UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

The development of luminescent solar concentrator-based photomicroreactors
a cheap reactor enabling efficient solar-powered photochemistry

Zondag, S.D.A.; Masson, T.M.; Debije, M.G.; Noél, T.

DOI
10.1007/s43630-021-00130-x

Publication date
2022

Document Version
Final published version

Published in
Photochemical and Photobiological Sciences

License
CcCBY

Link to publication

Citation for published version (APA):

Zondag, S. D. A,, Masson, T. M., Debije, M. G., & Noél, T. (2022). The development of
luminescent solar concentrator-based photomicroreactors: a cheap reactor enabling efficient
solar-powered photochemistry. Photochemical and Photobiological Sciences, 21(5), 705-717.
https://doi.org/10.1007/s43630-021-00130-x

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:26 Oct 2023


https://doi.org/10.1007/s43630-021-00130-x
https://dare.uva.nl/personal/pure/en/publications/the-development-of-luminescent-solar-concentratorbased-photomicroreactors(efb48899-a5bd-4c62-b3d2-3f09cfa99d33).html
https://doi.org/10.1007/s43630-021-00130-x

Photochemical & Photobiological Sciences (2022) 21:705-717
https://doi.org/10.1007/543630-021-00130-x

PERSPECTIVES q

Check for
updates

The development of luminescent solar concentrator-based
photomicroreactors: a cheap reactor enabling efficient solar-powered
photochemistry

Stefan D. A. Zondag'® - Tom M. Masson'® - Michael G. Debije*® - Timothy Noél

Received: 28 September 2021 / Accepted: 27 October 2021 / Published online: 12 November 2021
© The Author(s) 2021

Abstract

Sunlight strikes our planet every day with more energy than we consume in an entire year. Therefore, many researchers
have explored ways to efficiently harvest and use sunlight energy for the activation of organic molecules. However, imple-
mentation of this energy source in the large-scale production of fine chemicals has been mostly neglected. The use of solar
energy for chemical transformations suffers from potential drawbacks including scattering, reflections, cloud shading and
poor matches between the solar emission and absorption characteristics of the photochemical reaction. In this account, we
provide an overview of our efforts to overcome these issues through the development of Luminescent Solar Concentrator-
based PhotoMicroreactors (LSC-PM). Such reactors can efficiently convert solar energy with a broad spectral distribution
to concentrated and wavelength-shifted irradiation which matches the absorption maximum of the photocatalyst. Hence, the
use of these conceptually new photomicroreactors provides an increased solar light harvesting capacity, enabling efficient
solar-powered photochemistry.

This review is dedicated to Prof. Angelo Albini (University of
Pavia, Italy) on the occasion of his 75th birthday.

Stefan D. A. Zondag and Tom M. Masson have contributed
equally to this work.

Extended author information available on the last page of the article
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1 Introduction

“The essential preliminary of all chemical changes by radia-
tions is absorption.” This first law of photochemistry (Grot-
thuss—Draper law) formulated by both Draper and Grotthuss
independently in the nineteenth century remains true to this
day [1, 2]. Although succinct, the statement describes most
of the limitations faced in the field of photochemistry. In
other words, how can one maximize the amount of light
absorbed by the reaction mixture and thus be productively
used for driving chemical transformations? To address this
challenge, researchers in synthetic organic chemistry have
dramatically increased their efforts over the past years,
unlocking the full potential of photochemistry by developing
photocatalytic variants which can be used across the entire
solar spectrum [3-8]. This newly regained interest in the
field was further stimulated by the access to low cost, energy
efficient, high intensity and durable light sources (e.g. light-
emitting diode (LED) technology) [9] and the development
of scalable reactor technology (e.g. continuous-flow micro-
reactor) [10—16]. Having access to affordable light sources
and superior photochemical reactors, nothing was holding
back chemists from implementing photochemical transfor-
mations in their work en route to complex and biologically-
active organic molecules [17-19].

