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Abstract: Thermochemical hydrogen production is of great interest due to the potential for
significantly reducing the dependence on fossil fuels as energy carriers. In a solar plant, the solar
receiver is the unit in which solar energy is absorbed by a fluid and/or solid particles and converted
into thermal energy. When the solar energy is used to drive a reaction, the receiver is also a reactor.
The wide variety of thermochemical processes, and therefore of operating conditions, along with
the technical requirements of coupling the receiver with the concentrating system have led to the
development of numerous reactor configurations. The scope of this work is to identify general
guidelines for the design of solar reactors/receivers. To do so, an overview is initially presented
of solar receiver/reactor designs proposed in the literature for different applications. The main
challenges of modeling these systems are then outlined. Finally, selected examples are discussed
in greater detail to highlight the methodology through which the design of solar reactors can be
optimized. It is found that the parameters most commonly employed to describe the performance
of such a reactor are (i) energy conversion efficiency, (ii) energy losses associated with process
irreversibilities, and (iii) thermo-mechanical stresses. The general choice of reactor design depends
mainly on the type of reaction. The optimization procedure can then be carried out by acting on (i)
the receiver shape and dimensions, (ii) the mode of reactant feed, and (iii) the particle morphology, in
the case of solid reactants.

Keywords: modeling; design; optimization; solar receiver; solar reactor

1. Introduction

Hydrogen production through solar-driven processes is of great interest due to the potential
for significantly reducing the dependence on fossil fuels as energy carriers. Thermochemical routes
for hydrogen production include: solar water thermolysis, water-splitting redox cycles, reforming,
cracking, and gasification. The hydrogen source is water for the solar thermolysis and water-splitting
redox cycles, fossil fuels for cracking, and a combination of water and fossil fuels for solar reforming
and gasification [1]. One of the challenges in the design of solar plants is linked to the simultaneous
identification of favorable configurations of both the reactor and the solar concentrating facility. These
may be broadly classified as solar furnaces, solar towers, linear Fresnel reflectors, and parabolic trough
facilities [2,3]. A solar furnace consists of a heliostat equipped with an automatic Sun tracking system,
which reflects the solar radiation on a stationary concentrating mirror. The receiver, which is the unit
in which solar energy is converted into thermal energy, is placed at the focal point of the concentrator.
These systems are designed to provide highly concentrated radiation in very controlled environments
and are ideal for small-scale systems. Solar tower facilities are instead utilized on the industrial
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scale. Here, a field of heliostats concentrate solar radiation onto a receiver located on top of the tower.
An alternative plant design, known as beam down configuration, consists of placing the receiver on
the ground rather than on the tower, on top of which a secondary concentrator is instead installed.
The main advantages of the beam down configuration are reducing the weight and complexity of the
equipment installed on top of the tower [2]. Parabolic trough and linear Fresnel facilities consist of 2D
concentrating systems that direct the solar radiation on a receiver installed along their focal line. They
are mainly suitable for heat fluids up to 500 °C [3].

The wide variety of thermochemical processes, and therefore of operating conditions, along
with the technical requirements of coupling the receiver with the concentrating system have led to
the development of numerous reactor configurations. In addition, some groups have found that the
receiver may be responsible for most of the energy losses in a hydrogen production process, including
the auxiliary units and separation steps, and that these losses can be significantly reduced by improving
the design of the reactor [4]. Some reviews may be found in the literature summarizing the proposed
reactor configurations for each application. For example, Kodama et al. [5] reviewed particle reactors
for solar two-step water splitting with metal oxides and solar gasification. On the other hand, it is often
difficult to discern the reason for which one configuration is preferred over others or to understand
the methodology that has been and can be followed to improve the design of solar receivers/reactors.
In this context, the aim of the present review is to provide a survey of criteria that can be adopted to
identify the most suitable receiver/reactor configuration for a given application and methodologies
proposed to improve the reactor design. With regards to the latter aspect, specific focus is placed on the
identification of the parameters most suitable to quantify the performance of solar receivers/reactors
and of the operating conditions and design variables on which it is possible to act to optimize the
reactor design. By discussing works carried out on different reaction systems, it is possible to identify
the most critical aspects of the design process.

The article is divided as follows. In Section 2, an overview is provided of the general classification
of solar receivers/reactors. Section 3 presents a summary of the proposed reaction configurations
for different applications. These first two sections aim to provide insight into the complexity of the
problem and the variety of possible solutions. Section 4 outlines some generalities on solar reactor
modeling. In Section 5, selected examples are discussed in greater detail, focusing not only on the
proposed reactor configurations, but also on the methodology and criteria adopted for the design.
While always aiming at finding the best solution for the specific situation, these works also provide
general design guidelines that may be employed by other groups who desire to tackle similar problems.
To the best of the authors’ knowledge, this is the first time that a review on solar receivers/reactors has
focused on the design procedure rather than on its result.

2. Generalities of Solar Receiver/Reactors

In a solar plant, the solar receiver is the unit in which solar energy is absorbed by a fluid and/or
solid particles and converted into thermal energy. When the solar energy is used to drive a reaction,
the receiver is also a reactor. The most general classification of solar reactors/receivers distinguishes
between directly and indirectly irradiated reactors, depending on whether the reactive material receives
heat directly by irradiation or by conduction from an irradiated surface [6]. A schematic representation
of the difference between directly and indirectly irradiated reactors is presented in Figure 1. Generally,
direct irradiation requires the use of a quartz window to prevent the loss of reactive particles or fluid.
This solution allows for a more efficient heat transfer compared to an indirectly irradiated reactor
and is therefore preferred for reactions that require temperature levels of 1000-1500 °C. On the other
hand, the quartz window limits the dimensions of the reactor and is prone to particle deposition
and a consequent decrease in the efficiency of the system over time. In the case of indirect heating,
the solar radiation may be absorbed by the metal reactor wall, which then transfers the heat to the
reactive material or catalyst by conduction. Alternatively, a heat exchanger-type reactor may be
envisaged, in which a heating medium receives the solar radiation and transfers it to the reactor
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wall, which in turn heats the process fluid [5]. The latter solution has been proposed, for example,
for the solar-driven steam reforming of fossil fuels in membrane reactors [7-10]. The presence of a heat
transfer fluid represents an additional resistance to heat transport, thereby lowering the maximum
operating temperature in the reactor, but also introduces a heat storage medium, thus allowing a
continuous operation of the system despite the intermittency of solar radiation. In essence, this solution
represents a decoupling between the solar receiver and the reactor and therefore will not be further
discussed in the remaining part of this review.
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Figure 1. Schematic representation of the difference between directly and indirectly irradiated
reactors/receivers. Reprinted from [6] with permission from Elsevier.

