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Abstract: There has been so far no energo-environmental system, whose design is considered energy-
wise as well as cleanliness-wise, put in practical use despite the fact that those systems would be of
huge potential importance as disaster shelters for casualties and/or infectious disease patients, in
particular, those of COVID-19. We have designed the energo-environmental system based on the
2-Dimensional PhotoRecepto-Conversion Scheme (2DPRCS) and Clean Unit System Platform (CUSP)
technologies. We have demonstrated the energo-environmental system can be as clean as US 209D
class 1000 or better, quite handily, in a couple of minutes. As for the solar-cell-based energy generation
part, we have shown that the needed electric power could be generated using our original technology
of the 2DPRCS by simulations, as the possible first application of casualties” and patients” highly

check for clean rest-space that has monitoring ability of the status of those people including sleep assessment.
updates This energo-environmental clean system would be realized with the implementation of 2DPRCS in
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1. Introduction

When we look upon our history, we notice that the best mode in a certain stage

Academic Editor: Jean-Michel of development/evolution would rather become a major hindrance in the next. The

Nunzi conventional solar cells [1], we believe, are experiencing one example, and the typical clean
Received: 12 January 2023 systems [2] another. On the one hand, the de facto standard of typical solar cells is that the
Revised: 5 February 2023 place where electric power generation is made is exactly the same place where photons
Accepted: 9 February 2023 are harvested, i.e., two functions of the photoreception and the photoelectro-conversion
Published: 13 February 2023 are spatially degenerated. On the other hand, conventionally, a fan-filter unit (FFU) in

clean rooms filtrates the air and ventilates the room mechanically. Again, two functions,

here, of the filtration and the ventilation, are degenerated spatially at FFU. To proceed one
- step further, we now know that these energy-related and environmental issues should

be considered and improved simultaneously in an interconnected manner. Bearing in
mind the COVID-19 pandemic [3] and general health improvement, we discuss how we
can successfully design and build a system, as an example of those energo-environmental
systems, in which medical treatment could be provided in high cleanliness even in an
outdoor environment. For such emergency surgeries or other treatments, a compact
outdoor-compatible room named bubble operating theater (BOT) [4], for example, has
been proposed. With such a compact clean space, it becomes possible to treat patients or

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Energies 2023, 16, 1838. https:/ /doi.org/10.3390/en16041838 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16041838
https://doi.org/10.3390/en16041838
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9964-1451
https://doi.org/10.3390/en16041838
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16041838?type=check_update&version=1

Energies 2023, 16, 1838

20f13

casualties in the outdoor environment where an outbreak of an infectious disease or accident
takes place. In those emergencies, the compact clean systems are required to operate with
high cleanliness, hopefully at low power consumption. Since emergency operations are
in need even in outdoor environments, it would surely be better if high-efficiency solar
cells could be used as a power supply for the systems. Thus, a self-powered highly clean
system with low-power-consumption equipment is of much importance because it could be
put into operation, for example, for treating COVID-19, emergency surgeries, and various
kinds of analyses, including sleep assessment [5].

In conventional solar cells [1], on the other hand, electric power generation is made
at the same place as photoreception, i.e., the function of photo-harvesting is spatially
degenerated with that of electric power generation. Thus, if the solar cell is put on the
surface of the compact clean space set in an outdoor environment, the sunlight is blocked by
the solar cell, and part of the electricity has to be wasted by the lighting of the room, which is
obviously no desirable situation at all. The more power we try to generate with those solar
cells, the wider area of the compact system is covered, and the darker the inside becomes.
Thus, we need another approach which can achieve solar power generation on the surface
of the room without making the inside too dark. In conventional concentrator systems [6,7],
the aforementioned spatial functional degeneracy is, in a sense, lifted off, but these systems
inevitably become too bulky because the two parts of primary photoreception and electric
power generation are connected three-dimensionally by photons, and it is very hard for the
whole system to be installed in metropolitan areas. Thus, it could be quite revolutionary if
we could connect those 2 parts, not 3-dimensionally (3D) but 2-dimensionally (2D), because,
with the volume ratio of 2D to 3D structures being 0, the system can be put compactly on
the surface of the outdoor-compatible clean space or room. Luminescent solar concentrators
(LSCs) [8-10] are indeed along the 3D-to-2D photo-manipulation approach, but they are not
necessarily good for applications of optical wireless power transmission (OWPT) [11,12].
Here, we are interested in a system that is quite effective not only for sunlight harvesting
but also for OWPT so that our new system can be powered by sunlight at normal times
and by laser beams from outside when in such an emergency as an electric power loss.