Another key factor behind this enthusiasm lies in the
quest for a more sustainable and environmentally-friendly

@ Springer

chemical industry [20]. In accordance with the principles
of green chemistry, photochemical processes can contrib-
ute to a more sustainable production of chemicals [21-23].
Waste reduction can be achieved as photons are regarded
as renewable and traceless reagents [24—26], and the gen-
erally mild reaction conditions allow for safer processes.
A significant aspect of photochemistry that ties in with
the green chemistry concepts is visible-light photoredox
catalysis [27, 28], since this enables the use of sunlight as
a renewable and perennial light source [29, 30]. To inten-
sify solar photochemistry, effective harvesting of sunlight
in combination with continuous-flow technology is cru-
cial to unlock its full potential [10, 12, 29, 31, 32]. A
wide array of different solar reactors has been developed
over the years, ranging in sizes and light concentrating
abilities [31, 33, 34]. Examples of non- or low-concen-
trating designs are flatbed reactors [35] and compound
parabolic collectors [36, 37], whereas reactors, such as
parabolic troughs [38, 39], parabolic dish solar concen-
trators [40] and solar furnaces [41, 42] are designed to
focus and concentrate solar light to the reactor surface.
These concentrating designs excel in intensifying solar
irradiation using mirrors and reflectors but suffer from
other drawbacks: they generally require large collection
areas, encounter overheating issues due to the increased
solar intensity and require relatively clear weather condi-
tions for operation due to the restricted use of only direct
incident light. This imposes the need to use solar trackers
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and limits the terrestrial locations where this technology
can be deployed. The non-concentrating designs, such as
the flatbed reactor, are generally operated at a specific tilt
angle, without the need for solar tracking because they can
make use of diffuse as well as direct light. However, since
solar light is not concentrated, the light intensity for such
devices cannot be increased further to match those of the
concentrating devices.

Therefore, the Holy Grail for the productive use of solar
irradiation for chemical production would be a device that
can efficiently use both the direct and diffuse portions of
incident solar irradiation and effectively concentrate the light
without the need of solar tracking. Although technological
advancements can contribute to the development of such a
device, a possible solution lies within the field of material
sciences, where Luminescent Solar Concentrators have been
guiding light for more than 40 years [43] In this review, we
provide an overview of our efforts to develop the concept
of the Luminescent Solar Concentrator-PhotoMicroreactor
(LSC-PM), which can harvest solar energy to promote light-
driven photochemical transformations.

2 Luminescent solar concentrators

In the late 70 s, Luminescent Solar Concentrators (LSCs)
were introduced to reduce the cost of solar electricity
[44-46]. Combining luminescent media to down-convert
and guide light towards a photovoltaic (PV) cell allowed
enhancement in the electrical production while keeping
the size of PV cells, that were expensive to manufacture,
small. While the costs of the technology could not compete

Fig. 1 Working principle of an
LSC: (1) The solar radiation
reaches the material. (2) The
luminescent dye in the material
absorbs the incoming radiation.
The dye re-emits a down-shifted
radiation in every direction. (3)
The emitted radiation is guided
towards the edge of the material
to be collected with a photovol-
taic cell

N,

\
*. Solar cell

with the low prices of electricity produced from oil at the
time, the depletion of fossil fuels pushed researchers to
improve the LSC technology for wider implementation
[43]. The aesthetics and the robustness of the technology
granted the LSCs an advantage against conventional PV
panels in urban areas. Hence, the LSC design has been
implemented in various environments, such as smart win-
dows [47], noise barriers [48], bike stations [49] and in
horticulture [50]. Their ability to gather both diffuse and
direct light is a characteristic that sets LSCs apart from
competitive technologies and allows for its implementation
in fluctuating or low light intensity environments.

LSCs are typically made of inexpensive materials, such
as plastics containing fluorescent dyes or glass covered
with a luminescent coatings [43]. The incoming solar
irradiation is absorbed by the luminophores and a signifi-
cant fraction is re-emitted inside the material. The emit-
ted radiation is guided by total internal reflection towards
the edge(s) of the material. According to Snell’s law,
when light travels from a high refractive index media to a
lower refractive index, a critical angle can be determined
(a =sin~! (n7!), where n is the refractive index of the host
material) [43]. If the incident ray reaches the interface
with a greater angle, it will be internally reflected and will
not escape the medium (Fig. 1). For a typical LSC with a
refractive index around 1.5, it means that approximately
75% of the photons will be internally reflected and guided
towards the edges of the material, where a PV cell is often
located [43].

