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Clean Carbon Cycle via High-Performing and Low-Cost

Solar-Driven Production of Freshwater

Valerio Mazzone, Marcella Bonifazi, Christof M. Aegerter, Aluizio M. Cruz,

and Andrea Fratalocchi*

While renewable power available worldwide costs increasingly less than the
least expensive option based on fossil fuels, countries continue to increase
their coal-fired capacity, which should conversely fall by 80% within a decade
to limit global warming effects. To address the challenges to the implementa-
tion of such an aim, here, a path is explored that leverages on a previously
unrecognized aspect of coal, opening to a new solar-driven carbon cycle that
is environmentally friendly. By engineering the porosity matrix of coal into a
suitably designed compressed volumetric structure, and by coupling it with a
network of cotton fibers, it is possible to create a record performing device for
freshwater production, with a desalination rate per raw material cost evalu-

current crisis of unregulated CO, emission
levels, to mitigate climate change through
an umbrella of “4Rs” that could reduce,
reuse, recycle, and remove excessive
carbon from the atmosphere.l! At the core
of CCE is a wide range of technologies,
ranging from negative emissions to
carbon capture/storage and natural cli-
mate solutions, which aim to establish
clean energy transition pathways toward
the Paris agreement.?!

A significant challenge to implementing

ated at 1.39 kg h™ $' at one sun intensity. This value is between two and
three times higher than any other solar desalination device proposed to date.
These results could envision a clean and socially sustainable cycle for carbon
materials that, while enabling an enhanced water economy with global access
to freshwater and sanitation, poses zero risks of reinjecting co, into the envi-
ronment through competing economies in the fossil’s market.

1. Introduction

The recent G20 has championed the framework of circular
carbon economy (CCE) as an inclusive vision to address the

V. Mazzone, M. Bonifazi, C. M. Aegerter

Physik-Institut

University of Ziirich

Winterthurerstrasse 190, Ziirich 8057, Switzerland

A. M. Cruz

PERA Complexity, B.V. (Processes for Evolutionary Complexity Research
and Applications)

Hoogoorddreef 15, Amsterdam 1101 BA, The Netherlands

A. Fratalocchi

PRIMALIGHT

Faculty of Electrical Engineering

Applied Mathematics and Computational Science

King Abdullah University of Science and Technology - KAUST
Thuwal 23955-6900, Saudi Arabia

E-mail: andrea.fratalocchi@kaust.edu.sa

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adsu.202100217.

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adsu.202100217

Adv. Sustainable Syst. 2021, 202100217 202100217 (1 of 8)

CCE’s objectives lies in devising truly cir-
cular technologies, which do not allow CO,
to re-enter the atmosphere through com-
peting economies along the fossil chain. For
example, this could happen if synthetic jet
fuels produced by recycling environmental
CO, supply energy to conventional engines,
which do not block CO, emissions. This
opens the question of whether it is pos-
sible to devise an adaptive path to the CCE
that could combine cost-effective opportunities with social pre-
disposition factors, providing new avenues in the fossil value’s
chain that could help address climate change while promoting
environmental security.

According to the world forum,?! the scarcity of freshwater rep-
resents one of the most imminent crises of our society, killing
more than 8 million people per year from famine, poor health,
and hygienic conditions. The United Nations (UN) estimates that
in a few years, 1.8 billion people (almost one-fifth of the world’s
population) will lack access to freshwater, calling for new technol-
ogies that could address this problem.! Currently, the artificial
production of freshwater relies on fossil-fuel powered and high-
maintenance methods, such as reverse osmosis or underground
water extraction, whose discharged brine is polluting oceans and
severely undermining the planet’s hydro-geological equilibrium.

Solar steam generation has recently shown great potential in
devising a clean approach to purification and freshwater pro-
duction, desalination, and wastewater treatment.51818-21] Cyr-
rently, the best evaporation efficiency—not including costs—is
at 3.2 kg h™"m™ from 1 sun solar irradiation and reported for
nanostructured gels.'®! However, the manufacturing of these
materials is expensive and hinders industrial applications.

