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Real-time reaction control for solar production of
chemicals under fluctuating irradiance†

Fang Zhao,‡a Dario Cambié, ‡a Volker Hessel,a Michael G. Debijeb and
Timothy Noël *a

Arguably, one of the major practical barriers hampering a wider

use of solar energy to promote photochemical reactions are the

variations in sunlight intensity at different times of the day as well

as the fluctuations caused by passing clouds. Herein, we present

an automatically responsive reaction control system enabling solar

photochemistry under vastly changeable irradiance conditions.

While the luminescent solar concentrator photomicroreactor

(LSC-PM) design converts solar light into a narrow and steady

spectral distribution, this reaction control system, inspired by the

Quality by Design approach, maintains the reaction conversion

constant at a set target value by dynamically changing the resi-

dence time in the reactor. The superior efficiency of an LSC-PM

equipped with this reaction control system is shown both with

artificially generated light fluctuations and in outdoor experiments

using sunlight.

Introduction

Solar energy, as well as renewable energy sources in general,
are going to be increasingly important in the future,1 not just
to match the rising global energy demand but also to enable
the production of fine chemicals.2,3 Recently, photoredox cata-
lysis has emerged as a versatile tool for solar synthesis as it
allows the use of visible light, which constitutes over 40% of
the solar radiation at ground level.4 With photoredox catalysis,
photons can be used as a green and traceless reagent for a
wide variety of chemical transformations.5–7 For example, the
direct use of solar energy in the photocatalytic depolymeriza-

tion of lignin might aid the transition from fossil to biomass-
based feedstock.8 While the flask in the sun has long been the
traditional approach to solar photochemistry, modern solu-
tions need to be not only effective but also photon-efficient to
balance the relatively dilute energy content of solar
energy.2,9,10

We have recently proposed a device, called a luminescent
solar concentrator photomicroreactor (LSC-PM), as a solution
for energy-efficient solar photocatalysis.11,12 Our reactor
exploits the ability of luminescent solar concentrators to
harvest both direct and diffuse light, downconvert it to a
narrow spectral range and deliver the luminescent photons to
the embedded microflow channels.13 This approach is
superior to optical concentration solutions which can only use
direct irradiation.14,15 This results in a device that allows the
direct use of solar energy for photochemical reactions, without
any intermediate energy conversion. However, as a result of
light scattering by clouds, solar light at ground level can sig-
nificantly fluctuate in intensity.16–18 In particular, while seaso-
nal and diurnal trends in solar irradiance can be described by
astronomical relationships, local short-term fluctuations are
mostly a function of stochastic parameters (including cloud
frequency and height, atmospheric aerosol and turbidity,
water vapour, and ground albedo).19–21

In Fig. 1A, the global horizontal radiation of a cloudy
September day in Eindhoven, the Netherlands is presented as
an example. It is clear that a control system capable of mitigat-
ing the impact of the fluctuating solar irradiation is needed to
efficiently power a photochemical reaction with sunlight.
Several flow-based reaction automation platforms have been
developed in recent years.22 The most common solution is to
employ on-line analytical techniques and to implement
changes to the reaction conditions with a feedback loop.23,24

However, this approach is ill-suited for a solar irradiance
responsive system since the variations in the light intensity
can be both frequent and significant.19 Furthermore, a delay
between the variations and the analytical measurement would
result in an erratic reaction conversion, especially with larger
reactor volumes. Clearly, for any solar photochemical process,
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the irradiance variation constitutes a critical process para-
meter.25 To manage the impact that this variability can have
on the reaction performance in outdoor applications, process
control technologies acting in real-time are needed.26 Ideally, a
reaction control system can be envisioned, capable of auto-
matically adjusting the residence time of the reaction mixture
based on the solar irradiance variation, resulting in a constant
product quality.27,28 In this way, inspired by the Quality by
Design approach, the reaction conversion is kept constant and
the selectivity can be maximized, thus simplifying the down-
stream processes.29,30

Results and discussion

To develop such a system, the reaction profile should first be
investigated as a function of both the light intensity and spec-
tral distribution. In the LSC-PM though, the photon flux
received by the reactor channels is mostly (>85% according to
ray-tracing simulations31) composed of luminescent photons
emitted by the lightguide-embedded luminophore.
Consequently, the spectral distribution can be considered con-
stant regardless of the incident spectrum (see Fig. 1B).
Therefore, if an LSC-PM design is used, the variation in the
spectral distribution of the solar light can be ignored, vastly
simplifying the requirements for the light sensing element of
the reaction control system. Furthermore, given that in the
LSC-PM the photon flux leaving the device at the edges is pro-
portional to the photon flux experienced by the reaction

mixture flowing in the microfluidic channels, it is enough to
measure the photon flux at the reactor edge to correct for the
variation of solar irradiance.31 All of these results in a simple,
inexpensive yet effective architecture for the reaction control
system, constituted by a light sensor connected to a microcon-
troller that directly adjusts the pump (Fig. 1C).