Generally speaking, the main requirements of solar reactors/receivers are:

Capacity to reach the required reaction temperatures
Material resistance

The possibility of scaling up

Low energy losses, mainly achieved by reducing re-radiation
Low cost

One of the most commonly used parameters to quantify the performance of solar
receivers/reactors is the solar-to-chemical energy conversion efficiency, defined as the ratio between
the energy stored in the product, Q.j,, and the incident solar radiation on the absorber, Qg4

_ Qch
Qsolur

3. Overview of Proposed Reactor Configurations for Thermochemical Hydrogen Production

)

In the following paragraphs, a brief overview is provided of the proposed configurations of solar
reactors/receivers for different hydrogen production processes.

3.1. Reactor/Receivers for Solar Gasification

Steam or CO, gasification of carbonaceous materials is a highly endothermic process. The energy
for the reaction is traditionally supplied by the combustion of the feed itself with oxygen or air; however,
the combustion releases large amounts of CO; to the atmosphere. The use of high-temperature solar
heat to drive the endothermic reactions was first proposed to reduce the overall environmental impact
in the 1980s and has attracted interest since [11-17]. The gasification process may be summarized into
two steps: pyrolysis and char (carbon) gasification by either steam or CO,:

Coal or biomass — C + CO + CO, + H, + CHy4 + tar (2)
C+H,O— CO+H, 3)
C+CO,; — 2CO 4)

An indirectly heated packed-bed reactor prototype for steam gasification was designed by
Piatkowski et al. [18], for application in a beam-down system. A schematic representation is shown
in Figure 2. The reactor consisted of two cavities: an upper cavity with a small aperture closed by
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a transparent window, which served as the absorber, and a lower cavity containing the packed bed.
The two chambers were separated by a graphite plate that acted as an emitter. Steam was injected into
the lower cavity though a nozzle located at the bottom of the reactor. The reactor walls were realized
with SiC tiles, and alumina blocks were used as the insulating material. The reactor was operated
to temperatures up to 1200 °C, and the solar-to-chemical conversion efficiency was found to vary
between 17 and 29%.

concentrated
ermal radiation

CPC
quartz
window

upper cavity - G

emitter
plate

lower cavity —

packed bed

steam injection ||

1 ALO,
nozzle X

- pinsulation

eI

@ thermocouple

Figure 2. Schematic representation of the indirectly heated solar receiver/reactor designed by
Piatkowski et al. Reprinted from [18] with permission from Elsevier.

The performance of fixed-bed coal gasifiers is often hindered by ash formation, which limits
the extent of the reaction. To avoid this and other drawbacks, the use of fluidized bed reactors was
proposed [19]. Gordillo and Belghit [20] modeled a fluidized bed reactor having the same geometric
characteristics as those used by Piatkoswski et al. [18], but found that it was less efficient than its
fixed-bed counterpart, mainly due to temperature gradients in the reactive volume. The authors
suggested moving the heat source to the bottom of the reactor, i.e., where the gas was fed, to improve
the temperature homogenization; however, no proposal was made for this alternative reactor design.
Directly heated fluidized bed solar reactors were designed and tested by Kodama and co-workers (see,
e.g. [21,22]). In the proposed configuration, a draft tube was placed inside the reactor, at the center of
the of the fluidized particle bed. The reacting particles were transported upward in the draft tube and
downward in the annular region between the tube and the reactor walls in a forced circulation pattern.

Chen et al. [23] designed a cavity receiver fitted with a serpentine tubular reactor for biomass
gasification using supercritical water. The reactor was exposed to both the solar irradiation entering
through the cavity aperture and the irradiation emitted by the cavity walls. The reactor, designed to
operate at temperatures up to 927 K and pressures up to 30 MPa, was divided into two sections. In the
first section, water was pre-heated above its critical temperature. The biomass was fed at the entrance
of the second section, where the reaction took place. A scheme of the reactor configuration is shown in
Figure 3, where the presence of a standby electrical heater is also highlighted.

Melchior et al. [24] extended to biochar steam gasification the use of the reactor previously
designed for water-splitting redox cycles [25] and described in greater detail in Section 3.5 of the
present review. The authors developed a model to describe the behavior of the 3 kW reactor, validated
it against experimental data, and used it to predict the performance of 100 kW and 1 MW scaled-up
reactors, designed by inserting multiple absorber tubes within the same cavity receiver. They found
that the solar-to-chemical conversion of the two configurations was 39 and 50%, respectively.
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Figure 3. Schematic representation of the “snake-like” tubular reactor/receiver for biomass gasification
with supercritical water proposed by Chen et al. Modified from [23] with permission from Elsevier.

3.2. Reactor/Receivers for Solar Reforming

Similar to gasification, coupling the reforming of fossil fuels to solar heating reduces the overall
impact of the process by avoiding the production of CO, from the combustion reaction necessary to
provide heat to the main process. Reviews of the process of solar reforming may be found in [26,27].
The main reactions that take place in these systems depend on the composition of the feed. In the case
of methane, the reactions are:

CH, +H,0 = CO + 3H, (5)
CH, + 2H,0 = CO, + 4H, (6)
CH, + CO, = 2CO + 2H, @)
H,O +CO = CO, + Hy 8

Solar reforming reactors may make use of a heat transfer medium, such as molten salts, which due
to their high heat capacity, can deliver an almost constant-rate heat supply to the reactor. For instance,
Kodama and co-workers [28,29] utilized a molten salt bath, in which they placed the catalyst for the dry
reforming of methane. The preheated CH,/CO; reactant gases were introduced through an aperture
at the bottom of the reactor passing through the molten salt containing the catalyst powder.