While LSCs have been widely studied and described for
electricity production, their attractiveness expanded into
other applications such as position sensors, H-production,

1) Solar irradiation

N\ Escape cone "\ Waveguide
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X-ray scintillators, algae production and LED-pumped
luminescent concentrators [51, 52].

2.1 The genesis of the LSC-PM concept

Inspired by the way natural tree leaves gather solar light
[29], our groups imagined an LSC combined with microflow
technologies to make use of this light gathering effect to
power photochemical transformations (Fig. 2). Analogous to
antenna’s pigments guiding solar energy towards the chloro-
phyll reaction center [53], the luminescent dye, together with
the LSC’s internal reflective properties, focuses the photons
towards the reaction channels. Thus, contrary to traditional
LSC applications, the light trapped by the luminescent wave-
guide can be intercepted by the reaction mixture instead
purely being focused towards the edges of the device.
Because of the reaction channel placement within this
device, the path followed by emitted photons is inherently
short, which allows the microreactor to minimize reabsorp-
tion losses from which the photovoltaic LSC technology suf-
fers when light travels over larger distances [54]. This ena-
bles the doping of reactors with a higher dye loading without
significantly increasing the reabsorption losses, improving
the light harvesting even further. As the reaction kinetics of

photochemical transformations are critically dependent on
the number of photons, the increased photon flux reaching
the reaction channels enhances the productivity of the solar
reactor.

In addition to the light-guiding effect, the photon-absorb-
ing luminescent dye re-emits radiation in a narrow wave-
length range through fluorescence which, if judiciously
chosen, overlaps the absorption band of the photocatalyst.
This feature is unique for the LSC-PM and allows conver-
sion of broad-spectral daylight into useful photons matching
the intended application. In addition, a narrow spectral dis-
tribution could improve the overall reaction selectivity; for
example, undesired wavelengths often cause degradation of
the starting materials and/or products and normally need to
be filtered out, leading to reduced energy efficiencies of the
light source [55]. As a concrete example in our work, a 5 X5
cm? serpentine six-channel polydimethylsiloxane (PDMS)
Luminescent Solar Concentrator Photo-Microreactor (LSC-
PM) was doped with a luminescent red dye, Lumogen Red
305 (LR305). This commercial dye absorbs visible wave-
lengths below 600 nm and re-emits around 654 nm. This
matches almost perfectly with the absorption maximum of
Methylene Blue (MB), a commonly-used photocatalyst (see
Fig. 3) [56].

Photon
Antenna
pigment

molecules

Resonance
transfert of

Dye
molecule

Total Reaction

internal
reflection

Channel

PDMS
lightguide

Fig.2 Working principle of the leaf-inspired Luminescent Solar Concentrator Photo-Microreactor. The photons reaching the lightguide are
directed via internal reflection to the reaction channel embedded into a PDMS-based LSC. Reprinted from [57]
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Fig.3 Wavelength conversion
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Fig.4 A Model representation of the PDMS LSC-PM. Simulated rel-
ative contributions to the photon fates for the overall photon balance
(B) and per transmitted wavelength (C). Reprinted from [58]

2.2 Modelling and experimental validation
of the LSC-PM concept

To assess the efficiency of the LSC-PM, photochemical
oxidations were performed under various reaction condi-
tions. Comparing the performances of the LSC-PM against
an identical, non-doped reactor highlighted the importance
of including the dye as dopant. A kinetic enhancement up to
4.5 times could be realized for the singlet oxygen-mediated
cycloaddition of 9,10-diphenylanthracene to yield the cor-
responding endoperoxide [57].

Encouraged by these first experimental results, a model
was built which would offer a full understanding of the
influence of several design parameters on the reactor perfor-
mance. To this end, Monte Carlo ray-tracing was employed
to gain insight into the photon balance of the system [58]. In
these simulations, the solar spectrum was emulated by gen-
erating photons and randomly assigning their wavelengths
based on an AM 1.5G probability distribution function. The
generated photons irradiate a 3D representation of the 5 x5
cm? serpentine six-channel LSC-PM (see Fig. 4A), where
the fate of each photon in the system was determined and

T 1
550 600 650 700
Wavelength (nm)

I
500

the simulation results were experimentally validated with
the previously described LSC-PM. The simulation results
are shown in Fig. 4B, C, where the fraction of photons per
final photon fate are given. Here the photons either reach
the channels via direct irradiation or luminescence or are
considered as losses (i.e. reflected, transmitted through the
reactor, escaped from the reactors top/bottom/edges or non-
radiative losses).