Nature-based solutions offer the opportunity to address cost
issues while maintaining efficient performances. In this work,
we implement a highly efficient, scalable solar water generator
by using a bottom-down device made with natural coal and
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cotton fibers. Water transportation is partially decoupled from
solar-to-thermal conversion, allowing the direct optimization of
each independent process for providing the best results. The

performance of the device [n,]=| ] measured in terms

of kilograms of freshwater produced every hour at 1 sun illu-
mination intensity and with 1 $ of raw material, is two times
higher than the closest available competitor, represented by
carbon-coated paper.?2l The high performance of this system
result from the combination of a high desalination efficiency
n=22kg h™ m™ at one sun, with inexpensive materials cost
due to the large availability of coal reservoirs worldwide. 23]

The technology proposed in this work follows the G20
Energy Ministerial’'s endorsement on the CCE in the framework
of Natural Based Solution (NBS),!!l representing a cost-effective,
value-adding strategy to mitigate climate change. It contributes
to reducing fossil's combustion, which is the most substan-
tial cause of the human-made increase of CO, in the atmos-
phere,?Y channeling fossil value products into an enhanced
water economy that could benefit the society by addressing
the pressing crisis of water scarcity. The proposed technology
also complies with social sustainability factors, as it suggests
an avenue for employing fossil’s value products in clean cycles.
If with no risks of reinjecting CO, in the atmosphere through
competing economy loops along the fossil chain.

2. Material and Sample Preparation
Coal, either in fossil form or human-made carbonized structures

(charcoal), has many advantages for solar steam generation in
terms of strong light absorption, worldwide availability, and

b
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low cost. The main disadvantage lies in its porosity, which is
usually insufficient to guarantee adequate water transport for
enhanced evaporation. To address this issue, we suitably engi-
neer the material porosity to achieve good water transport while
enhancing the material’s absorption properties.

Figure la—c provides a 3D illustration of this process. It
starts from a piece of carbonized organic material or fossil coal
(Figure 1a), which is first powdered (Figure 1b) by industrial
blending and then compressed into a carbonized compressed
powder (CCP) (Figure 1c). Herein we manufactured CCP by
using carbonized coconut shells, which are off-the-shelf available
and inexpensive material that can be easily processed with scal-
able and industrially-ready equipment. The carbonized coconut
shells powder is obtained after carbonization at 500-600° tem-
peratures at resident time of 5 min, and is characterized by parti-
cles size of 500 um. To further characterize the CCP material we
conducted X-ray diffraction measurements and registered the cor-
responding spectrum (Figure S1, Supporting Information). Coal
characteristic peaks are clearly observable at 26 =20° and 26 =40°,
referring respectively to (002) and (041) crystalline planes. The
peaks of the analyzed sample are broader than the standard coal
spectrum?’! due to the high degree of amorphous structures and
defects. The CCP forms the core of a thermally isolated, two-stage
steam generation device, illustrated in Figure 1d.

When used as a water desalination system, the CCP exploits
the synergy between cotton fibers and carbonized powder. The
former is a primary water transportation system inside the
CCP, and the latter constitutes both a volumetric light absorber
and a secondary liquid transportation system. In the device in
Figure 1d, the water is first extracted from the bottom reservoir,
reaching the CCP through the cotton channels emerging from
a thermally insulating platform (Figure 1d, white substrate).

d

Cotton
Fibers

Water
Reservoir

Thermal insulating
layer

Carbonized Compressed Powder

Figure 1. Fabrication process for production of carbonized compressed powder (CCP): a) a piece of fossil coal or organic carbonized material, b) is
fine powdered by blending, and c) then compressed into an engineered carbonized compressed powder (CCP). d) Schematic of the solar absorber
structure consisting of CCP and cotton fibers. The water is absorbed by the fibers (green arrows) and then distributed inside the CCP volume through
a dense network of microchannels (red arrows and blue lines). A insulating layer guarantees thermal isolation between the bulk water and the CCP.
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Water then diffuses inside the CCP through a complex network
of micro-channels (Figure 1d, light blue lines). Capillary forces
act on the liquid inside the CCP and transport the water from
the bulk toward the upper surface and lateral walls (Figure 1d,
red arrows), where broadband light absorption from the sun
promotes the process of steam generation. Conversely to 2D
structures, the device presented in Figure 1d is a 3D struc-
ture that absorb light from the top plane of the CCP, while the
water-to-vapor conversion is carried out from all the surfaces
exposed to air, allowing the device to go beyond the water-to-
vapor conversion limit of 1.47 kg m™ h™". The use of cotton
fiber as a primary water extract system isolates the CCP light
absorber from the water, thus improving overall evaporation.
By using a computer numerical control facility, we manufac-
ture the holes in Figure 1d that accommodate the cotton fibers,
passing the cotton across the gaps at different heights following
perpendicular directions (Figure 1d). This approach guarantees
a more considerable diffusion of water inside the CCP volume.

