glass and a receiver, and is

(6)

MNopt = Kyriryya (7)

in which the intercept factor (y), the reflectance of the first reflector (p;), the reflectance
of the second reflector (p,), the transmittance of the cover (1) and the absorbance of the
receiver (a) are considered in this equation.

The intercept factor is the proportion of the solar energy reaching the receiver opening
(prior to the cover) to that reflected from the last mirror. The parameter K represents the
collector’s incident angle modifier, which accounts for the impact of solar rays” angles on
the collector aperture [146].

The collector solar thermal efficiency (ny,) is described as the proportion of the heat
production (Qy) to the solar beam irradiation in the solar field (Qgo):

Qu
Nth =
Qsol

The thermodynamic cycle efficiency (neycle) that uses the useful heat from the solar
system is calculated as the proportion of the produced electricity (P¢)) to the heat input from
the solar field in the system (Qjy), specifically in cases where a power unit is incorporated
with the receiver.

(®)

Pel Pchem

Neycle Qi Q.. )
In the case analysed here in which a solar concentrator is coupled to a photochemical
or photocatalytic transformation, Pu,en, can be defined as the amount of energy stored in
the chemical compounds produced through the transformation in the receiver (chemical
reactor). In turn, this can be calculated, e.g., from the lower heating values (LHVs) of the
products, or by using a similar definition of the energy content of the products. Examples

of such calculation are reported in [39,40].

Piem = Z (mass of product i obtained from the reaction(kg) x LHV; (kg) ) (10)
i=1

The storage system might have some thermal losses to the system. With the neglection
of the storage capacity, the storage efficiency (nst) could be calculated as follows:

_Qn
Qu

The system efficiency (nsys) can be defined as the produced electricity (P¢) to the solar
irradiation in the solar field (Qg):

st (11)

Pel
T]sys - Qsol

3.6.2. Parabolic Trough Collector (PTC)

Among the developed solar concentrating technologies, a parabolic trough solar
collector is quite common [147], for power production [148], solar cooling [149], desalina-
tion [150], industrial processes [151] and chemical processes [152]. The collector design
features a bent reflector in a linear parabolic shape, whereas the receiver is typically an
evacuated tube positioned in the focal point of the parabola. Convection thermal losses

(12)
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between the absorber tube and the glass cover are reduced by evacuating the tube envelope
and that provides high performance for operation at medium and high temperatures. Safe
operation can be conducted by using, as a receiver thermo-vector fluid, a thermal oil (e.g.,
Therminol VP-1) up to 400 °C [153], or molten salts up to 550-600 °C [140]. Additionally,
combining molten salts with the appropriate thermal storage system often consists of two
storage tanks, one cold and one hot tank.

A PTC uses a single direction tracking system that follows the sun axially. Integrating
the concentrating solar systems, particularly the trough concentrators, with the photore-
actors is a possible strategy to increase the overall irradiation input. As an example, a
study in the literature [154] constructed a large-scale photoreactor integrated with the
parabolic trough concentrators (PTCs) for the pentachlorophenol degradation, accomplish-
ing superior photocatalytic activity compared to a laboratorial scale [155]. Meanwhile,
another study [64] used an optical fibre photoreactor under the concentrated solar light
occurring by the dual-axis tracking Fresnel concentrators for the photoreduction of CO,
since inserted fibre illuminating structure increases quantum efficiency [9]. Integrating the
OFMR with a relatively high reaction density [14] and the trough concentrators, being a
mature solar concentrating technique, holds promise for large-scale photocatalysis under
solar light [156].

Nevertheless, some challenges remain in coupling concentrators with photoreactors,
as mentioned below.

1. In a standard continuous photoreactor incorporated with a trough concentrator,
the flow of reactants is perpendicular to the incoming irradiation, as illustrated in
Figure 25a. Conversely, in the OFMR, both the flow direction and incident rays align
parallel to the reaction channels with the internal fibres, illustrated in Figure 25b. The
introduction of a monolith into a transparent tube-like concentrated solar photoreactor
vertically may cause an increased pressure drop along with the flow direction and
the decrement in mass transfer efficiency. Because of these reasons, the requirement
of concentrated irradiative flux distribution for OFMR is different. In an OFMR, the
orientation of the optical fibres is uniform; by this way, incident rays become more
appropriate for the configuration while the compound parabolic concentrators (CPCs)
and surface uniform concentrators (SUCs) are structured to give a uniform irradiative
flux distribution around the surface of the tubular vessels [157].

2. The properties of the material for optical fibre restrict the use of the dish concentrators.
The overheating of optical fibres with a dish concentrator creates a huge issue because
of a high concentration ratio, as depicted in Figure 25, and the low melting point of
the organic fibres in Figure 25d [158].

3. Another challenging issue for a dish concentrator irradiated system is to enhance
the reaction capacity due to the shadowing effect of the monolith. Therefore, the
concentrated flux of a high concentrating ratio needs long reacting channels. However,
this leads to an increase in installation costs in high altitude for large monoliths.

Hence, photoreactor design is tailored to align with the geometrical and physical
characteristics of the commercial ceramic monoliths and the PTC systems. Gas channels are
incorporated along the gas flow direction, intersecting the reaction channels to minimise the
pressure loss and enhance the mass transfer efficiency. As indicated in the literature [159],
the reaction efficiency is directly related to the flow velocity within the reaction channels,
leading to an unavoidable efficiency loss because of the side flow structure.

The fundamental configuration of the PTC combined with the OFMR resembles a
standard PTC system used for thermal power generation, with the tubular receiver being
replaced by honeycomb monoliths containing fibres as depicted in Figure 26. This photo-
catalytic reaction model includes various items such as light transmission, mass transfer
and a photoreaction. The light transmission process is illustrated in Figure 27. The red rays,
upon striking the parabolic trough concentrator, get reflected and concentrated onto the
fibre ends. Then, they travel through the fibres (shown in pink) and exit from the sides
for illuminating the monolith’s internal surface coated with the photocatalyst uniformly.
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The configuration is detailed and the fundamental elements are demonstrated in Figure 28.
The photocatalytic reaction occurs on the internal walls, known as the reaction walls. The
mass transfer driven by the creeping flow and species diffusion decreases the products’
concentration, which makes the reversible reaction possible. The gas channels within the
glass vessel are parallel to the main flow and penetrate the ceramic monolith, improve mass
transfer efficiency and decrease the pressure drop without the need for catalyst coating.
The mixture of reactants and products exits from the outlet after the reaction. The blocking
effects of the optical fibres enable the air flow to the vertical directions, ensuring that the
reaction surface is fully utilised to maximise the reaction capacity. The photocatalytic
kinetic model was developed based on the outcomes of the OFMR experiments using
NiO/InTaOy as a catalyst from a study [109]. Methanol was found as the major product
when the photoreduction of CO; took place at room temperature with mercury lamps as
a light source. However, when a Xenon lamp was used as a light source and the reaction
temperature was increased to 70 °C, acetaldehyde was observed as a main product and
high selectivity was reached. Xenon lamps’ emission spectrum closely resembles sunlight
and when coupled with a solar concentrator, the reaction temperature increases.