2. Designing Coupling Compact Clean Space with Power Generation Equipment

So how can we make the aforementioned compact clean system be equipped with a
highly efficient power generation ability? For that, Figure 1, we believe, would be the target
structure, for which we have started designing based on a 2-Dimensional PhotoRecepto-
Conversion Scheme (2DPRCS) [13,14] with Clean Unit System Platform (CUSP) [15-17].
In Figure 1, shown on the top left is a planar concentrator solar cell based on 2DPRCS.
The solar cell can be embedded, for example, into the surface of BOT [2], as depicted in
the top right inset. The side view, or cross-sectional view, is shown in the bottom left
of Figure 1. The box denoted by “A” in the top right inset is an air conditioner. In the
top view of the 2DPRCS, shown in the middle of Figure 1, the photo-reception part is
spatially decoupled from but 2-dimensionally connected to the photo-conversion part
located at the edge of the 2D waveguide. The photo-reception part of 2DPRCS is realized
by a redirection waveguide (RWG) consisting of a photo-propagation direction converter
(PDC) [13,18] and discrete-translational-symmetry waveguide (DTSWG) [19,20], as shown
in the cross-sectional view at the bottom of Figure 1. If we were to prepare the compact
lean system with conventional clean technologies, a fan-filter unit (FFU) would be needed
to ventilate the compact room mechanically. Again, two functions, here of the filtration and
the ventilation, are degenerated spatially at FFU. The spatial degeneracy of those functions
has been effective. For much further improvement, however, we believe this degeneracy
has to be re-examined because making clean systems highly efficient is very important, for
example, for enabling mass realization of net zero-energy buildings (NZEBs) [21] based on
building-integrated photovoltaics, a key to reducing greenhouse gas emissions. Keeping
those in mind, we have been developing CUSP [15-17] with gas exchange membrane
(GEM) [22,23] and gas exchange unit (GEU) [24,25], which enables a closed airflow system
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in marked contrast to conventional cleanrooms and/or clean booths that are open airflow
systems. Since CUSP is a closed air-flow system, it is very effective for fighting against
infectious diseases because no airborne viruses can come in from outside nor go out from
inside, with the air pressure inside being the same as that outside in the closed air-flow
system. Moreover, we have investigated how liberated we would be when the degeneracies
are lifted off with 2DPRCS in conventional solar cells as well as with CUSP in clean
systems [26], and here in this paper, we are ready to couple those two, i.e., the 2DPRCS and
the CUSP.
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Figure 1. The target structure based on 2-Dimensional PhotoRecepto-Conversion Scheme (2DPRCS)
coupled with Clean Unit System Platform (CUSP). The top right inset is an example of a compact
clean system called bubble operating theater (BOT) Ref. [2] on which surface, as indicated by thick
dotted arrows, we propose to put 2DPRCS-based solar cells as the power supply. In the middle is top
view of a planar concentrator solar cell utilizing 2DPRCS. The side view or cross-sectional view is
shown bottom left. The box denoted by “A” in the top right inset is air conditioner.