An essential benefit of CCP versus untreated coal lies in a
higher water purification capability of the former. By powdering
the coal and pressing it back together to form a bulk structure,
it is possible to achieve a higher degree of porosity, with the net
benefit of increasing the surface area available for adsorption of
toxic compounds and other pollutants. In addition to that, by
acting together with the CCP, the cotton fibers prevent organic
and inorganic macro-molecules from being absorbed by the
other thermally active part of the device, enabling freshwater
production with low cost and high efficiency.

3. Sample Characterization

The ability of CCP to retain and distribute water depends on
its complex porous network. This structure is created during

a
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the powdered phase within a rigid framework of disordered
layers of carbon atoms, bonded together and unevenly stacked
by chemical bonds that originate a highly porous structure of
niches, cracks, and gaps within the carbon matrix. The porosity
of CCP provides a large surface on which adsorption of a mole-
cule can take place. Adsorption occurs by van der Waals and
other attractive forces in pores that are slightly larger than the
molecules to be adsorbed. Therefore, it is crucial to adapt the
carbon network’s pore size to the molecule to be adsorbed
during the compression process. The fundamental properties
that regulate adsorption in the CCP are the surface area, the
total pore volume, and the pore radius.

Figure 2a shows an example image of the fabricated CCP
samples, following the porosity engineering illustrated in
Figure la—c. This treatment also has the beneficial effect of
improving the optical absorbance of the carbon material, as
demonstrated in Figure 2b by diffuse absorbance measure-
ments with a control based on fossil charcoal®® and carbon-
ized wood (CW). The analysis reports that CCP behaves as a
strong light absorber across a wide range of wavelengths, from
400 to 800 nm, reaching absorption values as high as 98.5 %.
Figure 2b demonstrates that the CCP obtained with the opti-
mization process of Figure 1 presents improved light-absorbing
capabilities along the whole represented spectrum and quanti-
fied as 3% and 1.5% higher than carbonized wood and fossil
charcoal respectively.

We study hydrophilicity properties of CCP by measuring the
contact angle 6 formed by a drop of water in contact with the
CCP surface. We collect multiple measurements from different
drops deposited in non-adjacent points of the surface of CCP
blocks (see Figure S3, Supporting Information). The average
value of 8 is 49°, below 8}, =90°, which is the threshold value
adopted in the literature to discriminate between hydrophobic
and hydropilic behaviors. It emerges from the measurements
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Figure 2. Material and optical characterization of CCP. a) Fabricated CCP cube 2.5%2.5x2.5 cm? b) Absorption spectra of fossil charcoal 2l CW (car-
bonized wood) versus CCP. c—e) SEM images of CCP for orthogonal plane cross-sections.
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Figure 3. Characterization of CCP water absorption capability. a) Experimental set up to measure water absorbance and porosity. b—g) Time dynamic
of the liquid absorption process inside CCP over 180 min. The ink level is made visible at every step though a UV lamp. h-m) Dynamic of liquid
absorption in the device composed of CCP and the complex network of cotton fibers over 90 min. The system reaches saturation in half of the time

with respect to the CCP with no fibers.

that cotton fibers does not influence the hydrophilicity of
the CCP.

Figure 2c—e shows a morphology analysis of a CCP sample
studied through scanning electron microscopy (SEM) with a
Zeiss Supra 50 VP microscope along three different perpen-
dicular cross-sections. The images show the same pores’ dis-
tribution characterized by a complex network of micro-sized
channels ranging from tens of microns to hundreds of nanom-
eters. The SEM gray-scale images also provide information
about the CCP porosity, defined as the ratio between the total
volume occupied by the pores and the sample’s overall volume.
The porosity is quantitatively measured applying an image pro-
cessing algorithm to the SEM images as described in ref. [27]
and detailed in the Supporting Information (Section: Porosity
Estimation).