Direct heating of the catalyst is also possible. For example, a volumetric reactor/receiver for solar
reforming of methane was developed at the Weizmann Institute of Science, in which the catalyst was
deposited on ceramic pins, referred to as a “porcupine absorber”, irradiated through a transparent
window [30-32]. The proposed configuration, along with the development of an adequate catalyst,
allowed reaching operating temperatures of 1000-1100 °C and pressures up to 20 bar. In addition,
the porcupine absorber presented the advantages of allowing radiation to reach a large surface area,
and its flexible structure prevented the development of thermal stresses, even in the presence of steep
temperature gradients and transient temperature fields. Representations of the volumetric receiver
and absorber structure are reproduced in Figure 4a,b, respectively.

Porcupine Absorber
Solar radiation

z 7 =—Pp Gas Exit Ceramic pins
= s coated with
E__T__m__ reforming catalyst
Concentrated =] absorbing the solar CH. + H:O
Sunlight = viv—;;riwi R =i S gy Input radiation
— AR
L TS Internal Preheater CO+Hz [E—
AR of the gases
\ perpendicular
8| to the pins
* Geramic insulation

(a) (b)

Figure 4. Reactor (a) and detail of the absorber (b) configuration proposed by the Weizmann Institute
of Science. Reprinted with permission from [32]. Copyright (2006) American Chemical Society.
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3.3. Reactors/Receivers for Solar Cracking

Solar cracking of methane:
CHy — C+2H, ©)

and other light hydrocarbons has been investigated considerably in the past years [33-42]. Methane
cracking takes place through an initiation reaction:

CHy — CH3; + H* (10)
and the formation of the final products through a free radial chain mechanism:
2CH} + 2H* — CyHg + Hy — CoHy + 3H, — 2C + 4H, (11)

One of the main difficulties of this process is that the initiation reaction has a high activation
energy and is rate-limiting [43,44]. Operating temperatures around 1500°C are therefore necessary
to obtain high conversions. Bertocchi [45,46] investigated the possibility of using a volumetric
receiver/reactor in which a cloud of micron- or submicron-sized carbon particle was used as the
radiation absorbing medium. These particles may be either injected along with the methane feed
at the top of the reactor, as shown in Figure 5, or produced by the cracking reaction itself. In this
configuration, solar radiation enters the receiver through a quartz window and is directly absorbed
by the carbon particles, which therefore reach a higher temperature than the reactor walls, thereby
allowing the use of existing ceramic materials to realize the reactor. More specifically, zirconia was
used to for the reactor wall (see Figure 5). A conceptually similar configuration was employed for
methane cracking by Yeheskel and Epstein [40] and will be discussed in more detail in Section 5.5.

Gas/solid suspension inlet

Bleed Orifice for
Exit Gas Temp.
Measurements

Gas/zolid supension outlet

Figure 5. Volumetric reactor/receiver for solar cracking. Reprinted from [46] with permission
from Elsevier.

3.4. Reactor/Receivers for Direct Solar Thermolysis

Thermolysis is the most direct method for obtaining hydrogen from water and has attracted
interest since the 1970s [47-50]. In the process, solar irradiation is concentrated onto a reactor in which
steam flows to bring it to a temperature at which its dissociation is possible. Despite the apparent
simplicity of thermolysis, the reaction presents several important complexities. First and foremost,
at atmospheric pressure and temperatures of approximately 2500 K, the degree of dissociation of water
is only around 4%. The search and utilization of materials capable of operating at these temperatures
and of sustaining the stresses linked to the thermal cycling is the first major challenge. In addition,
hydrogen and oxygen are produced simultaneously and must be separated. If the separation is carried
out at the extremely high temperatures used in the reaction, the issue of material resistance is extended
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to the processing units following the reactor. On the other hand, since the degree of dissociation is low
and decreases with decreasing temperature, cooling the product mixture will cause a recombination of
hydrogen and oxygen. Even if this recombination were avoided, an explosive mixture would form.
It is therefore necessary to quench the reactive mixtures through processes that can guarantee cooling
rates of the order of 10° K/s. The issue of product separation plays an important role in the design of
the reactor [51-59]. The following list of possible separating techniques was reported and discussed by
Baykara [60]

1. Quenching of product followed by low-temperature separation

(a) Quenching by auxiliary jets

(b) Injection of hot product gas into water

(c) Reaction near an immersed target and cooling of the gas by the surrounding body of water
(d) Dissociation of a jet of steam at low temperature on a hot target and cooling of the product

gas coming in contact with the jet

2. High-temperature separation

(a) Separation of Hy using a microporous membrane

(b) Separation of O; using an electrodiffusion membrane

(c) Separation of Hy using a non-porous metallic membrane
(d) Separation by creation of a high-speed jet

(e) Separation by centrifugation

In [60], the author summarized the results previously obtained by different groups in the operation
of solar furnaces for the direct thermolysis of water and presented new results on the operation of
a 1 kW solar furnace. A cylindrical solar cavity receiver, shown schematically in Figure 6, was
utilized. Porous insulating material surrounded the reactor. The cavity and insulation (labeled (4)
in Figure 6) were installed in a support having a Pyrex window (labeled (1)). Depending on the
operating temperature, the cavity was realized either with zirconia or alumina. The aperture of the
cavity was aligned with the focal point of the concentrating system. Liquid water was fed to the reactor
wall (labeled (3)) and evaporated before entering the cavity. Quenching steam was introduced near
the front part of the cavity using four perpendicular jets (labeled (2)). The experiment was carried
out at temperatures of 2500 and 1500 K. The molar fractions of hydrogen in the outlet gas were 0.03
and 0.0012, respectively, and the efficiency was 1% or lower, in line with the results reported by
other groups [56,61]. The low process efficiency along with the technical difficulties related to the
high operating temperature explain the drive toward different water-splitting cycles witnessed from
the 1990s.