Optimization of various key LSC-PM design parameters
was subsequently carried out in silico. Increasing the dye
doping resulted in a decrease in transmittance through the
reactor, while at the same time minimizing the loss of pho-
tons via reflection on the bottom reactor surface. Another
interesting finding of these simulations was that a large frac-
tion of the transmitted photons was > 600 nm wavelength
(Fig. 4C), i.e. a region where the luminophore absorbs
poorly or not at all, indicating that transmittance cannot be
fully prevented with increasing dye doping. Importantly,
being transparent for IR irradiation, the LSC-PM does not
require additional cooling as compared to other solar reac-
tors. In addition, the fraction of photons leaving the reactor
via the edges (i.e. edge emission) increased at higher dye
doping, exemplifying the increased light-guiding effect and
decrease of transmittance. The edge emission losses found in
small LSC-PM devices were expected to diminish for larger
devices, since the photons would then need to travel over a
larger average distance to reach the device edges with ever
increasing probability of light re-absorption with increas-
ing size. Several larger LSC-PM designs, up to 1 m?, were
simulated with varying channel sizes and channel patterns.
Of these simulations, the average path travelled by photons
in the device were computed, concluding that the edge emis-
sion losses were indeed diminished and that the smallest
inter-channel distances would minimize the relative non-
radiative losses.

2.3 Scale-up of the LSC-PM

The 5x5 cm? LSC-PM design is, however, not suited for
large-scale solar photochemistry. Scaling micro- and milli-
flow reactors in general, but even more so for photochemical
applications, can be a challenging endeavour [11, 13, 59].

@ Springer
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| ! 2.4 PMMA-based LSC-PM enable photocatalytic
A B Cc o L
applications across the entire visible light
- spectrum

Fig.5 The three distribution/collection configurations: A manifold/
manifold, B bifurcation/bifurcation and C bifurcation/manifold.
Reprinted from [60]

A suitable strategy for scaling up the LSC-PMs is num-
bering up of the reactor channels: distribution of the inlet
process stream over several parallel reactor channels [60].
For the application of this strategy to the LSC-PMs several
different configurations for flow distribution and collec-
tion were considered to ensure equipartitioning of the flow
(Fig. 5). It was found that a bifurcation design contributed
to an overall larger pressure drop but could minimize the
relative standard deviation of the average residence time
of the parallel channels. The opposite effect was observed
for the manifold chamber design. The increased pressure
drops when the bifurcation design was used for both flow
distribution and collection (Fig. 5B) resulted in leakages,
but changing the collection design to the manifold cham-
ber resolved this issue (Fig. 5C). This final design ensured
equipartitioning of the flow, while maintaining an accept-
able pressure drop. Interestingly, this same configuration
was later used in the scale-up of another light-harvesting
reactor design, i.e. the so-called Fluorescent Fluid Photo-
chemical Microreactor. Instead of the luminophore being
dispersed in the waveguide material as for the LSC-PM,
this 3D-printed reactor design incorporates a fluorescent
fluid in channels around the reactor channels [61, 62]. This
enables the reactor to be used with different luminophore
solutions and to replace this liquid after prolonged expo-
sure to light.

Another crucial parameter for the parallel channels in
the LSC-PM is the inter-channel spacing, as previously
discussed for the ray-tracing simulations. For the scaling
of an LSC-PM device, depending on the waveguide mate-
rial and luminophore doping, an optimal inter-channel
length can be determined. This optimum will be a trade-off
between the increased sunlight-harvesting area, the reab-
sorption losses between the channels and the ratio between
reaction area and sunlight-harvesting area.

@ Springer

Even though PDMS-based LSC-PM devices are easy and
cheap to fabricate, some inherent shortcomings remained,
limiting the versatility of the technology. The PDMS-based
waveguide of the microreactor suffers from low-optical and
chemical stabilities as most organic solvents tend to diffuse
in PDMS, causing swelling, leaching of dye and degradation
of the device [63]. To solve these issues, a second design
was pursued based on the embedding of chemically resistant
capillaries (e.g. Teflon-based capillaries) into a solid lumi-
nescent matrix (Fig. 6). Using commercially available inex-
pensive polymethylmethacrylate (PMMA )-based LSC plates
was deemed to be a suitable alternative. PMMA has been
studied extensively for electricity-producing LSCs, making
them widely available in different colours and sizes [64—66].