2.1. CUSP Development
2.1.1. Cleanliness in a Handy Jump-Up CUSP

Based upon the CUSP technology developed at Research Institute for Electronic Science
(RIES), Hokkaido University, a handy jump-up CUSP (named CAQLEA) that is easy to set
up in short time has quite recently been released by Hiei Kensetsu/Eco-earth Corp. [27].
The CAQLEA could be used as the main chamber shown in the top right inset of Figure 1,
enjoying its superiority provided by the closed air-flow and gas exchange membrane (GEM)
or gas exchange unit (GEU) [25] that consists of stacked multiple GEMs [24]. The CAQLEA
is a next generation tent-like CUSP (T-CUSP). The elastic metal bone structure of this self-
supporting tent can provide fast installation in 3 s. Then, the ceiling part is attached to the
main frame by zipping, and the full system gets ready in a couple of minutes. The top right
inset of Figure 2 shows the outlook of the CAQLEA, which is roughly2m X 2m x 1.8 min
size, thus 7.2 m? in volume. The CUSP is a closed air-flow system equipped with fan-filter
unit (FFU) inside in marked contrast to a conventional clean room, which is an open air-
flow system with FFU located at the interface between the inside and outside of the room.
Figure 2 shows the time-dependence of densities of particles with diameters of 0.3 pm,
0.5 um, and 2.0 um in CAQLEA after the FFU/ Air-Purifier is turned on. The flow rate
F~1.6 m3/min and the volume V divided by F is ~4 min., and according to the theoretical
analysis [15,17], the particle count n should be e73~1/20 in 12 min, which is, in fact, in
good agreement with the experimental results demonstrated in Figure 3 that demonstrates
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cleanliness in the jump-up CUSP (CAQLEA). The number of particles per 1 cubic foot
(cf) with diameter of 0.5 um or larger decreases below 1000/cf in less than 15 min and
thus reaches the cleanliness of US FED 209D class 1000 quite rapidly, which is good and
appropriate, for example, for treating COVID-19 patients, for sound tight sleep nursing
respiratory systems, and for subject’s sleep assessment as discussed in the following.
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Figure 2. Performance of our new CUSP system, CAQLEA. Shown is the time-dependence of the
particle numbers, in CAQLEA, per 1 cubic foot (cf) with diameters of 0.3, 0.5, and 2.0 m.
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Figure 3. Clockwise from top left, shown are the outlook of the jump-up CUSP (CAQLEA) system,
setup of the experiment seen through the observation window, and the equipment for all-night

sleep assessment.
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2.1.2. Sleep Assessment in the Jump-Up CUSP (CAQLEA)

In order to demonstrate the applicability of the closed air-flow system of CUSP, we
have performed a sleep assessment experiment using the CAQLEA system. The overnight
sleep experiment was performed with simultaneous recordings of tiny polysomnography
(PSG), an activity watch, and two air-quality sensor modules to estimate sleep quality,
metabolism, and body movements when subjects slept in the CAQLEA with gas exchange
membrane (GEM).

Due to the jump-up design, the installation process of the CAQLEA can be completed
in about 5 min [27]. Developed is an IoT (internet of things) module integrating multiple
sensors to wirelessly measure CO; concentration, room temperature, humidity, amount
of particulate materials with a diameter of 1.0 um (PM 1.0), 2.5 pm (PM 2.5), and 10 um
(PM 10), and alcohol amount. In this experiment, two modules were utilized to monitor
the air quality parameters in the spaces outside and inside the CAQLEA for comparison.
In CAQLEA, as shown in Figure 3, the module was placed on a table 15 cm high, and
the distance between the module and the subject was near 70 cm to avoid affecting the
subject’s free movements during sleep. An air cleaner (F-PXM55W, Panasonic Taiwan
Co., Ltd., Taipei, Taiwan) was also placed in the CAQLEA to filter out the airborne dusts
and microbes (if any) inside. The other sensor module was placed outside the CAQLEA
on a table 120 cm high, and the distance between the module and the CAQLEA was
70 cm. The subject mounted the mini polysomnography (PSG) to measure three bipolar
physiological signals, including a bipolar electroencephalography [EEG] channel (C3-M2,
according to the international 10-20 standard system), a bipolar electrooculography [EOG]
channel (positioned 1 cm lateral to the left and right outer the canthi), and a bipolar chin
electromyography [EMG] channel with 250 Hz sampling rate and 24-bit resolution. The
PSG data were manually scored by a sleep expert following AASM (American Academy
of Sleep Medicine) rules [28]. Each 30 s interval (an epoch) was identified as one of the
following the sleep stages: wake, N1, N2, N3, and REM. The activity watch would record
the subject’s wrist acceleration to assess the subject’'s movement patterns during sleep. The
recording experiment started at nearly 00:30 a.m., as the subject’s usual on-bed time.