1
N
/ \mﬁ

Figure 6. Reactor/receiver configuration for the direct thermolysis of water (1, Pyrex window; 2, silica
tube for quenching; 3, H,O feed section; 4, insulating brick and cavity). Reprinted from [60] with
permission from Elsevier.
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3.5. Reactor/Receivers for Water-Splitting Redox Cycles

Water-splitting redox cycles consist of multiple reactions that take place at different temperatures,
all of which are lower than the temperature that would be required for the direct splitting of water
and that ultimately result in the production of hydrogen and oxygen from water. As described in [62],
water-splitting thermochemical cycles (WSTCs) may be divided into:

e two-step WSTCs, in which two reactions, one endothermic and the other exothermic, are
required to achieve the production of Hy and O,. These processes have the advantage of
producing hydrogen and oxygen in two distinct steps, thereby avoiding the requirement of
a high temperature gas separation. They may be further divided into redox cycles and hybrid
Westinghouse cycles.

— Redox cycles that make use of metal oxides are currently the most widely studied two-step
WSTCs. In this case, the first reaction is the endothermic step of the process and consists of
the reduction of the oxide, with consequent release of O;. This reaction is also known as the
activation step. The second reaction is the exothermic step, during which the reduced oxide
is newly oxidized, forming H; and regenerating the original oxide. Materials that have been
considered for application in the thermochemical production of hydrogen include Fe [63-69],
Ce [70-73], Zn [74-86], Ti [87], Mn [65,68,88], Co [68], and Sn [83,84,89,90] oxides, as well
as ferrites [91-93]. These cycles generally operate between the lower temperature of the
oxidation step and the higher temperature of the reduction step. More recently, the isothermal
splitting of water has been proposed to avoid the irreversible heat and time losses related to
the cyclic rotation between the low and high temperatures of the two-step cycles. The process
is made possible by (partial) pressure swings between the reduction and oxidation processes.
This concept is at the basis of the mixed sodium manganese ferrite cycle, first proposed by
Tamaura and co-workers [94] and extensively studied by Varsano and co-workers [95-97].
Analyses of water splitting cycles based on gas composition pressure swings have been
presented in [98-100], and thorough discussions of such cycles isothermally were reported

in [101,102].
—  The first hybrid Westinghouse cycle to have been proposed was the sulfur cycle, in which

sulfurous acid and water react electrolytically, producing hydrogen and sulfuric acid.
The latter is vaporized to produce steam and sulfur trioxide, which is then reduced at
higher temperatures into sulfur dioxide and oxygen. The final mixture is separated, and
sulfur dioxide is recycled to the electrolyzer [103].

e  Multi-step WSTCs consist of more than two reaction step. Their drawbacks are mainly related
to the potentially lower efficiency of the process, but lower operating temperatures may be
achieved compared to those usually required by two-step processes. In addition to the older
three-step sulfur-iodine cycle [104], Mn-oxide based three-step cycles have been more recently
proposed [62,105,106]. The use of nanoparticles was also found to have a beneficial effect on
lowering the maximum temperature of the cycle [107].

Water-splitting reactors/receivers may be broadly classified as monolithic reactors or particle
reactors [108]. In monolithic reactors, the reactive material is static, be it self-supporting or supported
on a scaffolding, and the reduction and oxidation steps are controlled by changing the temperature or
chemical environment. Monolithic reactors can be further classified as static or rotating. The simplest
configuration is that of cavity reactors and stationary monolithic reactors. For cycles requiring
temperature swings, the reactive material is exposed to concentrated sunlight during reduction,
while the irradiation is reduced during the oxidation step by directing the solar beam away from the
reactive chamber. In particle reactors, the reactive solid flows between the reduction and oxidation
zones. The decoupling between the two reactions thus achieved is advantageous as the reduction and
oxidation steps are generally characterized by different reaction rates. On the other hand, the challenge
of high temperature solid flows must be met.
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Agrafiotis et al. [109] proposed the use of a cavity reactor with a flat absorber surface for
water-splitting cycles using as redox materials MnZn- and NiZn-doped ferrites supported on a
ceramic honeycomb. An indirectly heated cavity reactor was instead proposed by Varsano and
co-workers [96,110], in which the reactive material was placed inside the cavity in the form of
spherical pellets and heated indirectly through the reactor walls, thus avoiding the need for a quartz
window. A preliminary thermal characterization was carried out on an AISI 316 reactor filled with
inert material [110], and an Inconel reactor was then used for the actual water-splitting process [96].
The configuration proved to be suitable for the reaction temperatures required by the redox reaction
on a manganese ferrite-sodium carbonate mixture. In theory, this configuration can be scaled up,
because of the absence of a quartz window; however, an excessive increase in the reactor size could
affect the heat transfer efficiency, thus resulting in cold spots that would not allow the redox reaction
to take place as required.

Another design that did not make use of a quartz window was the one proposed in [25]. The solar
cavity-receiver consisted of a cylinder made of YO,-stabilized ZrO,, lined with Al,O3 insulation.
The tubular absorber was concentric with the cavity, which had a rectangular aperture on the top to
let in the solar irradiation. A compound parabolic concentrator was incorporated into the cavity’s
aperture. A schematic representation of the receiver and concentrator is shown in Figure 7, where
the concentric cavity and absorber are shown in gray and the rectangular aperture is shown to have
width w.

High-Flux Solar Simulator

e z argon arc
elliptical mirror

circular
mirror

focal plane

T 1wl ]
\\Z
Teout Tein
Te3mm — — Tain
Tyout —
thermal insulation  absorber cavity

Figure 7. Scheme of the receiver/reactor designed by Melchior et al. Reprinted from [25] with
permission from Elsevier.

The scale-up of this system is the SurroundSun reactor [111-113], in which the reactive material is
packed in multiple reaction tubes, housed within an insulated cavity. This reactor may be operated in
both the temperature swing mode and isothermal mode. The distinction between the two operating
modes is made possible by acting on the direction of the solar input. In the first case, the solar
radiation is directed so that only half the tubes are exposed to solar radiation, and the reactive material
contained in them undergoes reduction, while the other half of the tubes are fed with steam and
undergo oxidation. After some time, the direction of the solar radiation is switched so that the tubes
that had previously been working in the oxidation state are heated and can operate the reduction.
In the second case, all tubes are exposed to the solar radiation, and the reaction taking place in each
tube is determined by the composition of the gas feed. The reaction configuration is shown in Figure 8,
from which it can be seen that in both cases, half of the tubes are fed with steam, while the other half
is fed with inert gas. The figure highlights that the difference between the temperature swing and
isothermal operation mode lies in the orientation of solar radiation, which may be toward either some
or all of the tubes.
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Figure 8. Schematics of the SurroundSun reactor receiver for (a) temperature swing and (b) isothermal
operation. Reprinted from [111] with permission from Elsevier.