Although the chemical stability of the reactor would be
inherently improved with the design depicted in Fig. 6, it
cannot be ignored that a new interfacial barrier is added for
the light to travel through. To minimize the reflective effect
at the interface between the LSC and the capillary, different
high quality transparent capillaries were investigated, includ-
ing perfluoroalkoxy alkane (PFA), ethylene trifluoroethylene
(ETFE) and ethylene chlorotrifluoroethylene (ECTFE) with
respective refractive indices of 1.34, 1.40 and 1.44, respec-
tively. By testing the reaction performances of the reactors
containing capillaries with different configurations (e.g.
PDMS waveguide with PFA capillaries, PMMA waveguide
with ETFE capillaries), the team demonstrated that while
the capillary material did not significantly affect the reac-
tion performances, the waveguide material did have a pro-
nounced effect [67]. Owing to the better surface smoothness
and a higher refractive index of PMMA compared to PDMS
(respectively 1.49 and 1.44) the light trapping properties
were improved, translating to a 40% acceleration in reac-
tion kinetics.

Original LSC-PM
(PDMS)

Capillary-based LSC-PM
(PMMA)

Fig.6 Original channel design of the LSC-PM in a PDMS matrix
(left) and the capillary-based design with PFA capillaries in a PMMA
matrix (right). Reprinted from [67]
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Based on this new configuration, three differently col-
oured LSC-PMs were designed, enabling the luminophores
to be matched to diverse photocatalytic transformations
spanning the entire visible spectrum. To this end, in addi-
tion to the previously-established red LSC-PM design, both
green and blue LSC-PMs were manufactured to match with
other photocatalysts’ absorption bands. After scaling up the
concept up to a 30 x 30 cm? LSC-PM, several pharmaceu-
tically-relevant transformations were performed to validate
the designs (showcased in Fig. 7).

An improvement of up to 4.5-fold could be seen when
using both Eosin Y and Rose Bengal combined with the
green LSC-PM. Since the LSC-PM design is intended for
solar photochemical applications, they were tested under
simulated sunlight. In this regard, the amount of light down-
converted by the blue LSC-PM is inherently reduced due to
the low amount of UV radiation in the solar spectrum.

Overall, this second generation LSC-PM combining
PMMA-based waveguides and PFA capillaries addressed
the main limitations of the original PDMS-based reactor.
The PMMA provides strength, reproducibility and stiffness
to the reactor, together with a high luminescent dye stability
(3% decrease in absorption for LR305 after 85 weeks) [68].

Although this design shows incredible promises, Zhao
et al. raised concerns about mass transfer problems inside
the LSC-PM capillaries. By packing glass or zircon beads
inside the reaction channels, Zhao et al. managed to dou-
ble the reaction rate of the photochemical oxidation of
9,10-diphenylanthracene (DPA) [69]. It is a simple yet effi-
cient way to improve mixing inside the reaction channels

while maintaining the high photon flux reaching the reaction
mixture.

3 Automated LSC-PMs

The light-concentrating and -altering properties make the
LSC-PM a promising tool for converting solar light into
chemical bond energy via photocatalysis. Its ability to
gather both direct and diffuse lights allow the device to per-
form chemical transformations both under intense sunlight
and during cloudy weather. However, the number of pho-
tons reaching a photochemical device is far from constant
throughout the day, which brings additional challenges to
the LSC-PM project. For an LSC producing electricity, a
varying irradiation means current fluctuations which can
be handled if the energy is stored in batteries, for example.
However, for a chemical reaction, a drop in light intensity
leads to a decrease in conversion. This subsequently leads
to need for additional purification steps that could have been
avoided by using traditional light sources (e.g. LEDs). It is
clear that a viable production system has to be able to cope
with those naturally-occurring solar intensity fluctuations to
maintain an optimal conversion output.