2.1.3. Air Quality Parameters between Outside and Inside of CAQLEA

Figure 4 shows the air quality parameters in the spaces outside and inside the
CAQLEA. The source of CO, was majorly contributed by the respiration of the subject
and may be caused by body movements and metabolism. Therefore, the values of CO,
concentration in CAQLEA are higher than the measurements outside of the CAQLEA. The
trend of CO, concentration was gradually decreased due to the gas exchange function
of GEM/GEU. For the particulate materials, the amounts of PMs were lower than the
resolution of the utilized sensors for most of the recording time in the CAQLEA, and the
overnight averages of PMs 1, 2.5, and 10 were 0 & 0.07, 0.01 £ 0.15 and 0.07 & 0.36 ug/m3,
respectively. There, values were much lower than the recordings in the outside area of
CAQLEA, and it demonstrates the capability of rapidly reaching high cleanliness in a cou-
ple of minutes through CUSP-GEU. Regarding humidity, the outside humidity decreased
from 53% in the first 30 min to around 49% (overnight average: 49.08 £ 1.07%). The inside
humidity fluctuated within the range of 47-52%. These may be caused by the respiration
and metabolism of the subject.
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Figure 4. The air quality parameters in the spaces outside and inside the CAQLEA simultaneously
measured through two IoT sensor modules.

2.1.4. Sleep Assessment Experiment in CAQLEA

Humans breathe CO, out into the surrounding space, and it is the major source in
CAQLEA, so we tried to perform non-contact sleep assessment by analyzing the changes
in CO, concentration. Since the trend of CO; concentration was gradually decreased due
to the gas exchange function of GEM/GEU, instead of the absolute amount, the standard
deviation of CO, concentration within 5 min was calculated and used to estimate the sleep
patterns. The periods in which the 5 min standard deviation of CO, concentration was
higher than the threshold are labeled as shown in Figure 5. The all-night sleep stages
obtained from manually scoring the PSG recording and the raw data of the activity watch
are also included.

In this experiment, the subject stayed 330 min in the CAQLEA overnight. For the
sleep parameters, the sleep latency was 12 min, wake after sleep onset time was 45 min,
total sleep time was 273 min, and sleep efficiency was 82.73%. The averaged CO, standard
deviation was 8.65 ppm. There were 4 wake events, and 3 out of there 4 events can be
detected by extracting the periods with 5 min standard deviation of CO, concentration
higher than the threshold (8.65 ppm). The total length of the detected wake events covers
86.5% of the PSG scored wake after sleep onset time (45 min). It can also be observed that
large body movements estimated by the activity watch also cause the particles amount
changes of PM 10, such as in the four wake events. However, some other non-wake events
with body movements also induced amount pulses of PM 10. Therefore, it is feasible to
perform non-contact sleep assessments in CAQLEA that can provide high gas exchange
and PM-filtering functions. In addition to sleep assessment, more gas sensors could be
embedded in the CAQLEA to monitor the metabolic information and respiratory functions
for health condition analysis to direct the improvement of quality of life.
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Figure 5. The sleep assessment experiment using the CAQLEA system. The CO, concentration, sleep
stages obtained from PSG scoring, raw data of the activity watch and amounts of PMs were aligned
and compared.