4. Generalities on Solar Receiver/Reactor Modeling

All models of solar receivers/reactors, developed to describe the performance of the system,
include the following phenomena:

1. Heating of the reactive material

To describe the heating received by the reactive material, it is necessary to study the irradiation
distribution. As described in detail by Lanchi et al. [110], the absorbed radiation is a purely
optical quantity. It is generally evaluated through a Monte Carlo ray-tracing technique.
Its distribution depends on the geometric characteristics of the concentrating facility and of the
receiver, as well as the characteristics of the absorber material (absorbance and reflectivity).
These, in turn, depend not only on the nature of the material itself, but also on its state of
oxidation and potential deposition of particles. For indirectly heated reactors, heat conduction
from the irradiated surface to the reactive material must also be described. For directly radiated
reactors, the effect of possible fouling of the cavity window should be accounted for.

2. Heat losses to the environment through convection

Naturally, some heat losses take place toward the environment, which is at a lower temperature
level compared to the receiver surface. Heat losses through the outer walls of receivers are
generally neglected as these are insulated. On the other hand, particularly in the case of
indirectly irradiated cavities, the inner wall is exposed to still air, and heat loss through natural
convection must be accounted for.

3. Heat losses to the environment through thermal re-radiation

The receiver emits radiation towards the environment. The heat loss due to thermal re-emission
may be evaluated as [110]:

q_emis = feo (T4_w — T—oo) (12)

where f is a factor quantifying the fraction of radiation that is emitted from the cavity
toward the environment, ¢ is the Boltzmann constant, € is the wall emissivity, T is the
wall temperature, and T is the sky effective radiative temperature and is approximately equal
to the ambient temperature.

4. Fluidodynamics

As mentioned above, the type of reaction and the operating conditions determine whether solar
receivers/reactors should be designed as fixed bed reactors, fluidized bed reactors, or particle
reactors. Depending on the chosen configuration, the flow conditions may have a significant
effect on the overall behavior of the system.
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5. Reaction rate

The rate of reaction is often studied separately, and the rate expression developed is employed
in the model of the solar receiver/reactor.

In the case of significant temperature swings during reactor operation and depending on the
material characteristics, it may also become important to describe thermal stresses generated in the
reactor and analyze the possibility of material failure.

5. Selected Examples

In this section, selected examples of methodologies followed to design solar receivers/reactors
and relative results are presented and discussed. As mentioned in the Introduction, the aim of this
section is to gain more insight into the procedures followed to tailor the reactor design to the specific
needs, rather than on the final configuration itself.

In all the cases reported here, the procedure can be roughly summarized as follows:

Select a general configuration

Identify the criterion based on which the “optimal” reactor characteristics can be defined
Develop a model to describe the behavior of the reactor

Analyze the results of the models and the effect of changes in the geometry

Select the “optimal” configuration

Ol D=

Each group analyzed the solar reactor/receiver configurations and identified the “optimal”
solution based on one or more of these criteria:

1. Maximize energy conversion efficiency
2. Minimize losses associated with process irreversibilities, i.e., exergy analysis
3. Minimize thermo-mechanical stress

5.1. Tubular Reactor/Receiver for Steam Reforming [114]

Wang et al. [114] studied a solar reactor/receiver for the steam reforming of methanol and carried
out an improvement of the reactor design based on an increase in the solar-to-fuel conversion efficiency
(Equation (1)). Here, Q. is chemical energy derived from the conversion of methanol and is defined
as the number of moles of converted hydrogen times the heat of reaction:

Qcn = XcrsonficnonAHy (13)

and Qs,y,y is the solar heat flux, defined as:

Qsolur = IAWC (14)

where [ is the incident solar radiation, A is the area exposed to the radiation, and 7. is the efficiency of
the solar concentrator.

In the system considered (see Figure 9), the reaction takes place within a high-transmittance tube
containing the catalyst and placed along the focal line of the parabolic concentrator. The authors
modeled the performance of the system through a 3D model accounting for momentum, mass, and heat
transport. With regards to heat transport, in addition to heat transfer by radiation, both convection
and conduction were considered in all three directions, and the heat of reaction was included as
source term. The model developed for the traditional setup, shown in the top part of Figure 9a, was
previously validated against experimental results [115]. A non-uniform distribution of the reaction
rate was observed, which was caused by a mismatch between the solar heat flux and the distribution
of reactants within the tube. More specifically, the reaction rate was low toward the inlet of the tube,
where the temperature was low, and toward the outlet of the tube, where the reactant concentration
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was low. To overcome this situation and guarantee a better use of the collected solar energy, the authors
proposed to adjust the aperture width of the concentrator along its length, in order to increase the heat
flux toward the inlet of the reactor and decrease it toward the outlet. By using a linearly decreasing
concentrator width, the methanol conversion could be increased while lowering the maximum catalyst
temperature and reducing the required reactor length from 8 to approximately 6 m. This adjustment is
illustrated in the bottom scheme of Figure 9a. The tube diameter was then varied to improve the match
between the rate of methanol conversion and collected solar energy without changing the reactor
volume. While the initial configuration was that of a tube with a constant inner diameter of 65 mm,
the modified configuration presented a diameter that decreased linearly along the tube length from 85
mm to 55 mm (shown in Figure 9b).

The better performance of the new configuration was quantified in terms of the higher solar-to-fuel
conversion efficiency (Equation (1)) and methanol conversion, which were verified under different
conditions of incident solar radiation and steam to methanol ratio. The authors obtained almost
complete methanol conversions and solar-to-chemical energy efficiencies around 90%.