3.1 Reliable production under variable weather
conditions

LSC technology offers a straightforward way to monitor
photons reaching the reaction mixture: the light escaping
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Fig.7 Overview of the reactions performed in the PMMA-based LSC-PMs: A Hydroxylation of boronic acids, B Oxidation of (L)-methionine,
C Benzylamine oxidation, D o-Terpinene oxidation, E Morpholine arylation. F Photograph of LSC-PM containing 3 different dye dopants.
Adapted from [67]
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from the edges of the material is proportional to the light
guided towards the reaction channels. A careful calibration
of the light intensity at the edges of the panel and the reac-
tion conversion grants access to a feedforward control sys-
tem. Such a control system could measure in real time the
edge emission of the reactor and adapt the flow rate of the
chemicals to ensure a constant conversion output.

The first control system was combined with a PDMS
based LSC-PM. An Arduino microcontroller is used to
adapt the liquid flow of a syringe pump and a light sensor
records the edge emission from the LSC-PM (Fig. 8). This
system ensures that a change in light intensity will result in a
change in flow rate. By varying the residence time inside the
reactor, a constant conversion can be maintained. An in-line
UV-visible sensitive spectrophotometer was used to monitor
the reaction conversion in real time and provided proof that,
indeed, the reaction conversion remained stable.

To assess the performances of such a system, our group
compared the conversion of two LSC-PMs performing a
similar photo-transformation in parallel under sunlight. One
reactor was controlled by the microcontroller system while
the other one was operated at constant flow rate. With the
control system, the conversion output remained between 86
and 93% while the non-regulated LSC-PM showed a con-
version fluctuating between 55 and 97% [70]. In this experi-
ment, the targeted conversion was set at 90% to make sure
that variations in conversion were rapidly noticed.

The properties and behaviour of such an automated
control system for the PDMS-based LSC-PM operation
under fluctuating light intensity were further investigated
by Soares et al. [71]. A model of the reactor was made,
based on the computational fluid dynamics (CFD) and
kinetic studies of the photochemical oxidation of DPA.
To realistically model this reaction, the reaction kinetics
were studied for varying light intensities measured by the

light sensor in the control setup. The rate constants of
this reaction were then experimentally determined for the
pseudo-first order reaction kinetics found at these different
light intensity levels. These rate constants were related to
the light intensity (power generated by the light sensor) via
a second-order polynomial regression and the model was
validated experimentally (Fig. 9A).

An important assumption made for the model is that the
light was homogeneously irradiating the reactor channels,
justified by the light guiding and the small dimensions of
the channel design. For the model to reflect its physical
counterpart, the simulated control system was equipped
with a time delay between receiving a light signal and the
control action that altered the flow rate. This time delay
was set to 0.5 s, as determined for the experimental setup.
The transient model was then subjected to a rectangular
cyclic function, varying the light sensor output between
0.48 and 0.01 W every 20 s, for a duration of 200 s. This
simulation was done for both a setup with and without
a control system, to highlight the effect of the varying
flow rate (Fig. 9B). The target conversion of 90% was
consistently maintained for the control-enabled system,
whereas the non-controlled simulation conversion fluctu-
ated greatly. To test the limits of the real-time applicability
of the control system, the time delay was varied (0.5, 1,
5 and 10 s), which resulted in no discernible differences
between the two shortest delays, but significant differences
were found for the longer time delays. In addition to rec-
tangular functions, triangular and sinusoidal functions
were also applied, since gradual variations in light inten-
sity represent actual outdoor operation more realistically.
As expected, this resulted in less drastically fluctuating
conversions for the longer time delays than found for the
rectangular function. These simulations showed the impor-
tance of minimizing the time delay between signal and
control action when using this feedforward control system.
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Fig.8 A Schematic representation of the feedforward controlled LSC-PM system. B Conversion profile under fluctuating solar irradiation with

and without control system. Reprinted from [70]
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3.2 Towards an off-grid solar-powered autonomous
chemical mini-plant

With this high-efficiency LSC-PM design controlled by the
feedforward system, we aspired to take the next step and
designed a self-sufficient system operated away from the
electric grid. This novel device was engineered by alter-
ing the previous construction process of the PMMA based
LSC-PM. By doing so, wider internal diameter capillaries
(increase from 0.75 to 1.6 mm) could be used, increasing
the internal volume of the reactor from 1.6 mL to 15 mL
(Fig. 10, left) [72].