Reacting Product

(a)

Incident Side illuminating fibers  Reacting
radiation channels

Reactant

Product flow Aov

Figure 25. Cont.
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Figure 25. Schematics of (a) a continuous reactor integrated with a reflector and (b) OFMR, (c) a
map of concentrated irradiative flux and (d) melted optical fibres in a point concentrating system
Readapted from [68,160] and reproduced under the Creative Commons licence from [68].
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Figure 26. Schematics of OFMR (optical fibre monolith reactor) coupled with PTC system. Repro-
duced under the Creative Commons licence from [68].



Energies 2024, 17, 3112 43 of 72

sundisk

I
v2
=,

<

Iompur ) |

| Lside : }/
; /) 1
I _ |
A_ e‘ 7/24///\ A 4 Isf |

Z ‘A . 20

™~ A\~
F Hrim -
I input

4 :

)

)

Figure 27. A diagram illustrating the transmission of rays through the optical fibre in a monolith

channel. Reproduced under the Creative Commons licence from [68].
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Figure 28. Schematics of the (a) monolith area partition and (b) fundamental element. Reproduced
under the Creative Commons licence from [68].

Martin-Somer et al. [161] studied to enhance the efficiency of utilising solar light for
different UV-based photochemical water treatment processes. A comparative analysis was
conducted between utilising sunlight directly in advanced compound parabolic collector
(CPC) photoreactors and employing solar energy for generating electricity to power LED
lighting sources. Seven different solar processes (CPC, PV-UVA LED, PV-UVC LED, CPC +
TiO,, CPC + HyO,, LED + TiO; and PV-UVC LED + H,0;) were examined, for their efficacy
in both chemical oxidation and bacterial deactivation. UVC photons are more efficient
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photochemically compared to UVA and solar irradiation, particularly in antibacterial and
the oxidation processes. However, the low electrical efficiency of current UVC LED sources
leads to a limited global efficiency in the use of solar light by its integration with PV power
systems. The CPC + TiO, process showed a higher efficiency for the oxidation of chemicals
while PV-UVC LED + H,O, was found as the most efficient for the bacterial inactivation.

In addition to these, Mufioz-Flores et al. [162] investigated the photocatalytic activity
at a laboratory scale by using a slurry photoreactor and also a pilot scale by using a
compound parabolic trough reactor (CPC). Carbon-containing Cu-based materials were
employed as a photocatalyst for the degradation of an azo-dye (tartrazine, also known
as Y5), commonly employed in the food industry. The photocatalytic studies for the
degradation of tartrazine were performed in a slurry photoreactor (Pyrex, total volume
ca. 250 mL) under artificial solar light provided by a solar simulator (1950 W m~2) with
7 h of irradiation at a laboratory scale. Furthermore, they were conducted in a pilot plant
that is featured with a concentrating parabolic collector (CPC) exposed to natural solar
irradiation for 10 h. A catalyst exhibited a strong photocatalytic activity compared to
other metallic semiconductors presented in the existing literature. The optimisation of
important operating factors in the slurry reactor under artificial solar light revealed an
enhanced activity at low initial dye concentrations and low catalyst loadings. The catalyst
demonstrated superior photocatalytic activity in a CPC photoreactor under moderate
photon flux from natural sunlight. The results indicated that the photon flux plays a
crucial role in the photodegradation process of Y5. The high irradiation levels of the solar
simulator compared to the natural light in the CPC resulted in lower catalytic activity,
possibly due to increased charge carrier recombination and catalyst degradation under
varying irradiation conditions.

Reyes-Garcia [163] studied radiation absorption and hydrodynamic analyses of mono-
lithic photocatalysts used in water treatment within a CPC solar reactor. The study involved
examining radiative transfer and hydrodynamic analyses to obtain the performance of solid
macroscopic materials that are TiO, monoliths, in a CPC solar reactor. Monte Carlo simula-
tions were used to calculate the absorbed photonic flux distribution for various monolith
geometries: including asterisk and flower shapes. Various numbers of arms are considered
for asterisk structure. It was observed that a five-lobe asterisk shape demonstrates the
greater result: 9.6% higher power absorption, 40% larger surface area for interaction with
water and 78% lower friction. In addition, it indicated that the optical activity was not
significantly influenced by the level of specularity of the catalyst surface and was only
minimally impacted by the positioning of the piece.

3.6.3. Linear Fresnel Reflector (LFR)

Another linear concentrating technology that is competitive with a parabolic trough
collector is the linear Fresnel reflector. Due to similar working temperatures and similar
concentration ratios between these two technologies, an LFR can be employed in areas
where a PTC is currently being used. LFR technology is based on the use of primary
segmented reflectors, which focus the incoming solar irradiation onto a receiver that is
positioned several meters above the ground. These reflectors can be flat or curved [164].
In order to capture as much of the reflected solar rays as possible and redirect them to the
absorbing area, a secondary reflector (or cavity) surrounds the absorber (which consists of
one or more tubes, especially in the case of the evacuated tube). An LFR has some benefits
and drawbacks compared to the PTC due to the different design that they have.

The primary drawback of an LFR is its lower efficiency in comparison to the PTC
due to high optical losses. Especially, the segmented primary receivers, in particular,
contribute to additional optical losses due to blocking and shadowing effects [165,166].
Additionally, the necessity of having a secondary reflector results in some additional
losses to the system. Nevertheless, the greater separation between the receiver and the
ground in an LFR, compared to the distance (receiver-down parabola) in the PTC, leads to
increased optical losses for an LER. There are some appealing approaches to handle this
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problem in the literature, such as the displacement of the receiver or the inclination of the
primary reflectors. Also, innovative tracking techniques can be applied to improve optical
performance in a small-scale LFR.

Conversely, an LFR has some benefits for making itself a compelling technology. The
primary benefit is the reduced investment cost in comparison to the PTC. According to
the research, the LFR must have an investment cost that is up to 67% lower than the PTC
investment cost in order to be an economically suitable option. Additionally, because the
primary reflectors are positioned close to the ground, the LFR is subjected to lower wind
loads. Another benefit stems from using a stable receiver that remains stationary, like in
the PTC. Having this advantage, system complexity decreases, and thus minimises the risk
of working fluid leakage [167].

Fang, et al. [168] proved that the reaction rate is significantly increased by large Fresnel
lens (diameter = 1 m) concentrating solar light technology. As shown in Figure 29, CO,
photoreduction with H,O was performed in a self-made concentrating light reactor system.
The automated tracing mechanism comprises a motor, a controller and a sensor, ensuring
that the solar light is perpendicular to both the lens and the catalyst. Approximately 0.05 g
of a catalyst was used. The catalyst preparation presented as a disc shape and was inserted
into the reactor. A k-type thermocouple was inserted in a hole in the reactor wall to show
the temperature, making contact with the upper surface of the catalyst.