/ [ [ { [>_._ Glass tube Annulus space Catalyst bed

e e L L LS| owe

Parabolic Trough Concentrator Receiver/reactor

Inlet \ \ S Outlet
Receiver/reactor tube

(@) (b)

Figure 9. (a) Comparison between the traditional solar concentrator structure (top) and new solar

concentrator structure (bottom); (b) reactor/receiver tube with variable diameter. Reprinted from [114]
with permission from Elsevier.

5.2. Directly Heated Receiver/Reactor for Thermochemical Water-Splitting [4]

Houaijia et al. [4] based the design of the solar reactor/receiver for thermochemical water-splitting
redox cycles on an exergy analysis, i.e., the evaluation and minimization of thermodynamic losses due
to irreversibilities. The authors started with an exergy analysis of the entire process, including not
only the solar reactor, but also the heat exchangers, evaporators, PSAunit, and hydrogen compression.
For each unit, two main quantities were evaluated, namely the exergy efficiency, ¢, defined as the
ratio between the exergy streams of the product of and fuel to the k" unit, E px and Er y, respectively:

E
g = o2k (15)
Epy

and the exergy destruction ratio, yp x, defined as the ratio between the exergy destruction in the kth
unit and the overall fuel supply, EF ;o

Epx
York = F - (16)
F,tot
The exergy destruction was defined as:
Epx=Erx—Epg— Epk (17)

where E| ; is the exergy loss in the k" component, usually equal to zero if its boundaries are at the
minimum temperature level involved in the process. The results of the exergy analysis revealed that
about 60% of the losses took place in the solar reactor. Improving its design could therefore lead to
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a significant improvement in the energetic performance of the process. The first step in the design
of the reactor consisted of identifying the main source of losses in the reactor, which was found to
be thermal radiation from the hot absorber front to the environment. This loss depended on the
temperature and area of the absorber’s surface. Since the lower limit of the former was given by
the reaction requirements, the only solution was to reduce radiation losses through a decrease in the
absorber’s surface area. It is well known that cavity designs are the most appropriate choice to reduce
thermal losses from solar reactors/receivers; however, different cavity shapes are possible. It should
be noted that, in this case, the design procedure was constrained by the need to operate with an overall
thermal input of 1 MW and with a directly heated reactor. Directly heated reactors are sealed with
quartz windows who’s radius, as also stated by the authors, cannot exceed 0.5 m to avoid its cracking
following thermal stresses. This puts a limit on the size of the reactor. In turn, the need to obtain a
thermal input of 1 MW means that a modular reactor design is necessary, and therefore, secondary
concentrators are needed to avoid spillage of radiation between individual cavities. The choice of
absorber shapes is therefore narrowed down to those that can be exposed to radiation from a secondary
concentrator. In their work, Houaijia et al. considered the possibility of employing either a flat, conical,
or spherical absorber. For all three shapes, a parametric study was carried out varying the distance
between the absorber and the secondary concentrator outlet. For the conical and spherical shapes,
an additional parameter was taken into consideration: the opening angle for the cone and the curvature
of the cap for the cone. The comparison between the performance of the different reactor configurations
was carried out based on the value of a quality parameter Q defined as:

where ICqo and A;bs «o are defined as follows:

o IC is the intercepted power on the absorber surface, defined as the ratio between the power
absorbed and the power entering the secondary concentrator.

o Al isthe dimensionless surface area of the absorber normalized with respect to the inlet aperture
area of the secondary concentrator. This parameter is important because the absorber surface
area is proportional to the reactive area. A higher value of A/, _is therefore equivalent to a higher
amount of reactive material.

o  The subscript 60 refers to the fact that for the irradiation to be useful for the reaction, it cannot
exceed a maximum value, Qyqx, to avoid overheating and consequent damage of the reactive
material, and it cannot decrease below a minimum value, to avoid an excessive drop in reaction
rate. For this reason, the radiative flux was considered to be useful if included between Q;;,;, and
60% of Qunax

It is interesting to note that the authors pointed out that the lower limit for useful radiation,
ie.,, 60% of Quax, was quite arbitrary, but the results in terms of reactor design did not change
significantly if the limit was placed to 70% or 80% of Qu4x, whereas noticeable differences emerged
if no limitation was placed on the value of the heat flux. The result of their analysis indicated
that the most efficient absorber was spherical, with a curvature of one, i.e., a complete hemisphere,
and a distance from the outlet of the secondary concentrator of 0.4 times the inlet diameter of the
concentrator. This was achieved by introducing an aluminum oxide spacer. A representation of the
designed hemispherical absorber is shown in Figure 10. The fluid flows through the inlet ring (9),
which surrounds the outlet pipe and is then led between the outer body (2) and the middle hemisphere
(3) towards the inlet absorber (5 and 6). This flow pattern allows the inlet fluid to act as a heat shield
between the hot inner part of the reactor and the cooler outer part. In addition, a first heat exchange
takes place between the incoming and outgoing fluids. The feed then enters the chamber between
the quartz window (7) and the coated absorber cups (13), where the reaction takes place. The gases
leaving the honeycomb flow between the inner body (4) and the middle hemisphere (3). Subsequently,
the gas leaves the reactor at the outlet (10) to the periphery.
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Outer body (2)
Reactor hull (1

Inlet absorbe
holding structure (5
nlet absorber

cups (6]

Quartz window (7)

Figure 10. Sectional view of the spherical cavity reactor proposed by Houaijia et al. Reprinted from [4]
with permission from Elsevier.

5.3. Receiver/Reactor for the Gasification of Solid Particles [116]

Z'Graggen and Steinfeld [116] worked on the optimization of reactor geometry and operating
parameters for the solar steam gasification of carbonaceous particles. The feed considered was that
of petroleum coke (petcoke), which had a variable composition that could be generally expressed as
CHOy. The starting reactor geometry was designed, tested, and modeled in previous works by the
same group [117,118] and consisted of a cylindrical cavity-receiver with a circular aperture closed by a
transparent quartz window to let in the concentrated solar radiation (see Figure 11). The cavity was
designed to optimize the capture of incident solar radiation and allowed considering the absorber
as a black body. A slurry of water and coke particles was injected at the front of the cavity through
tangential injection nozzles and formed a vortex-like flow that followed a helical path toward the
rear of the cavity, indicated with a dashed line in Figure 11. The coke particles were therefore directly
exposed to the solar radiation, thereby improving the heat transfer efficiency. The energy absorbed
by the reactants was used to generate and superheat the steam, heat the solid reactant’s temperature
above 1300 K, and drive the gasification reaction.

reactor cavity (Inconel)

aperture vortex flow Py

L\ g T T\~ /TT, Susson

1) T 1)
window \ tangential injection nozzles
purging nozzles product outlet

Figure 11. Scheme of the reactor configuration proposed by Z’Graggen and co-workers. Reprinted
from [116] with permission from Elsevier.