As the red luminescent panel gathers photons only up
to~600 nm, [57] the transmitted fraction of incident photons
(Fig. 4B, C) can be used by a solar panel placed directly
behind the LSC-PM to produce electricity. This electric-
ity can be used to power pumps, mass flow controllers
and the control system (Fig. 10, right). To compensate

Fig. 10 Left: scaled up PMMA
based LSC-PM as the key part
of this solar mini-plant. Right:
mini-plant system ready to
perform the photooxidation

of methionine to methionine
sulfoxide. Adapted from [72]

the fluctuations in the electrical output under a fluctuating
weather, a battery is used as a buffer. The battery stores the
excess of electricity produced during periods of high light
intensity and compensate subsequently the lack of energy
generation during less sunny periods.

Having such an independent mini-plant system detaches
the photochemical reactor from the electricity grid and
allows it to be deployed at any location where such a pro-
duction unit is needed. Distributing the manufacturing pro-
cess allows a production onsite and on-demand of unstable
and toxic chemicals [73]. However, the LSCs gather both
direct and diffuse light, the optimal positioning can differ
from a standard photovoltaic cell. To investigate the effect
of the tilt angle of the LSC-PM on the annual performance
of the system, ray-tracing simulations were performed to
determine the relative yearly performance depending on this
tilt angle (Fig. 11A). The effect of this tilt angle on the daily
and annual performance of the system is shown in Fig. 11A,
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B. Tilting the LSC-PM at the optimal angle introduces addi-
tional day-to-day production stability and increases the total
yearly light-harvesting performance. Through additional
simulations, the expected optimal tilt angle and performance
of such a platform has been investigated for various locations
to show that this modular production system can perform at
various latitudes.

4 Outlook

In this account, we described our efforts towards the devel-
opment of the Luminescent Solar Concentrator-based Pho-
toMicroreactor (LSC-PM) and its application in the solar-
driven synthesis of organic molecules. The use of these
conceptually new photomicroreactors allowed transform-
ing solar energy to a concentrated and wavelength-shifted
irradiation which matches the absorption characteristics of
the photocatalyst. Consequently, LSC-based photomicrore-
actors provide increased photon fluxes and higher photonic
efficiencies with solar light as the sole energy source.

With the introduction of the automated LSC-PMs and the
self-sufficient, carbon—neutral mini-plant design, the only
source of external energy required to run these autonomous
platforms is the sun. This paves the way for the platform to
be used at remote and otherwise unattainable locations, e.g.
for the local production of drugs with a short shelf-life or
to address humanitarian needs, where fast action is often
required. Of special interest could also be the application
of solar photochemistry on other planets or in outer space,
where solar energy can still be efficiently utilized. At such
challenging locations, a small self-sufficient device could
deliver varieties of fine chemicals to the operators.

@ Springer

As discussed in this review, to intensify photochemical
reactions in LSC-PM devices, different organic dyes can be
introduced into the PMMA waveguide material to target spe-
cific wavelengths through down-conversion of incident light.
The realized improvement this brought about for the blue
reactor, in comparison to its red and green counterparts, was
limited due to the small UV-fraction of solar light on Earth,
where the atmosphere shields us from most harmful UV-B
and UV-C irradiation. In contrast, outer-space applications
of the LSC-PMs could harness this irradiation because of
the absence of this absorbing atmosphere.

Even though the tunability of the targeted wavelength by
choosing another dye might seem ideal, the current LSC-PM
design does not allow interchangeability of the dye, a feature
the Fluorescent Fluid Photochemical Microreactor design
does display. In practice, this means that a dedicated reactor
must be manufactured for each set of photocatalysts within
a certain absorption band. However, it is our opinion that
the cheap nature of the LSC-PM material provides decisive
economic advantages.

Furthermore, due to their appealing colours, LSC-based
photomicroreactors can also be used as structural design ele-
ments in the construction of chemical plants. In combination
with solar activation, such initiatives will help to alter the
public (and often negative) image of chemistry and to make
chemical plants more appealing and sustainable.

Finally, with their ability to harvest both direct and dif-
fuse sunlight, the next generations of LSC-PMs have a bright
future. Their widespread use in the chemical industry could
lead to greener and more sustainable chemical processes
using solar energy as the sole source of clean energy.
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