As a light sensor, a simple and inexpensive silicon photo-
transistor was chosen to monitor the photon flux emitted at
the LSC-PM edges.32 By including the phototransistor in a
voltage divider electrical circuit, the light intensity becomes
proportional to the voltage across a resistor connected in
series. In Fig. 1D, the variation in the light sensor signal with
the LSC-PM edge emission is presented. For our control
system, the voltage drop measured in this way was used as an
indirect measurement of the photon flux in the reactor
channel.

Information on the reaction profile under different light
irradiance conditions is pivotal for the successful implemen-
tation of our reaction control system, as it links the measured
edge emission with the required residence time for any conver-
sion target. As a model reaction, the [4 + 2] photooxygenation
of 1,9-diphenylanthracene with methylene blue as singlet
oxygen photosensitizer was selected (Fig. 2A), as its kinetics is
light limited, and because the conversion can be continuously
analysed in-line with a UV-VIS spectrometer.33 The continuous
monitoring of the reaction performance was especially con-
venient in the development of our reaction control system as it
allowed us to appreciate the relative impact of parameters such
as the sampling interval or the employment of a conversion

Fig. 1 Schematic overview of the real-time control system. (A) The variation of global horizontal radiation during a cloudy September day in
Eindhoven. The drastic reduction of the direct irradiation component of the solar spectrum associated with passing clouds is only partially compen-
sated by the increase in diffuse radiation. (B) The ability of LSC-PM to capture diffuse light and the relationship between the edge emission and the
photon-flux received by the reaction channels. (C) Schematic representation of the real-time reaction control system: the variation in solar irradiance
is read through a light sensor placed at the edge of the device. Depending on the light intensity, the pump flow rate is adjusted. In order to quantify
the reaction control performance, the conversion is monitored in-line with a spectrometer. (D) The plot represents the correlation between the light
sensor voltage and the edge photon flux. The light sensor voltage is measured as shown in the circuit scheme.
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allowance. It should be noted that once the reaction profile
has been obtained at different light intensities, no other
analytical measurements are needed and the reaction control
system (composed of the microcontroller and the light sensor)
is fully autonomous.

The reaction conversions measured at different residence
times and light intensities are reported in Fig. 2B. From the
fitting of the experimental results, a 3D surface can be
obtained correlating the three key parameters: conversion, resi-
dence time and light intensity, the latter described as light
sensor voltage (Fig. 2C). The intersection between the 3D
surface and each XY plane is a curve describing the relation-
ship between the light sensor voltage and the residence time
required for the reaction conversion corresponding to the Z
value of the XY plane. This contour line is based only on the
experimental results, with no assumptions on the relationship
between reaction profile and light intensity. As such, this
approach can be readily applied to any photochemical trans-
formation, once the relevant reaction profiles at different light
intensities have been elucidated.

To translate the light sensor voltage into a variation of the
pump flow rate, an inexpensive Arduino-based control system
was designed (see ESI† for details).34,35 The voltage value is
read as a 10-bit light level value (from 0 to 1023 for the 0–5 V
range) and the corresponding pump flow rate is calculated
based on the previously performed kinetic investigation. The
flow rate is then set to the pump via a serial (RS-232)
connection.

Within the architecture of the control system, the most
important parameter is the sampling interval, that is, the time
between two consecutive light intensity readings. Any delay
between the light intensity change and the corresponding cor-
rection of the residence time can result in deviations from the
target of conversion. Intuitively, an increase of light intensity
that is not immediately compensated with an increase in the
flow rate will result in an increase in the reaction conversion.
Conversely, a delay in the response to an irradiance decrease
would result in product conversions below the target value. It

has been observed36 that very few techniques are able to
operate with a sampling frequency matching that of microflow
devices. To achieve almost real-time responsiveness, we used a
phototransistor, whose response time is less than a
millisecond.

In the sampling rate timeframe, four events need to take
place. First, the voltage in the light sensing circuit has to be
read, then the microcontroller needs to calculate the corres-
ponding flow rate and send the data to the pump and, finally,
the pump updates the rotation speed of the stepper motor to
match the set value. Among these four steps, the last one is by
far the slowest. While a single voltage reading, calculating and
sending the corresponding flow rate together takes few milli-
seconds, the shortest interval to which the syringe pump can
respond to a flow rate change command is almost 500 ms.
This short delay was deemed to be suitable to maintain the
conversion stable within a 150 µl reactor as reported here (see
Fig. 3). Furthermore, this lower limit to the speed of the feed-
forward loop provides enough time to average between 4096
individual voltage readings for the light sensor circuit, result-
ing in a high accuracy (see ESI†). It is expected that, for larger
reactor volumes, a longer sampling interval might be used
resulting in similar performances.