Figure 29. The concentrating reactor system. 1. Concentrating mirror; 2. Reactor; 3. Sensor for tracing
sun; 4. Controller; 5. Motor. Reproduced by kind permission of Elsevier from [168].

At the end of the reaction, for the photoreduction of CO,, the CH, production rate
reached 3.2 mol kg*1 h~1, the C,Hy rate reached 0.51 mol 1<g*1 h ~1 and the C,Hg rate
reached 1.3 mol kg~! h™! and the CO, conversion achieved 3.94%. The overall solar-to-
chemical energy conversion efficiency was 0.15%. The light intensity calculated based on
Hangzhou light intensity on experimental days was 60 mW /cm? [168].

On the other hand, Zhang et al. [169] studied the design of a novel solar energy
controllable linear Fresnel photoreactor (LFP) for achieving higher efficiency photocatalytic
wastewater treatment under real weather conditions. The LFP could successfully adjust
sunlight by controlling 6 mirrors considering solar position and weather conditions. In the
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comparative experiments between the LFP and Inclined Plate Collector (IPC) as a control
reactor, which passively receives sunlight, the Rhodamine B degradation efficiencies in
the LFP were 2.19-fold, 1.5-fold and 2.28-fold higher than a control under the temporarily
overcast, totally overcast to slightly overcast and sunny conditions, respectively. Moreover,
yearly estimates suggest that the LFP can optimise light irradiance and temperature in
densely populated areas, leading to high-efficiency wastewater treatment. These results
demonstrate the potential of the LFP as an effective, energy-controllable reactor for green
wastewater treatment, thereby enhancing the global public health.

3.6.4. Solar Towers

A solar tower, also known as a central system, is a type of concentrating technology
that is primarily used in high-temperature power generating applications [167]. Typically,
it is used in systems with relatively high-power capacity, where it is necessary to have a
significant land extension available. Additionally, it is noteworthy that the technology is
able to function with a quite high concentration ratio, up to 1000, and this fact explains the
capability of operation at high temperature [170]. In the presence of primary segmented
reflectors, it is possible to track the sun in two directions to follow its apparent path properly.
The incident beam irradiation is concentrated by all of the primary mirrors at the solar
tower into an area at the solar tower, where high temperature is created. Primary reflector
choice is essential since they account for 40-50% of the system investment cost [171]. In
addition to this, having small heliostats gives the benefit of high optical performance due to
minimal shading and blocking effects, while also moderating wind loads to a certain extent.
Typically, vertical pipes that serve as heat exchangers are inserted inside tubular receivers.
Practically, heat exchangers are in charge of transferring the absorbed solar energy to the
heat transfer fluid in order to valorise heat [171]. It is important to state that the tower can
reach heights of 100-300 m [172]. The solar tower functions at extremely high temperatures
and so it needs to use proper fluids. For operating up to 550 °C and integrating the system
with a Rankine cycle, molten salts or water/steam working fluids are typically used. In the
case of higher temperatures, gas working fluids or particle-based systems should be chosen
and so Brayton cycles can be employed in the power generation unit. Currently, operating
commercial tower plants utilise either direct steam generation or, more commonly, molten
salts. These concentrating towers can reach high temperatures, enhancing the efficiency
of converting heat into electricity and lowering the costs associated with thermal energy
storage [133].

No direct application of solar tower concentrators to photoreactors has been reported
until now. Nevertheless, the production of renewable electricity can be coupled with tradi-
tionally irradiated photoreactors with UV-Vis lamps in order to erogate the power supply.

3.6.5. Solar Dish

The focal point configuration of a solar dish concentrator allows for very high con-
centration ratios of up to 1000 or more [173]. To produce a comparatively uniform heat
flux distribution, they consist of a concentrator with a receiver positioned either higher
or lower than the focal point. For power production, solar dishes are typically coupled
with a concentrator with a highly effective Stirling engine [174]. Additionally, there are
several alternative uses for solar dishes that employ cavity receivers for the generation of
heat. The goal of a cavity receiver is to gather solar irradiation and then reroute it into the
receiver through multiple reflections. In addition, they maintain high temperatures in the
area near to the receiver, which lowers thermal losses. In order to keep the heat energy
inside, the outside is typically insulated. The cavity receiver also enhances the uniform
distribution of heat flux across the absorber. Cavity receivers are appropriately constructed
with optimised geometries, leading to various designs named hemispherical [175], cylin-
drical [176], conical [177], rectangular [178], hetero-conical [179], cylindro-conical [180], etc.
Coil tubes with small diameters are installed inside the cavity receivers. These receivers
have been studied for various applications such as power production, solar cooling, heating
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production and desalination as documented in the literature [181-184]. A solar concentrator
dish is illustrated, e.g., in Figure 30 [185].

Figure 30. Solar dish concentrator. Reproduced by kind permission of Elsevier from [185].

Critical issues for the application of concentration technology to photoreactors is
that high-concentration factors bring about a significant increase in temperature. This is
typically detrimental to photocatalysis due to the enhancement in dissipative effects while
increasing temperature, even though this point has been explored in classical photocatalytic
applications, only in a very narrow temperature range just over room temperature. There-
fore, the effect of higher temperature still needs a considerable deepened understanding.
Overall, it could be interesting to decouple the heating effects and the ones of enhanced
irradiance (i.e., photons’ availability over the photoactive material).

A study [186] focused on the geometry of solar farms, and tried to achieve an optimum
configuration to cool down the solar panels naturally. Each solar plant was individually
designed to maximise solar exposure and adapt to its surroundings. As an example, the
angle of solar panels adjusts according to the latitude and their height is tailored to the
local vegetation. The spacing between rows is typically determined by suitable land area.
These factors influence how wind flows over the solar farm, affecting heat dissipation
from the panels. The authors performed wind tunnel tests and simulations and analysed
operating data to validate their model. Additionally, they also studied how varying the
height, row spacing and angle of the panels affected the photovoltaic heating and cooling
system. Enhancing the height of solar cells and the spacing between rows led to a 2% to 3%
increase in power input. The study highlights the importance of considering the unique
configuration of solar farms for estimating cooling and enhancing their efficiency.

3.6.6. Solar Light Concentrator

The types of the solar concentrators that can be adapted to photoreactors are

Parabolic concentrator.

Hyperboloid concentrator.

Fresnel lens concentrator.

Compound parabolic concentrator (CPC).

Dielectric totally internally reflecting concentrator (DTIRC).
Flat high concentration devices.

Quantum dot concentrator (QDC).

These concentrators can also be categorised according to their optical properties as is
shown in Table 4.
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Table 4. Types of solar concentrators applied to boost photovoltaic cell devices and applicable to
photoreactors [187].

Type Description

Upon hitting the concentrator, the sun rays will be reflected to the
Reflector PV cell. Example: Parabolic Trough, Parabolic Dish, CPC Trough,
Hyperboloid Concentrator.