2.2. Designing Solar Power Generation Equipment for CUSP-Based Clean Space

To be employed is 2DPRCS, in which a waveguide having discrete translational
symmetries is used, as shown in Figure 1. We call this a discrete-translational-symmetry
waveguide (DTSWG) [19,20], which is now shown in detail in Figure 6. In this new
structure, the bottom cladding layer, for a 15 pm-thick 2D waveguide (mainstream core),
being spatially discontinuous, as shown in the enlarged view at right bottom of Figure 6,
gives the 2D waveguide’s core an open geometry. Now, the core is connected, through the
curved tributary waveguides, to the bottom plane where photons come in vertically, owing
to the PDC [13,18]. The thickness of the thin (thick) cladding layer of the curved tributary
waveguides is 0.4 pm (1.0 um), and that of the core layer is 2.66 um. Thus, the DTSWG is
in marked contrast to the conventional waveguides and optical fibers that have continuous
translational symmetry. Due to the discrete cladding structure, the waveguide can harvest
3D photons coming vertically from beneath in Figure 6 or, equivalently, at the bottom of
Figure 1. At the right end of the WG are placed solar cells or multi-stripe orthogonal photon-
photocarrier propagation solar cells (MOP?SC) in which photons propagate in the direction
orthogonal to that of the photocarriers [20]. We have performed simulations, in which the
core layer with a refractive index of 1.48 depicted in red is sandwiched by the clad layer
with a refractive index of 1 depicted in pale blue in Figure 6. DTSWG consists of smoothly
connected two partial ellipses: the lower partial ellipse has the role of guiding up-going
light to bend, and the upper partial ellipse has the role of enabling smooth propagation
of side-going light into the 2D waveguide [13,19]. The height of the vertical lower partial
ellipse is 36 pum, and the length of the horizontal upper partial ellipse is about 140 pm. We
have calculated optical fields in DTSWG and evaluate the 3D-to-2D conversion efficiency.
The optical simulation of light propagation is based on Finite-Difference Time-Domain
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(FDTD) method [29]. Note that 3D-to-2D conversion efficiency is calculated by the ratio of
the monitor depicted in green to the light intensity at the light source depicted in orange in
Figure 6.

2D Waveguide (Mainstream core) ,-~ Monitor

y

b Mainstream core
T ——
j ore
-
Tributary core

Figure 6. The detailed structure of discrete-translational-symmetry waveguide (DTSWG), overall
configuration for which is given in Figure 1. The 2D waveguide (mainstream core) is 15 m thick,
the height of the vertical lower partial ellipse is 36 m, and the length of the horizontal upper partial
ellipse is about 140 m. The thickness of the thin (thick) cladding layer (pale blue) of the curved
tributary waveguides is 0.4 m (1.0 m), and that of the core layer is 2.66 m. The spacing between the
thick cladding layer of the curved tributary waveguides is 85 m.

In optical simulations, first, we have used coherent light with various wavelengths
as an incoming light and evaluated the 3D-to-2D conversion efficiency of the light. Since
the DTSWG is a catoptric system in which the incoming light propagates in core layers
with reflections by cladding layers, basically, there should be no wavelength dependence
in the 3D-to-2D conversion efficiency. As shown in Figure 7, however, we have found
that DTSWG has distinct wavelength dependence for the coherent light as depicted by the
black dashed line. There are 8 peaks with a maximum efficiency of 67% from A = 380 nm
to 1600 nm. We have found that these peaks exist according to regularity and are evenly
spaced when the reciprocal of the wavelength is taken as the horizontal axis, which indicates
that the peaks shown by black dashed lines in Figure 7 are due to resonance between the
wavelength and the spatial period of DTSWG. In fact, DTSWG behaves differently for
incoherent light. Phase shifter, which has the ability to change the relative phases of the
incident light for each core layer, is attached to the light source to produce the partially
incoherent light. When the light is injected with less coherency, the wavelength dependence
for coherent light becomes weaker, as shown by blue line in Figure 7. The arithmetic mean
of the efficiency for wavelengths from A = 400 nm to 800 nm is 21.0%, which is almost the
same as 20.8% for the case of coherent light. Thus, in a rough calculation, the areas enclosed
by the two lines and the horizontal axis in Figure 7 are almost equal, again indicating those
peaks are due to the resonance. With sunlight being incoherent, such resonance would not
be observed in real use, and the average 3D-to-2D conversion efficiency of ~21% could be
provided using the present DTSWG structure.