For our experiments, a syringe pump powered by a stepper
motor was used. With this type of motor, the lifetime of the
pumping system is not affected by the continuous variations of
the set flow rate, therefore, using the shortest delay possible
for the control loop was not an issue. However, if the continu-
ous variations in flow rate would constitute a concern for the
pumping system, a conversion allowance can be set to skip the
changes to the pump flow rate, which would result only in
small conversion fluctuations. In this way, the flow rate would
only be updated when the projected conversion exceeds a pre-
defined limit value (see ESI†). Next, all the data was fed to a
reaction control box comprising a microcontroller, a display
showing the current light sensor voltage value and connec-
tions for the pump and the light sensor.

Fig. 2 (A) The model reaction studies. (B) Reaction conversion vs. time
at different light intensities and (C) the resulting 3D surface correlating
flow rate, conversion and light intensity.

Fig. 3 Effect of the system responsiveness on the ability to maintain
the target conversion, clearly showing the advantage of real-time
control versus feedback loops based strategies, which are characterized
by a longer latency.
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To evaluate the effectiveness of the reaction control system,
we compared the ability of an LSC-PM reactor with and
without reaction control to mitigate a programmed set of light
irradiance fluctuations (Fig. 4, top). The target conversion was
set at 50% since, at that conversion level, the reaction profile is
still strictly dependent on the photon flux received. From the

results presented in Fig. 4, it is clear the reaction control
system is able to maintain a stable conversion despite the dra-
matic fluctuations in the incident light irradiance. In particu-
lar, the conversion with reaction control varied in the 48–53%
range, while without reaction control the reactor passively fol-
lowed the programmed variations in light intensity with vari-
ations in reaction conversion between 26 and 66%. Finally, we
moved toward testing the reaction control system under
natural sunlight conditions. In this case, the conversion target
was set to 90% as a more significant value from a production-
oriented perspective. A setup was assembled and placed on a
movable trolley (Fig. 5A) and tested outdoors on a day charac-
terized by variable sky conditions (see ESI† for details). To
compare the performance of two reactors under the same con-
ditions, a 4-way valve was used to alternatively measure the
conversion of each reactor with the in-line spectrometer. In
particular, the LSC-PM with reaction control system was com-
pared both to a simple LSC-PM (Fig. 5C) and to a traditional
non-doped analogue (Fig. 5D). The flow rate of the reactors
without reaction control was set at the beginning of the experi-
ment to be equal to that of the reactor connected with the reac-
tion control module. As is evident from the graph, the reaction
control significantly improved the stability of the reaction con-
version with respect to the solar irradiance variations (Fig. 5C
and D). In particular, the reaction conversion in the LSC-PM
with reaction control remained in the 86–93% range, while it
spanned between 55 and 97% in the LSC-PM without reaction

Fig. 4 Impact of the reaction control system on the conversion in
response to an arbitrary variation of irradiance intensity. The reaction
control system reacts in real-time to the variation in light intensity by
changing the pump flow rate, resulting in a stable conversion (set to
50% in this case). On the other hand, the reaction conversion in the
reactor without microcontroller merely follows light intensity variations.

Fig. 5 Validation of the reaction control system in an outdoor experiment. (A) Photograph of the set-up. (B) Schematic representation of the experi-
mental setup. (C) Comparison between LSC-PMs with and without reaction control and (D) comparison between an LSC-PM with reaction control
and a non-doped reactor.
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control and between 14 and 50% in the non-doped reactor.
The variability in the conversion of the reactor with the reac-
tion control system is mostly due to the fact that the variation
in the pump flow rate does not immediately translate in a
corresponding change of the residence time in the reactor due
to elastic nature of the reactor material. Not surprisingly, the
reaction conversion in the reactor without reaction control fol-
lowed a very similar trend as the light intensity measured by
the light detector at the LSC-PM edge. This evidenced, once
more, the need for a real-time reaction control system capable
of correcting the process parameters to afford a constant
quality in solar-based chemical production.

Conclusions

We have developed an inexpensive and efficient reaction
control system capable of correcting in real-time the residence
time of a photochemical reaction based on the variation in
local irradiance. This system, requiring only an inexpensive
microcontroller and a phototransistor, was designed taking
advantage of the unique characteristics of the LSC-PM concept
and can be used to automate the solar-powered photon-
efficient production of chemicals via photochemistry, without
the need for solar-tracking systems. Further investigations on
the application of such a system on a large-scale solar photo-
reactor are currently underway in our research group.
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