Upon hitting the concentrator, the sun rays will be refracted to the

Refractor PV cell. Example: Fresnel Lens Concentrator.

Upon hitting the concentrator, the sun rays can experience both
Hybrid reflection and refraction before hitting the PV cell. Example:
DTIRC, Flat High Concentration Devices.

The photons will experience total internal reflection and be

Luminescent guided to the PV cell. Example: QDC.

The solar irradiation power and solar spectrum could be highly variable depending
on latitude, longitude, date, time, pollution and meteorological conditions. The wavelength
should be set under the range of the solar spectrum if there is artificial /stimulating solar
irradiation usage [7]. Mirrors, reflectors, collectors and windows are usually used as
implements to harvest solar radiation. The aim of their usage is to transform solar light
irradiation into usable energy. A photochemical solar collector is demonstrated in Figure 31.
It was used to test the photoreduction of CO, under solar light and led to the formation
of HCOOH, HCHO, CH30H, CH3CHO and C,H5OH [188]. However, the overall solar-
to-chemical (STC) efficiency was low because of the reverse reactions catalysed by oxide
semiconductors. The schematic diagram demonstrating the solar photoreduction of CO,
using (a) direct sunlight, (b) flat sheet reflectors, (c) a compound parabola and (d) Fresnel
lens is also summarised. CO; photoreduction has enhanced about 0.15% as the total STC
efficiency in the presence of Fresnel lens [168].

P

Figure 31. Photochemical solar collector. Reproduced by kind permission of Elsevier from [7,188].
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A study reported in [61] used CdS nanosheets decorated with Mn,O3; nanoparticles
as a photocatalyst in a solar photocatalytic reactor with a Fresnel lens concentrator in
an area of 560 cm?; formic acid was found as the primary product with a production
rate of 1392.3 umolge, ! h~!. The increase in CO, conversion efficiency (CCE) (%) varies
with reflectors and the concentrator demonstrates that the design of the reactor plays a
significant role in maximising light harvesting for this process, aside from the chemical
properties of the catalysts (Figure 32).
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Figure 32. Solar photoreduction of COjy; (a) direct sunlight, (b) flat sheet mirror reflectors,
(c) compound parabola, (d) Fresnel lens. Reproduced by kind permission of Elsevier from [61].

Table 5 summarises how different parameters affect the performance of a solar pho-
toreactor. It should be considered that the yield achieved significantly depends on different
reaction conditions. The radiant energy transfer along with the photocatalyst site efficiently
utilise radiant energy, prolong the lifetime of electrons and holes and use an effective pho-
tocatalyst; appropriate interaction between reactants, photoreactor geometry and operating
conditions should be optimised to achieve a high formation rate of products. The light
harvesting efficiency, termed as photocatalytic efficiency, PCE (%), and CO, conversion
efficiency, CCE (%), were exhibited based on 1 g of the catalyst for 1 h of the reaction and
they are evaluated by using the equations below [61]:

Energy value of organic produced

100 13
Energy incident on the reactor * (13)

PCE(%) =

Energy value of organics produced = DGO * moles of fuels produced (14)

Moles of C — products obtained
E(%) = 1 1
CCE(%) Moles of CO, passed into the reactor * 100 (15
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Table 5. Summary of the effect of parameters on the performance of solar photoreactor. Readapted

from [7].
Influencing Parameter and .
Solar Photoreactor Product and Yield Comments Reference
Parameter Photocatalyst
T=23°C,05g 1;1he catalyst go(’; attacheg. t(I:1
catalyst /300 mL the reactor windows, whic
Photoreactor . Traces of Hj blocked the light irradiation [128]
solution; photolyte .
and resulted in low
depth—36.7 mm h .
. . ydrogen production
Reactor configuration
Increased H, production due
T=23°C,05¢g to the high degree of mixing,
Modified catalyst/300 mL _ avoiding formation of dead
photoreactor solution; photolyte Hy =58 mL/h zones, particle settlement, [128]
depth—36.7 mm and accumulation in the
modified photoreactor
CH, =3157.2 umol g=!  Incrementing the temperature
Fresnel lens T=659.6°C,P=1.1 h~1, C,Hy = 511.5 pmol and pressure of carbon
concentrated solar MPa, CR: —800; 250 g*1 h=1; C,Hg = 1346 dioxide along with water was [168]
light photoreactor mg TiO, pumol g~ h™'; CH;OH  enhanced to achieve a 3.94%
=145 umol g1 CO; reduction
An increment in the
[P _ temperature, as well as
Twin photoreactor pH=25T=333K P CHsOH 1 pressure, is responsible for [189]
=20 atm 14.5 umol g .
the gradual rise in the
methanol production
e 401 Using o e oo
Photoreactor m~2; reaction time: 4 CHy = 28.5 umol g*] iomifi | p p [190]
he T = 40 °C significantly affected
’ methane production
HCOOH = 1.55 uM;
Overating condition Solar T=298K;pH=25; HCOH = 0.62 uM; Product concentration [191]
P & photoelectrochemical reaction time: 6 h CH30H =2.02 uM; increased with reaction time
CHy =2.16 uM
H; =51.2 mmol An increment in pressure
Hieh-pressure h'kgeat~'; CHy = 1.73 favoured the production of
}%ot(?reac tor T =85°C; P=20 bar mmol h™'kge, ™ 1; liquid products but it showed [120]
p HCOOH&CH;3;0H = a decrement in gaseous
110 g Chkgeat ™! product formation
Cllizssmpal Mt e
High-pressure T=90°C,P =19 bar; hi]kgcatil; liquid roductsp but it showed [114]
photoreactor pH =114 HCOOH&HCHO=110 IW9P .
C.h~! kgear ™! a decrement in gaseous
& @ product formation
There is a variation in the
Concentrating solar Pt/TiOp; CR =38.2; P zgitckzlrlia}t,ilce)ildrggghatsh ft
» & =1MPa;7h CHy =2055umol g~1 . ranc [131]
ight photoreactor . L increased initially, followed
irradiation L7
by a reduction in the
production rate
The overall STC efficiency
Rectangular plate HCOOH = 0.273 umol obtained was low due to the
Photochemical solar area = (1 m x 0.5 m); kJ~1; HCHO = 0.0154 reverse reactions of catalytic [188]
collector thickness = 3 mm; umol kJ~1; CH;0H = oxidation of the organic
40-60 g/ m? of SrTiO; 0.0193 pmol kJ 1 products on the oxide
semiconductors
0.087% of average energy
Non-truncated type; conversion efficiency is
CPC photoreactor orientation: H,=714Lh"! reported as more diffuse as [192]