Next, we have investigated the cause of the apparent low 3D-to-2D conversion effi-
ciency of DTSWG. Figure 8b shows the optical field around the connection region of the
vertical-lower and the horizontal-upper partial ellipses when the light is injected from the
bottom light source, as shown in Figure 6. A closer look of light propagation notifies us that
the light does not fully bend at the connection region of the two partial ellipses. From this
result, we understand the apparent low 3D-to-2D conversion efficiency is due to the loss of
optical field at the connection region. Thus, we have moved the light injection positions
into the horizontal upper partial ellipses and checked the light injection efficiency into the
2D waveguide (mainstream). Figure 8a shows those light injection locations A, B, C, and D,
which correspond to slots 1-8, 9-16, 17-24, and 25-32, respectively. Slot 1 is the tributary
waveguide located at the left end in Figures 6 and 8a. Figure 8c shows incident angle
dependence of the efficiency of the light injection into the 2D waveguide with the light
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source located at A, B, C, and D (for A = 1000 nm). Here, the incident angle, 0, is defined as
the angle measured from the z-axis in Figure 6 [or Figure 8a]. The injection efficiency of the
waveguide reaches its maximum of about 80% for 6 around 80° to 86°, almost irrespective
of the light source positions. Thus, by optimizing the waveguide structure around the
connection region of the two ellipses, we would be able to have higher 3D-to-2D conversion
efficiency of photons.

. 100

(=4

e --e--DTSWG

>

= 8y —e—DTSWG wi i

S with phase shifter

2 =

Qo P

E 60 | » ,'.; P o ! "

c " i ;Y \ P

o " K P \ P

® A § ¢ P

© 40 !\ i po . P

= SR T ‘:' - ' N
) ] 1}

S ATAVADAY: : $f X

() 20 Y

T ¢ - : '

- [} H !

DI 0 T L L ‘*" .‘-9" L w“' L “9.0-0-0

@ 400 500 600 700 800

Wavelength (nm)

Figure 7. Wavelength dependence of the efficiency of DTSWG and DTSWG with phase shifter.

() 10
- 15t8th B
~ v - hl
£ 8 Oth-16th >
5| 1o
5 | 2
%_-’ ——Average ¢
/
24 x
3 Y
]
g% X
2 y
([ k=S * & f 1

/, 56 57 58 59 60 61 62 63 64 65 60 70 80 90
/ X (um) Incident Angle 6 (deg.)

Figure 8. (a) Light injection at locations A, B, C, and D in the upper partial ellipses, (b) simulation
of the optical field at around the connection region of the vertical-lower and the horizontal-upper
partial ellipses, and (c) incident angle 6 dependence of the efficiency of the light injection into the 2D
waveguide at locations A, B, C, and D in the upper partial ellipses (for A = 1000 nm).

3. Discussion

We discuss how we can successfully design and build a system in which medical
treatment can be provided with high cleanliness, even in an outdoor environment for
injured persons and patients with infectious diseases. If conventional solar cells are put
on the surface of a compact clean space set in an outdoor environment, the sunlight is
blocked by the solar cells, and part of the electricity has to be wasted by lighting of the
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room, which is obviously not a desirable situation at all. In addition, when a type of
LSC [10] is used, the inside is filled with red color, which would not be adequate for a rest
space for patients. Our DTSWG, made of a transparent waveguide, would be free from
the drawbacks of those systems based on conventional technologies. As discussed in the
preceding sections, basically, we already have all of the needed elemental technologies to
implement those energo-environmental clean systems as depicted in Figure 1, which can be
regarded as a miniature system of CUSP-integrated buildings equipped with 2DPRCS [26].
In the following, we will focus on the coupling of 2DPRCS with CUSP. The system would
be suitable to provide injured persons or people who have been suffering from disasters
such as huge earthquakes with a clean environment in which these people would undergo
operations or other medical treatment depending on their health condition. The first step
of the application of those clean systems, however, would be to provide these people with
a clean space so that they can stay in a clean space free of possible infectious diseases.
Such a shelter is actually needed, as we have seen, for example, in New York in 2020 [30].
Also in need is the ability to monitor their health condition or status through the sleep
assessment or rest-state assessment, in general, because those functions need less power
and are relatively easily implemented.