A two-phase reactor model accounting for radiative, convective, and conductive heat transfer, as
well as the reaction kinetics and accompanying heat effects was employed. Steady-state conditions
were considered. The reaction modeled was:

CH,Oy + (1 — y)H0 — (% +1 —y) H, + CO (19)

where the values of z and y depend on the composition of the feed. The overall mass balance equation
was expressed as:
V-(p-u)=0 (20)



Processes 2020, 8, 308 15 of 24

and for the single i" species:
V- (pYi-u) =R; (21)

where R; is the rate of production of the i component. The energy transport equation for both phases
reads:

V- (ph ’ u) = Gradiation — Preaction (22)

where ¢,giation aNd Preqction are the terms of heat generation due to the incoming solar radiation and
endothermic reaction, respectively, and are defined as:

e 1 47T
(Pmdiation = 4HA:O K/\(S) <471’ A}O i)\(S,w)dw - i/\b(s)> dA (23)
and .
Preaction = Z hi(T) “R; (T/ Y;, f) (24)
i=1

where « is the absorption coefficient, A is the spectral wavelength, and i is the radiation intensity.
The authors investigated the effect of varying four parameters:

particle size
feeding rate
input power
geometry of the cavity’s longitudinal section (radius and length) at constant reactor volume

LN NS

The reactor’s performance was characterized by three indicators, namely:

—_

Extent of feed conversion, X¢

Solar-to-chemical energy conversion efficiency (Equation (1))

3. upgrade factor, defined as the ratio between the calorific content of the gaseous products and that
of the solid feed:

N

Fy = titp, - LHVy, +titco - LHV o (25)
mcoke,in . LHVcoke

The authors carried out their analysis both for the 5 kW reactor that had been experimentally
tested in other works, and for which experimental results were available to validate the data, and for
the 300 kW scale-up reactor. Complete reaction was found for feed particles having initial diameters in
the range of 2-7 and 11-35 um, at residence times of 1.4 and 9.7 s, and maximum temperatures of 2046
and 1818 K for the 5 and 300 kW reactors, respectively. An investigation of reactant conversion as a
function of particle diameter and reactor configuration revealed that for the 5 kW reactor, two local
maxima existed. The first maximum was achieved for a set of particle radius/reactor configuration
conditions that reduced the conductive heat losses to the minimum value obtained under the range of
conditions studied. The second maximum was instead achieved under conditions that maximized
the exposure of the particles to the direct solar radiation. For the 300 kW reactor, only one maximum
point was found. This was attributed to the fact that the latter configuration required the use of a
thicker insulation layer, thus reducing the effect of conduction losses. These conclusions highlighted
the fact that the performance of the system depended on a number of factors and that it was difficult
to optimize all such factors at the same time. On the other hand, a correct design of the reactor and
operating conditions can allow an improvement in the efficiency of solar energy conversion.

5.4. Indirectly Heated Receiver/Reactor for an Isothermal Redox Cycle [119]

Bader et al [119] presented the design procedure for a solar thermochemical CO; splitting by
isothermal redox cycling of ceria. The redox reactions are:

CeOy — CeOy_s + %502 (26)
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CeOy_5 4+ 6COy — CeO, +6CO (27)

Although the present review focuses on hydrogen-producing reactions, this work was selected
because the cycle described here may also be used for the splitting of water; in this case, the reactant
of the oxidation reaction (27) would be water instead of carbon dioxide, and the product would be
hydrogen, rather than carbon monoxide.

The reactor, shown in Figure 12, consists of a cylindrical cavity containing an array of reactive
elements, arranged along the cavity walls. Each reactive element is made of two concentric alumina
tubes. A packed bed of porous ceria particles is contained in the annular region between the two tubes.
Details of the reactive element are shown in the bottom panel of Figure 12. The cycle is conducted
by alternating the gas flow through the reactive elements between nitrogen sweep gas, to reduce the
ceria, and CO,. The gas enters the element through the inner reactor tube and changes direction at the
domed end of the outer tube. The gas entering the annular volume containing the ceria particles is
therefore preheated. Concentrated solar radiation enters the cavity through the aperture.

interface to

cally HEX section

shell insulation

aperture

reactive
element

alumina
tubes N..0, / CO,.CO

"
porous reactive
material

Figure 12. Indirectly heated solar reactor/receiver for water-splitting redox cycle on ceria (top) and
detail of the reactive element. Reprinted from [119] with permission from ASME.

The authors discussed a basis for the choice of the characteristics of the packing and design
parameters of the reactor. The results may be summarized as follows:

1.  With regards to the material morphology, porous particles were chosen over solid particles,
a porous ceria monolith, and a reticulate porous ceramic (RPC), due to the good combination of
large surface area per unit of mass, favorable for the reaction kinetics, rapid heat transfer, and low
pressure drops.

2. Specific gas flow rates and duration of each cycle step were selected to maximize CO production
on the basis of results obtained on 1 g of porous ceria particles tested in an infrared imaging
furnace. The validity of scaling these results to a larger reactor was confirmed in previous works
by some of the same authors [120,121].

3. Based on the optimization described in the previous step, the mass of porous ceria particles
required for the 3 kW prototype was established.

4.  The length-to-radius ratio of the cavity was selected to be equal to two, to obtain an apparent
absorptivity close to unity.

5. The diameter of the cavity aperture was selected to accommodate a solar power input of 3 kW at
an average flux of 3 MW /m?.