east—-west; horizontal
angle: 25°, CR: 4.22

well as reflected radiation
being absorbed by the
CPC photoreactor
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Table 5. Cont.
Influencing Parameter and .
Parameter Solar Photoreactor Photocatalyst Product and Yield Comments Reference
Flat sheet reflectors did not
result in greater CO,
Flat sheet mirror conversion to Co,HsOH but
reflectors —30 cm X showed a rise in HCOOH
C,H50H =2.6 1 .
Solar light Solar photocatalytic 30 cm; reactor3 g %flshfl' HCOPgnI-(I)— formation rate
1 : 25 ; cat - ¢ N
concentrator reactor co;/l(t)irllltrlrcl)is recarzltié)n 225.7 pmol gea "t h! Photocatalytic efficiency
time: 1 h/' lgof (PCE) (%) = 0.0005%
CdS catalyst CO; conversion efficiency [61]
(CCE) (%) = 3.31%
Compound parabola,
wilcl()t(})l'rrilgrgrrns'tfelgz;th' Using CPC has increased the
Solar photocatalytic 45 cm; reactor CZIEOI,{: 24:5 pmol temperature mn the
. 3. gaat + h™'; HCOOH = photoreactor, which has [61]
reactor volume: 25 cm?; 1.1 . .
confintious: reaction 777.8 umol geat ™ h increased product yield, PCE
time: 1 h: 1/g of CdS = 0.0024%; CCE = 11.99%
catalyst
Fresnel lens diameter
=8 cm; 560 cm? area; CZH?Ole 52.2 jumol
Solar photocatalytic reactor: 25 cm?; 1g;;t2 3 hm(;lHchl)I}:Ij. High product yield, PCE = [61]
reactor continuous; reaction s Beat / 0.195%; CCE = 23.08%

time: 1h; 1 g of

H; = 2766 umol gcat_1
hfl

CdS/MnO; catalyst

3.7. New Solar Concentrating Technologies

In recent years, the average levelized cost of electricity (LCOE) for concentrating
solar power (CSP) has sharply decreased from EUR 0.36 to 0.11 kWh~!, appearing as
a 68% reduction [193]. Still, when comparing CSP to other renewable sources such as
PV, which has an LCOE of approximately EUR 0.05 kWh~!, and onshore wind energy at
EUR 0.03 kWh ™!, it is not the optimum choice from an economical point of view. Cost
reduction is therefore essential for an improvement in CSP. An alternative approach for
further enhancement in CSP involves producing solar fuels such as hydrogen production.
This method enables various seasonal storage, by being converted to solar fuels in summer
and used throughout the year.

Moreover, the key considerations for the new design include minimising material
usage, enhancing performance, reducing wind loads, mitigating thermal stresses that could
lead to component failure, increasing safety by reducing different risks (such as fire, leakage,
etc.) and developing innovative and efficient storage methods for long-term operation.

A possible solution for those critical challenges can be met with the configuration of
the BD-CSP. The concept behind this technology comes from the old technology of the

“Gassegrain reflector” that has an application in a telescope [194]. In the configuration, there

are two or three reflecting surfaces redirecting the solar beam irradiation to a ground-based
receiver. This approach can be integrated into current solar concentrating technologies
to develop new-generation CSP. Moreover, it has considerable potential in concentrating
photovoltaics (CPV), particularly when combined with solar filtering.

The beam-down (BD) design concentrates the solar irradiation onto the ground, en-
suring that the heat transfer fluid remains in a stable arrangement near the ground. This
enhances safety standards and can result in a reliable and cost-effective design. Moreover,
the working fluid remains near the ground and does not need to be carried to significant
height. It does not have the need to be transferred to a great height, so pumping duty
is reduced, which makes the process advantageous considering the design and the eco-
nomics [195]. Furthermore, the overall height of the system is reduced, resulting in a more
compact solar unit. This reduction in material usage such as a decreased need for construc-
tion support contributes to lower total system costs. Reduced height also reduces wind



Energies 2024, 17, 3112

52 of 72

loads, allowing for the use of lightweight construction that has high reliability. In addition,
the beam-down concept facilitates a more uniform heat flux distribution over the absorber
through multiple reflections and the proper design. Another potential improvement in the
technology involves utilising fluidised beds and chemical reactors in the receiver location
to produce solar fuels.

The most representative example is under construction in China, called “Yumen
Xinneng/Xinchen 50 MW BD-CSP” (Figure 33) [196].
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Figure 33. The beam-down CSP in Yumen Xinneng/Xinchen. Reproduced by kind permission of
Elsevier from [196].

This unit uses molten salt at 570 °C for feeding a water/steam Rankine cycle of
50 MW, nominal electrical power. It was assessed that the LCOE is going to be approxi-
mately EUR 0.11 kWh~!, which is a remarkable value for the first real plant in this category.
An alternative instance is the beam-down solar platform of 100 kW at the Masdar Institute
of Science and Technology [197,198]. This plant utilises molten salt at 250-550 °C and it
is possible to reach up to a concentration ratio of 600 suns. In addition, another plant is
located at the University of Miyazaki [199] and it is a BD technology incorporated with a
thermochemical water splitting reactor; the solar heat flux on the absorber can achieve up
to 110 kWy, at noon, while it is capable of approximately 90 kWy, for 3 h per day.

3.8. Beam-Down Concentrating Systems

Rabl [200] originally proposed the concept of beam-down solar concentrating tech-
nology in 1976. He emphasised the fundamental geometrical aspects of utilising an upper
reflector for redirecting the solar rays into the ground. He coined to this concept a “tower
reflector”, noting its advantage in facilitating heat transfer by placing the receiver near
the ground, thus restricting the need to move the working fluid to great heights as in the
conventional solar tower design. Subsequent developments in the literature expanded
upon the beam-down concept in various solar concentrating categories, leading to the
evolution of CSP. This section presents different geometric designs of the beam-down
configurations based on (a) the solar tower, (b) the disc concentrators, (c) the PTC and
(d) the LFR.

One of the most common solar concentrating technologies for power production is
the solar tower and it has a wide application in the concept of BD technology. The main
benefit of the concept is the solar tower height decrement, which has an important value
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for the sustainability of the system. Additionally, the location of the absorber is close to the
ground and that provides a crucial opportunity of dramatically reducing the piping length
and the pressure losses, while raising safety standards. Additionally, the BD configurations
can achieve high concentration ratios, enabling the operation at elevated temperature
levels [201].

The key point that was focused on is the performance comparison between the conven-
tional and beam-down technology towers. A study reported in [202] makes the comparison
of conventional and beam-down technology towers and reached the conclusion that in
larger solar fields, the beam-down technology is more efficient. In addition, Kribus [203]
conducted one of the initial investigations into the optical analysis of BD solar units. It
was observed that the tower height is a crucial factor that might have some problem about
dimensioning. Also, they highlighted the necessity for extra optimisation parameters due
to the complexity of the beam-down design.

Another consideration is the configuration of the BD-ST, regarding the structure of the
“upper reflector” or “tower reflector”. The ellipsoidal and the hyperboloidal patterns are
the most comparable ones.