This analysis shows that the CCP has an average porosity of
29.8%, with a standard deviation of 1.8%. The sub-micrometer
pores radius varies within the range of 100-300 nm, with a
porosity density of 153 x 10° pores mm™. Conversely, microm-
eter pores’ radii lie between 2.4 and 5 Um, with a density of
10* pores mm™. The analysis of Figure 2c—e shows that sub-
micrometer pores are randomly distributed on the surface of
the microchannels, constituting the openings for the nano-
channels that spread in every direction, intercrossing other
micro/nanochannels and shaping the highly interconnected
disordered structure.

To confirm these measurement results, we use a liquid
absorption method to absorb a marker liquid in the sample until
saturation. When this occurs, the sample’s weight stabilizes

Adv. Sustainable Syst. 2021, 202100217 202100217 (4 of 8)

over time. The fluid volume inside the sample-and thus the
porosity—is then calculated by subtracting the final weight
from the sample’s initial one. Figure 3a shows the setup used
to measure the porosity values of the CCP. It consists of an ana-
lytical balance and a beaker. We fill the beaker with a contrast
liquid composed of water and fluorescent ink to characterize
the height at which the fluid flows over time. Figure 3b shows
that at t = 0 the CCP is completely dry. Figure 3c—g illustrates
the photo-sequence of the progressive absorption of contrast
liquid through the CCP.

The liquid method returns a porosity value of 30%, which
is in good agreement with SEM cross-sections measurements.
Figure 3h-m replicates the experiments of Figure 3c—g on the
CCP device embedded with cotton fibers. The addition of sec-
ondary cotton water extraction channels provides an enhanced
factor of 100%, with the CCP saturated in half of the time than
the cotton fibers-free configuration.

4. Indoor Experiment under 1 sun

Figure 4a illustrates the experimental setup used to test the
CCP water evaporation device. It consists of a beaker filled
with water, placed over an analytical balance, and insulated by
aluminum foil. A computer continuously records the weight
reported from the balance and measures the mass variation rate
of water due to evaporation. We illuminate the device under 1
sun (1 kW m™) and use a thin insulating platform to thermally
insulate the system (CCP and cotton fibers) from the water.

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 4. Indoor evaporation experiment. a) Optical setup with sun simulator to illuminate the structure, and balance to continuously measure the
water mass change. b—d) Thermal images and temperature measurement of the water reservoir, charcoal top side, and charcoal lateral side, respec-
tively. ) Comparison between the mass loss rate of water versus time under 1 sun illumination for bare water, carbonized wood, and engineered CCP
with cotton fibers. f) Comparison of global efficiency 7, defined as kg of freshwater produced per every hour, per every dollar ($) at one sun intensity

of solar desalination devices available in the literature.

The cotton fibers are immersed in water on both sides of
the CCP, going through the thermally insulating foam and
channeling water into the CCP volume thanks to the CCP com-
plex porous network’s macro and nano-channels.

We use an infrared (IR) camera to continuously monitor
the desalination system’s temperature for the duration of the
experiment (Figure 4b—d). Conversely, we monitor the water
temperature inside the beaker through a window cut in the
aluminum cladding (Figure 4a). Starting from a room tem-
perature of 25 °C, after 5 min (300 s) the temperature of the
top part of the device reaches 47 °C (Figure 4b) and 37 °C on
the side (Figure 4c). During this phase, the water does not
exhibit any appreciable temperature variation and stays con-
stant around T =25 °C.

Thanks to the presence of the cotton fibers as primary
water transportation system, this device decouples efficiently
the solar adsorber/evaporator from the seawater reservoir.
In this system cotton fibers collects most of the salts pre-
sented in the water, preventing salt accumulation on the
CCP surface. Being in continuous contact with water, fibers
are always wet, thus avoiding clogging and loss in transport
efficiency. In our studies, we were able to use the same CCP
block for four consecutive weeks, observing no significant
loss of performance.