6. Tube radii were selected from standard tube sizes based on considerations relative to the ease of
operation, but also from an estimation of the mechanical stresses.
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Concerning the last point, thermal and thermo-mechanical models were developed to evaluate
the steady-state profiles of temperature and static stress and evaluate the static factor of safety. A value
of the static factor of safety lower than one indicates that static failure of the material is expected.
The authors pointed out that their evaluation did not include the start-up and shut-down phases and
relative cyclic stresses. In addition, some discrepancy is expected between the model and the actual
behavior of the system. For these reasons, a static factor of safety significantly higher than unity is to
be obtained in order to consider the operation of the system to be safe.

5.5. Directly Heated Particle Receiver/Reactor [122]

An interesting approach to the design of directly irradiated solar receivers/reactors to be
employed when either a reactant or product is in a powder form was the one proposed by Kogan and
Kogan [122]. The starting point was the observation that for these cases, specific care must be taken
to prevent contact of the incandescent powder particles with the quartz window, which could bring
the formation of hot spots on the surface of the window and its consequent destruction by localized
overheating. An auxiliary gas flow can be employed to screen the window from the powder; however,
auxiliary gas flow rates can be 30-80% of the value of the main gas flow rate, resulting in a significant
reduction in the overall reactor efficiency because a substantial part of the heat delivered to the reactor
goes to heating the auxiliary gas. The authors studied a reactor configuration that allowed reducing
the auxiliary gas flow rate down to 5% of that of the main gas. The design procedure started with a
very simple reactor configuration and proceeded with increasing degrees of complexity to improve the
fluidodynamics configuration and utilization of solar irradiation. Tests were carried out using a smoke
flow visualization technique, in which one of the two gas streams was made visible by charging it with
heavy smoke, while the other was left in its naturally transparent condition.

The first reactor configuration tested was simply a cylindrical Pyrex vessel in which an annular
partition was utilized to divide the reaction zone from a buffer zone near the top of the vessel. The main
and auxiliary gas streams entered the vessel in the reaction and buffer zone, respectively. The auxiliary
stream then discharged into the reaction zone through the annular partition. The exit of both gas
streams took place from a port at the bottom of the reactor. The main gas stream was fed tangentially to
the reaction zone, thus generating a whirling flow. The auxiliary gas was introduced either tangentially
or radially. These tests showed that a radial inlet of the auxiliary gas performed better in terms of
eliminating the presence of the main gas from the buffer zone. This finding was the basis for the
following tests, carried out on a more complex reactor design, shown in Figure 13.

In the reaction configuration shown above, the gas entry tubes were replaced by two narrow
annular passages. This modification led to two simultaneous benefits. The first is that the solar
radiation from the compound parabolic concentrator (CPC) to the cavity was not obstructed by
tubes. The second was that the annular passages allowed the introduction of the two gas streams as
continuous thin films. Tests were carried out on the reactor shown above with different combinations
of auxiliary and main gas flow rates. Without going into the detail of all the tests reported, it is
interesting to note that the first experiment was carried out by introducing only the auxiliary gas,
which progressed adjacently to the reactor window for some distance, but then detached from the
surface of the window before reaching its center. When the main gas was introduced, the annular
area of the window swept by the auxiliary stream was reduced, as the gas was sucked away from
the window by the main gas stream. This tornado-like effect was found to be decisive to keep solid
particles away from the quartz windows, and the following tests were carried out with the aim of
identifying conditions capable of creating a “stable tornado”. The authors were able to enhance the
tornado effect with a specific pair of auxiliary and main gas flow rates that allowed efficient window
screening even with an auxiliary gas flow rate equal to only 5% of that of the main gas stream. In more
general terms, three conditions were found to be required to generate a tornado windscreen: (i) the
main gas stream must be introduced tangentially into the reactor cavity; (ii) the products of the reaction
should be extracted from the reactor cavity in the axial direction, preferably through a narrow channel
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placed along the axis of symmetry of the reactor; and (iii) the auxiliary gas stream should be introduced
radially into the reactor cavity and close to the window.
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stream in
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First annulal
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Figure 13. Reactor configuration analyzed by Kogan and Kogan. Reprinted from [122] with permission
from ASME.

6. Conclusions

Solar reactors/receivers may be employed in a wide variety of thermochemical processes for the
production of hydrogen. A number of different configurations is possible, and the choice depends on
factors such as the physical state of the reactants and products, the operating temperature, and the
thermal effects of the reaction. Reviews previously published on the subject of solar receiver/reactor
design were generally limited to a description of the proposed configurations. An immediate
observation that can be made from these reviews is that the design of solar receivers can vary
significantly, even when the operating conditions are apparently similar. The aim of the present
work was to highlight the reasons for which a specific design was selected. In this context, an overview
of receiver/reactor configurations proposed in the literature and of their fields of application was
presented, thus providing insight into the complexity of the problem. Generalities on modeling of
such systems were then reported to give an idea of the phenomena that must be taken into account in
the description of solar receivers and of the number of design parameters on which it is possible to
act to improve their performance. Finally, selected examples were discussed in detail to highlight the
different routes that may be followed and provide guidelines for reactor optimization.

In general terms, the first step consisted of identifying the optimization criteria. The parameters
on which it was possible to act to improve the reactor design and operation were then identified, and
their effect on the performance of the system was studied. An intermediate set of variables could also
be selected to analyze the behavior of the reactor. Such variables were closely linked to, but did not
coincide with the optimization parameters. Their analysis allowed understanding how the operating
parameters bring about the change in performance.

The main optimization parameters were found to be:

1. Energy conversion efficiency
Energy losses associated with process irreversibilities
3. Thermo-mechanical stress

N>
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The intermediate variables that could be analyzed to gain insight into the behavior of the

systems were:

1.
2.
3.

Reactant conversion
Temperature uniformity within the reactor
Ratio between the calorific content of the products and the reactants

The reactor and operating parameters on which it was possible to act were:

1.
2.
3.

Receiver shape and dimensions
Mode of reactant feed
Particle morphology in the case of solid reactants

A correct assessment of the influence of the operating parameters on the behavior of the reactor

allowed choosing the most adequate reactor configuration, thereby increasing the overall efficiency of
the process.
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