A study [204] demonstrated that the hyperboloid design offers several benefits includ-
ing the ability to use a reduced system height and smaller primary reflectors. In addition, it
is noted that in the hyperboloid design, the proper location of the optical axis is indicated
southward, whereas in elliptical design, it is indicated northward. Therefore, the next
step involves determining the appropriate design for the receiver cavity located near the
ground. This cavity is crucial for maximising the capture of solar rays and redirecting them
to the receiver while reducing thermal losses. However, several key design considerations
should be taken into account for optimising the system. Especially, reducing the height of
the reflector tower increases the apparent size of the sun image on the receiver, requiring a
larger cavity aperture [205]. Nonetheless, increasing the cavity aperture raises costs and
reduces final concentration on the receiver.

In the ultimate configuration of the system, two crucial factors need to be addressed.
The primary consideration is the optimal shaping of the cavity, typically a compound
parabolic (CPC) shape with a minor sacrifice in efficiency. A study has shown that a 10%
reduction in the area of the tower reflector leads to a 2.7% decrease in absorbed energy,
whereas a 37% reduction in the area of the cavity reflector (CPC) results in a 1.1% reduction
in absorbed energy by the receiver [206]. Therefore, it is more effective to decrease the CPC
area for achieving a relatively small decrease in energy absorption. This is particularly
relevant due to the significantly higher cost of CPCs, which is about 4-5 times greater than
heliostat costs [206], partly because active cooling is required for the mirror surface [207].
To achieve the most cost-effective and geometrically optimised BD system, it is essential to
conduct a thorough optimisation of the absorber area. Another important aspect of this
configuration is the position of the CPC in comparison to the focal point of the incident
sun rays. The CPC inlet was traditionally placed near the focal point; however, it was
suggested that optimising its position in the CPC could result in greater energy absorption
of 20% [208] to 26% [209]. Considering heliostat size, using less heliostats with larger
apertures allows for the design of a hyperboloid reflector with lower eccentricity. This
improves the concentrating ratio and reduces the system height [210].

There are some other studies that have been focused on alternative designs aiming
to have the optical optimisation of BD-ST. As an example, the use of flat tower reflectors
could be a different alternative to decrease the spread of solar irradiation. Cannavaro
etal. [211] focused on the designing of the tower reflector geometry by using an etendue-
matched strategy. This arrangement aims to redirect the solar rays efficiently to the absorber
with minimal re-reflections. It has been identified as a favourable choice for low-latitude
locations, achieving yearly optical efficiency up to 52%. Li et al. [212] suggested to use a
rotating tower reflector. The system can achieve an immediate optical efficiency of 51%,
with an optical efficiency ranging from 37% to 46% based on the tilt angle of the tower
reflector (Figure 34).
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Figure 34. A beam-down solar tower configuration with a rotating tower reflector and four absorbers
with a CPC cavity. Reproduced under the Creative Commons licence by Optica Publishing Group
from [212].

Figure 35 demonstrates an example of a receiver with a CPC cavity. It is designed to
operate with molten salt, incorporating insulation and suitable channelling for the molten
salt flow. This arrangement was developed in the Solar Hybrid Fuel Project of Japan [213],
where the receiver efficiency was calculated as 90%, which is a notable achievement.
Typically, molten salt operation involves two temperature levels, at 280 and 550 °C. The
design for the salt receiver includes a thermal mixing element, and an innovative approach
is the use of an origami-inspired design as suggested in the literature [214].
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Figure 35. Typical insulated receiver with CPC cavity for operation with molten salt [191].

Another design that might be a good choice is the hexagon CPC receiver [193,194].
This design can be useful for a system with lower capacity (e.g., 30 MWth) and height up to
50 m. It is able to function with an optical efficiency of 57% and solar-to-electrical efficiency
of 20% when paired with a supercritical CO, power cycle [193]. But still, the conventional
configurations have higher optical efficiency compared to a hexagon CPC [176].
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Other seminal works in the literature focus on the thermal performance of a beam-
down solar system. A study reported in [195] tested a 100 kWth BD-ST incorporated with
thermal energy storage functioning by the use of molten salt. They found that their setup
achieves a thermal efficiency of 66.4% that is satisfactory for processes around 450 °C.
Mokhtar et al. [196] focused on a 100 kWth system, employed by using a model with
experimental data. They determined that the daily collector thermal efficiency is 28% for
operation at 300 °C, but it reduces to 24% for operation at 600 °C.

This structure combines the beam-down reflector with a dish (hyperboloid) concen-
trator. The most common designs considering the secondary upper reflector are with
hyperbolic or elliptic geometries. This is shown in Figure 36 [197].
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Figure 36. Schematic diagrams of (a) the concentrator module with a hyperboloidal pattern,
(b) the secondary hyperboloidal part, (c) the concentrator module with an ellipsoidal pattern, (d) the
secondary ellipsoidal part, (e) the primary paraboloidal part and (f) the sunlight distribution for the
solar concentrator. Reproduced by kind permission of Elsevier from [215].
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According to the literature, the optimum configuration is the hyperbolic shape [216]
and the use of convex reflectors. In the study by Cheng et al. [217], it is found that both
convex (hyperbolic) and concave (elliptic) geometries could result in relatively even heat
flux distribution across a flat absorbing area. Also, they claimed that the enhancement in
the concentration ratio is a parameter that has a negative impact on the uniformity due to a
spillage effect. Another study [218] worked on the proper arrangement of a symmetrical
two-stage flat reflected concentrator (STFC) and evaluated its concentrating energy transfer
using the Monte Carlo ray tracing method (MCRTM). It consisted of two symmetrical
off-axis concentrators and inclined flat reflectors. The temperature was measured without
considering convection cooling and it was found that the GCR must not exceed 4.0. The
adjustment of the tilt angle of the two-stage mirrors affects the concentrating ratio and the
uniform irradiance, which was measured with the aid of geometric optics. Afterwards,
the optimised structure parameters for a space solar power station (SSPC) were computed
and the ECR distributions on the solar panel were simulated by the MCRTM. In this range,
the symmetrical structure makes both sides, ‘focal spots’, and their gradient distribution
overlap with each other and the nonuniformity of the spot could be below 5%, which results
in a considerable flux distribution for a concentrator photovoltaic (CPV) system. Generally,
the nonuniformity of a concentrator photovoltaic (CPV) system should not surpass 20%. It
can be described as

w — Emax — Emin % 100% (16)
E»avr
where &,y is the average flux distribution, &max represents the maximum energy concen-
tration ratio (ECR) and &,,,;, is set as the minimum ECR.

Due to the requirement for expansive space, the parabolic concentrator must be
assembled by combining multiple individual curved mirror facets. In the work, 24-dish
structures were designed and the results were acceptable and could be used as a reference
for the future, considering the precision of arrangements for multi-mirrors.

Additionally, the design of the receiver with a cavity is crucial to have the optimum
arrangement. A cavity has remarkable benefits and most importantly, it is able to enhance
the concentration ratio, decrease thermal losses and enhance the uniform heat flux over the
absorbing area. A study employing a cavity to act as a homogeniser demonstrated that the
system can maintain adequate performance levels with misalignment angles up to 1.5, but
at a significant cost to nominal efficiency. Additionally, testing significantly revealed much
lower performance than theoretical simulations, attributed to non-ideal manufacturing.
Moreover, it was suggested to exercise critical care during the manufacturing process of
reflecting surfaces.