Adv. Sustainable Syst. 2021, 202100217 202100217 (5 of 8)

Figure 4e reports the results of mass evaporation rate
over time. Bare water presents an evaporation rate of
My,0 =0.36Kg m™ h™', while standard carbonized wood (CW)
directly immersed in water and thermally insulated on the
sides produces a mass change rate of m, =1.1Kg m™ h™
(Figure 4e, green line). The CCP device shows a much higher
evaporation rate equal to m,, =2.2 Kg m™ h™", for a total mass
change of 4.4 Kg m™ in 2 h (Figure 4e, red line).

We calculate the evaporation efficiency of CCP applying the
established formulal?®! derived form the equation of energy
balance:

il
I)in

(1)

and followed the measurement process explained in ref. [29]
for volumetric absorbers. As described in ref. [15,16], high-
performing 3D evaporators can overcome the theoretical limit
of evaporation rate 1.47 kg/m™ h™ calculated for 2D systems.
In this case, this is due to an increase in evaporation surface,
considering the evaporation process happening from the illu-
minated top side as well as from the non-illuminated side-
walls. In addition, due to its porous nature, water evaporation
enthalpy is reduced!® and the intrinsic evaporation ability of

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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CCP is increased respect to pure water. When this condition
occurs, the efficiency of the volumetric evaporator exceeds the
value of 100%, which corresponds to the maximal efficiency
of a 2D evaporator at the evaporation rate of 1.47 kg m™ h™'.
The system proposed in this work reports an evaporation rate
of 2.2 kg m™ h™, corresponding to an evaporation efficiency of
149% measured against the maximum value of 2D absorbers.

To quantify the performance of our device in light of indus-
trial applications of solar steam generation, we calculated the
desalination rate per material cost 7,:

_ Kilograms of H,0 evaporated
=

(2)

hour x $ x sun illumination

In the cost evaluation, we calculate the price of the materials
for unit surface used in the various systems under considera-
tion, obtaining a figure of merit that is independent of the
device surface area, and directly dependent on the material
costs in $. In the calculation of costs we did not include costs
that are common to all described systems, and that cannot
be quantified because they depends on factors that are unre-
lated to the system itself. These costs include, for example,
preparation technology expenses such as electricity and labor,
which vary according to time, location, quantity of processed
materials, and cost of local man-power. The raw materials
employed in each technology (e.g., coal, paper, wood, gold,
cotton), on the contrary, define commodities whose costs are
defined by standardized indices and on international sup-
pliers/vendors websites, with fluctuations that are very small
in both time and space. Table S1, Supporting Information
shows a quantitative comparison of various state-of-the-art
systems with a detailed breakdown of indoor/outdoor desali-
nation efficiency, cost of raw materials, and combined desali-
nation efficiency x cost of raw materials. These results show
that raw costs impact each technology differently, with sig-
nificant differences from one system to another (Figure 4f).
The system presented in this work shows the highest evap-
oration rate per material cost, with 1.39kgh™ $7 at 1 sun
intensity, more than two times higher than devices that use
low-cost materials such as fiber-rich non-woven paper, cotton
sheets, carbon nanotubes, and carbon nanoparticles (0.64,22
0.367,1391 0.3, 0.125 kg h ™ $7,116:32] respectively), due to their
lower evaporation rates.

5. Outdoor Experiment

We implement a 34 cm X 34 cm large CCP prototype for solar
desalination and purification and place it near the seashore in
King Abdullah University of Science and Technology (Figure 5a,b).
The device encompasses a 20 cm X 20 cm area made of CCP
interconnected with 640 cotton fibers, each of 20 cm length. The
extremities of each fiber are immersed in the seawater collected
directly from the Red Sea, and stored in a central reservoir at the
bottom of the device. This ensures that water is continuously pro-
vided to the CCP for the duration of the experiment (Figure 5a).
As shown in Figure 5b, purified water condenses onto the wall
of the truncated-pyramid part of the device and is collected in the
ring-shaped reservoir manufactured at the bottom.

Adv. Sustainable Syst. 2021, 202100217 202100217 (6 of 8)
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The outside temperature, monitored during the experiment
from 7 AM to 7 PM (Figure 5c), ranges between 28 and 37 °C.
The average solar flux was 0.5 kW m™ with a peak of solar
intensity of 0.950 kW m™ at 12 PM.