Zhang et al. [219] showed a design as a possible solution for the “dark image” problem
over the receiver. Another original study conducted by Xu et al. [220] presents the use of a
BD dish arrangement with a fixed focus as seen in Figure 37. It relies on a new tracking
method that involves rotating the primary reflector platform. This approach can achieve an
optical efficiency of approximately 79%, resulting in a power production of around 8 kW.

Another issue regarding the operation and design of the BD dish system involves
the tracking mechanism and system control. A study proved that for double-dish pri-
mary reflector design, the system exhibited greater stability to errors than conventional
designs [221]. New components acting as robotic arms were added to the system. This
design [222] was based on the use of a genetic algorithm and made it possible to operate
with optical efficiency around 80%.

A PTC collector can be easily coupled with the beam-down idea; in this direction,
some studies have been conducted in the literature, but these are limited and therefore
further investigations must be conducted in the future. Uzahir and Rehman [223] made an
arrangement by the use of a tubular absorber placed in the middle of the parabolic trough
as seen in Figure 38.
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Figure 37. The fixed-focus beam-down design. (a) The detailed configuration, (b) 2D depiction of the
suggested design. Reproduced by kind permission of Elsevier from [196,220].
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Figure 38. Beam-down PTC design with a tubular receiver with two primary parabolic reflectors.
Reproduced by kind permission of Elsevier from [196,223].

This design has significantly reduced concentration ratios, compared to focal point
configurations. The intercept factor, which is the proportion of the absorbed rays by the
receiver to the reflected rays from the reflector, expresses the optical performance. In this
configuration, the intercept factors were calculated as 90%, 89% and 77% for concentration
ratios of 10, 50 and 100.

Wu et al. [224] suggested that a beam-down PTC is put on the location of a flat
receiver between the primary and the secondary reflectors: Figure 39 demonstrates the
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arrangement, which was tested for four different secondary reflector arrangements called
flat, hyperbolic, elliptic and parabolic. The most efficient option was the parabolic-shaped
secondary reflector. However, these applications did not consider any input considering
thermal performance of the PTC-based systems; then, further studies regarding this point
must be conducted in the future.

A X

0 o

'f F

5 |
(c) (d)

Figure 39. The beam-down PTC design with the receiver between the two reflectors. The secondary
reflector has the following possible shapes: (a) flat, (b) hyperbolic, (c) elliptic and (d) parabolic.
Reproduced by kind permission of Elsevier from [224].

Combining the BD concept with a linear Fresnel reflector can be a beneficial approach,
as both seek to simplify the overall configuration by positioning key components close to
the ground. In the BD-LFR concept, both the primary-moving reflectors and the receiver
are situated on the ground, while the upper-stable reflector is positioned several meters
above the ground.

Another possibility involves using a hyperbolic-shaped upper reflector along with
a CPC cavity, which was shown to enhance the concentration factor up to 84 [225]. The
system’s height depends on the primary mirror design, and it is generally in the range of
30-40 m, with a maximum optical efficiency close to 70%. Another study [226] showed that
flat upper reflector shape is better than a hyperbolic one. Specifically, the flat design was
determined to be more effective, achieving an optical efficiency of 60% with a concentration
ratio of 31 suns under identical simulation conditions. However, some drawbacks were
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Primary

noted, including the sun image expansion on the receiver, the mirror width enhancement
due to the eccentricity, the high complexity of the geometry and the creation of shadow
optical losses.

In a separate study, the hyperboloid upper reflector was deemed to be superior to the
elliptic design, despite the elliptic design having a greater intercept factor [227].

Though solar concentration technologies are very rarely coupled with photocatalytic
reactors, their combination with photovoltaic systems is already well proven. Therefore,
some hints and suggestions may come from the analysis of these case histories.

The photovoltaics (PV) efficiency can be enhanced when it is coupled with a secondary
reflector to regulate the radiation flux distribution over the PV area. The improvement in
a solar irradiation profile on the cell helps prevent hot spots and overheating, leading to
enhanced performance and increased lifetime.

A general configuration of beam-down concentrating photovoltaics with a dish pri-
mary reflector is shown in Figure 40 [228]. This configuration consists of a multi-leg
homogeniser that enables a favourable heat flux distribution of the solar rays over the PV
cells. In this approach, the system achieved a peak electrical efficiency of around 15%, with
an annual average of 10.6%, under specific climate conditions in Singapore.
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Figure 40. Typical BD-CPV with dish primary reflector and homogeniser. (a) Overall configuration.
(b) Cross-section depiction. Reproduced by kind permission of Elsevier from [228].

Burhan et al. [229] combined BD-CPV with Fresnel lenses” design with a homogeniser
and it was revealed that the Fresnel design was superior, achieving a yearly efficiency of
14.1%. Both designs outperformed conventional PV panels. In addition, it is beneficial
to emphasise the further enhancement with the use of a conjugate refractive-reflective
homogeniser that can boost the produced electricity up to 4.5% [230].

Due to the high energy concentration on concentrating PV, they reach high tempera-
tures and this decreases the cell efficiency significantly. Indeed, approximately, the increase
in the cell temperature of 1 K results in a 0.5% decrement in electrical efficiency [231].
Moreover, PV cells must be cooled properly using the natural or forced circulation of a fluid
in the back side of the cell in order to overcome this problem and increase the electrical
efficiency. These concepts may respond to a similar need for the cooling of photoreactors.

One solution to cool down the system is the use of nanofluids [232]. Also, there are
some other configurations with fins in the back of the PV with the purpose of enhancing
the cooling rate with the ambient heat sink [233].

An alternative choice is the use of appropriate filtering of the solar radiation to allow
only the passage of the wavelengths that are exploited by the PV cell, so the redundant part
of the solar spectrum does not heat up the cell. Figure 41 shows the wavelength that the PV
and the photothermal system (PT) exploit.
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Figure 41. The depiction of the wavelengths that the PV system exploits and the photothermal (PT)
system exploits for air mass to become 1.5. Reproduced by kind permission of Elsevier from [234].

The filtering can be applied by using various solutions, such as nano-filtering [235],
selective absorber filtering [236], splitter reflectors [234] and thin-film wave interference
filters [236]. The fundamental categories of filtering are shown in Figure 42: (a) shows
nano-filtering, where solar irradiation passes through a nanofluid that absorbs certain
wavelengths and permits to pass only those wavelengths exploitable by the PV; (b) demon-
strates the nano-film spectral beam splitter technology, which divides sunlight into two
parts, redirecting them into different directions; and (c) is the use of a semitransparent PV

cell spectral beam splitter.
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Figure 42. Basic spectral beam splitting technologies. Reproduced by kind permission of Elsevier

from [237].
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Also, the BD systems use appropriate thin-film interference filters or dichroic mirror
coatings to split the solar irradiation spectrum into two parts. The general option is
the thin-film interference filters due to their flexibility to regulate the desired spectral
separation [233]. The multilayer thin-film filters can be made of various materials for
filtering solar rays of lower and higher wavelengths. Generally, SiO, is used for the
lower refractive region [236] because these nanoparticles have a negligible absorbance
coefficient in the visible light region [238]. Conversely, for the higher wavelength region,
other materials can be chosen such as TiOy [238], Nb,O3 [239], Ta,Os5 [240] and SiN [241].
Additional to these materials, it is possible to use many materials together to achieve a
gradient refractive index [242].

These ideas could be affectively applied to photoreactors’ design. On one hand, the
use of a solar concentrator can magnify the total radiation, impinging on the received,
while proper filtering media can prevent the accumulation of useless radiation in the
reactor, i.e., the spectrum could be cut for energies smaller than the band gap of the active
semiconductor, which are not usable by the reacting system.

4. Conclusions and Recommendations
4.1. Conclusions

Solar energy is the most powerful natural source that can be used for electricity,
chemical and fuel production. Despite the wide and abundant availability, its exploitation
as a main energy source needs the deployment of appropriate energy storage technologies
to overcome its intermittency and fluctuating intensity. Furthermore, locations in the world
where large-scale solar energy harvesting facilities may be implemented are usually far
from the utilisation points. This also calls for efficient energy distribution systems, which
do not recommend storage in the electrical form, due to high losses in distribution.

On the other hand, the rise in carbon emissions with the usage of conventional fuels
imposes not only valid strategies for the sequestration of CO,, but suggests the need for
utilisation of a base chemical, e.g., for the production of largely consumed C1 platform
compounds. The solar photoreduction of CO; to regenerated fuels and chemicals, for the
synthesis, e.g., of methane, methanol or formic acid, is a powerful technology to couple
both needs in a convincing win-win circular approach. However, several difficulties
must be overcome in order to accomplish efficient solar photoreduction to fuels. Some
progress has been made in the design of photoactive materials, but photoreactors must be
appropriately designed too, in order to provide a practically valid solution. Indeed, despite
the considerable interest in photosynthesis and photocatalysis, scale-up examples are really
limited, often due to scarce attention to the reactor engineering aspects of this application.

At a laboratory level, slurry-type reactors are the most used, followed by fixed-bed
reactors, which are not very efficient due to poor light exposure for the photoactive material.
High-pressure devices, optical fibre-enlightened monoliths, membrane-type photoreactors
and concentrated solar photoreactors are unconventional devices under development, but
they have preliminarily shown impressive results for the solar photoreduction of CO,.

Another key point is the efficient collection and focusing of solar light on the active
material, since most of the studies in the literature use UV or visible lamps, but the final
aim would be the realisation of a solar-driven apparatus.

The photocatalytic process is intrinsically inefficient, because energy dissipative phe-
nomena occur at a much higher rate and with higher sticking probability of reactive events.
So, in the frame of the utilisation of solar energy for photocatalytic applications, the ex-
ploitation of solar concentration technologies can be a viable strategy to compensate, with
a higher photon flux, the low material efficiency. This brings about additional issues, such
as the optimisation of the configuration to focus the concentrated solar beam where needed
and to avoid overheating at high magnification factors. Embryonal investigations are in
progress in this frame.

The performance of solar photoreactors is significantly influenced by their configura-
tion, and operating conditions such as the temperature, pressure and solar concentrating
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ratio. A slurry photoreactor enables efficient catalyst utilisation and high-pressure opera-
tion led to some of the highest productivities reported in the literature. High selectivity
and yields were also achieved with membrane photoreactors. The concentrated solar
photoreactors have the benefit of high efficiency and effective light utilisation. A hy-
brid solar photoreactor that combines the benefits of concentrated, slurry and membrane
photoreactors would increase solar CO, photoreduction while increasing product yield.

4.2. Recommendations

Despite some advantages, the slurry reactor design is conceptually limited to lab-scale
applications due to the issues with light transmittivity and reflectivity and to the uneasy
recovery of the catalyst. Therefore, for a possible improvement, a geometry of the reactor
that enables better light utilisation and photon collection efficiency is compulsory for scale-
up purposes. Catalyst separation issues are also important and prohibitive for continuous
mode application, suggested for large-volume application. Thus, the immobilisation of
a photocatalyst has to be developed and the appropriate reactor geometry to host it and
focus solar light on the receiving photoactive material is needed as well. The larger area
of the reactor system makes a uniform light transmission possible so that the efficiency of
solar photoreduction is enhanced.

Optimum temperature control and mass transfer between the reagents and photocata-
lyst should be ensured by efficient stirring and mixing. To have the proper design, flow
patterns should be considered.

Coupling photoreactors with solar concentration devices is a powerful strategy to
achieve a boosting of productivity thanks to much higher photon flux. Unfortunately, only
a few attempts have been conducted and many issues are still unsolved. According to the
current technologies, costs and complexity of the solutions are still prohibitive for becoming
coupled with another emerging application, such as the photoreduction of CO,, but the
incoming advantages are huge and suggest to explore the potential for this configuration.

A promising application, though never used for this application, is the solar beam-
down technology that seems to offer a stimulating way to follow in this matter. However,
some points should be improved. The BD-ST systems offer a key advantage in reducing
system height, resulting in lower costs and complexity compared to other configurations.
However, the optical design of the system must be conceived with high accuracy. The
upper reflector is a fundamental component that requires attention for its design. Important
aspects are the shape, the dimensions and the location of the upper reflector since it has
a crucial impact on the performance of the final system. Another drawback of the BD
systems is their relatively lower optical efficiency in comparison to conventional systems.
The use of more than one reflecting surface results in optical losses, which can be mitigated
by using highly reflective materials and designing the system to maximise intercept factors.
In addition, the BD systems need an additional reflector over the receiver to be used as a
homogeniser (generally with CPC geometry) to ensure a proper image of the sun in the
receiver. That makes the heat flux distribution have a normalised profile; however, it results
in additional optical loss in the system.

Also, the secondary reflector of the BD design faces some restrictions due to the
high temperature reached that causes the reduction in its lifetime and the reflectance.
Consequently, proper cooling is necessary when the temperature exceeds 150 °C. Another
optical concern involved is the deposition of particles on the homogeniser over the absorber,
leading to decreased efficiency at higher incident angles. Therefore, regular cleaning of the
reflectors is essential to keep the system efficiency. Additionally, any concentration device
imposes high temperatures on the receiver (i.e., the photoreactor) and the consequent need
for cooling or radiation filtering, which should be optimised differently based on the size
and geometry.

Finally, there is a need for a detailed cost analysis.

Additionally, a solar photoreduction unit can be improved, having higher sensitivity,
corrosion resistance, a higher mass transfer rate and low cytotoxicity, while developing a
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solar photoreactor. Energy losses, an efficiency drop, long-term stability and a cost-effective
photocatalyst for the solar photoreduction of CO, require further investigation.
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