We conduct analytical measurements with specific probes
on samples with Red Sea water and purified water from the
outdoor experiment to attest the quality and the efficiency of
the desalination process (Figure 5d-f). Salinity is decreased by
99.4%, dropping from 41 000 to 240 ppm, being well within the
range of values for fresh potable water (salinity should be lower
than 500 ppm, Figure 5d). The amount of total dissolved salts
(TDS) dramatically decreased as well, from 42 000 to 355 ppm,
well within range with the standard values for freshwater
(TDS <500 ppm, Figure 5e). Finally, we perform water con-
ductivity measurements of both water samples, observing a
reduction from 50 000 to 420 WS in the purified sample, also
well within acceptable values for potable water (between 150 to
500 US). We used ICP mass spectroscopy to further confirm
that freshwater resulting from the CCP evaporator is potable.
We considered five primary ion species Ca**, Mg**, K*, Na*,
B*, which are the typical most abundant ions in seawater.
Figure S4, Supporting Information shows a comparison
regarding the concentration level of the investigated primary
ions present in the seawater sample before and after the desali-
nation process. Their presence is strongly reduced and their
final concentration is well below the limits established by the
WHO and found in the literature.?*34

6. Discussion and Conclusions

We implemented and characterized a solar-driven water
generator composed of carbonized compressed powder and
cotton fibers. The device reported the highest global effi-
ciency to date of 1.39 kgh™ $7', measured in terms of kg of
freshwater produced per hour and per $ spent on the mate-
rial under 1 sun intensity. A typical coal-fired power station
with an efficiency of 34% emits on average 1 kg of carbon
dioxide for every 1 kWh of electric power produced.l* When
such electrical energy is used to power up traditional fresh-
water production systems based on, for example, reverse
osmosis, highly concentrated brine is also generated in addi-
tion to the CO, injected in the environment, polluting both
seas and oceans.

On the contrary, the system proposed in this work exploits
coal in a clean solar-driven cycle that does not generate
harmful byproducts, with an earth-abundant material that is
widely available on many continents. The detrimental effects
of water scarcity, indeed, result in the deterioration of human
health and environmental conditions and affect local econo-
mies that rely on water for industry and agriculture. The
financing of conventional water treatment plants often rep-
resents a barrier for development, especially in areas heavily
affected by water shortage, which are usually poor, rural,
or isolated.

The adoption of solar-driven CCP in water treatments could
help the development of a decentralized economy for fresh-
water. Decentralization has several advantages, especially the
possibility of placing plants near the source of supplies and

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 5. Outdoor experiments. a) Large scale system prototype: reservoir, CCP with cotton fibers, insulating layer and purified water collecting struc-
ture. b) Prototype during the experiment outdoor at King Abdullah University of Science and Technology, Jeddah (SA). c¢) Outdoor temperature and
sun intensity tracking during the 12 h of the experiment. d—f) Comparison of values of d) salinity, e) total dissolved salts, and f) conductivity for Red
Sea and purified water with the device in (a). Potable water ranges for each indicator are reported in red arrows.

financial convenience for smaller-scale realizations. According
to the WHO (World Health Organization) guidelines, a primary
water source should be at most 1000 m or 20 min away and
should provide 20 L day™ per family member. With the system
proposed in this work, a small-scale CCP with an 8 m” area
can serve a family of four people, producing freshwater at the
cost of around 0.002 $ L. This figure is already competitive
with the average cost of water from reverse osmosis, evaluated
at 0.0015 $ L71,13% without taking into account the cost of large-
scale facility realization.

The use of coal resources for freshwater production can
also address the continued erosion of coal’s bottom line,
which originated from the competition with other energy
sources.’”) The electricity generated from coal has plateaued
for almost a decade, and new coal-fired installations run at
fewer hours since 2014.13% For every GW of coal power that
could be phased out by directing coal resources into an
enhanced water economy, it would be possible to remove
every hour more than 1000 tonnes of CO, from the environ-
ment. It could help favoring solutions for fossils’ products
that could attain the sustainable development goals of clean
water, sanitation, and climate action.

Adv. Sustainable Syst. 2021, 202100217 202100217 (7 of 8)
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