As for the usage of those nursing rest spaces, because an FFT’s power consumption is,
for example, as low as 14 W~41 W [31] and GEM/GEU operates based on molecule
diffusion using thermal energy kT of the room, we are not in need of heavy electric
power if we use the CUSP-GEU-based clean systems. For this system, as seen in Figure 7,
the waveguide with present geometry could realize an average waveguiding efficiency
of ~20%; with respect to the wavelength, we would be able to generate electricity of
20% x (IKW/m? x 40%) x & ~50 W/m? when we use a tandem solar cell [32] of efficiency
40%, where the coefficient & is estimated to be ~0.65, assuming that PDC efficiency is ~70%
and reflection of the guided sunlight at the solar-cell surface can be reduced to ~5% using
the low reflection technology [33]. So, for this purpose, the 2DPRCS waveguide with an area
of ~1 m? (~3 m? if PDC efficiency is ~20%) is enough to make this energo-environmental
clean system work well with a storage battery backup to average the power during the
daytime of a sunny day.

In the cross-sectional view at the bottom of Figure 1, we note that the 2DPRCS,
realized by a redirection waveguide (RWG) consisting of a photo-propagation direction
converter (PDC) and discrete-translational-symmetry waveguide (DTSWG) and a planar
(2D) waveguide with a solar-cell at its edge embodies a natural concentrator system in
which concentration factor is given by the photo-harvesting area, L x D, divided by the
edge light-injection area, D X d, i.e.,, L/d, with L, D, and d being, respectively, the harvesting
length, width, and the 2D planar waveguide thickness that matches the solar-cell’s light
injection area. Thus, the concentration is with L/d being ~10 cm /100 pm = 1000, typically.
Thus, with 2DPRCS, realized is a highly effective concentrator system, as a whole. Since in
2DPRCS, the waveguides, being flexible 2D structures, can be embedded into the surface
of the compact CUSP, as shown in the top right inset of Figure 1, high power generation
and more power-hungry medical treatment would also become possible.

For applications like those shown in Figure 3, since the total power consumption of
those IOT devices is less than 1 W, 2DPRCS waveguide with an area of ~2 m? would be safe
to secure the operation of the system, even including FFU’s power consumption. The short-
comings of our system, so far, are that the current 3D-to-2D conversion efficiency shown in
Figure 7 is not high enough when power-hungry processes such as surgery or operation are
needed for patients inside the energo-environmental clean system. However, a wider area
of 2DPRCS waveguide of ~10 m? plus a higher waveguiding efficiency of 80%, as suggested
in Figure 8, would be achieved in the near future, and those power-hungry processes could
also be provided in the near future. The closed-air-flow system of CUSP-GEU, providing
us with a personal clean environment (PCe), would be of increasing importance.
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4. Conclusions and Future Outlook

We have considered the energy-related and environmental issues of compact clean
systems simultaneously in an interconnected manner. Demonstrated is a versatile closed-air
system composed of the clean unit system platform (CUSP) and gas exchange membranes
(GEMs). The concentration control of gasses, such as O,, CO;, and others, is achieved
by the diffusion of molecules through GEM when a concentration gradient exists across
GEM, in marked contrast to the conventional open air-flow system in which huge air-flow
exists between outside and inside of the room by mechanical ventilation. The CUSP/GEM
system lifts off the spatial degeneracy of filtration and ventilation at FFU of conventional
systems. A jump-up type of CUSP, called CAQLEA, serves as an excellent platform for
sleep assessment and other medical applications. The CUSP/GEM system is a closed
air-flow system lifting off the spatial degeneracy of filtration and ventilation at FFU in
conventional systems. In the CUSP/GEM system, even a medium-quality, low-power FFU
is good enough and quite efficient in reducing airborne dust/microbe density by controlling
gas-molecule concentrations for any closed space, including medical systems for treating
COVID-19. Owing to the GEU exploiting diffusion process that needs no electricity and
the energy-saving FFU, CUSP-GEU system can operate at very low power consumption.
The closed air-flow system of CUSP-GEU, providing us with a personal clean environment
(PCe), would be the clean system for all of us.

We also have performed optical simulations of discrete-translational-symmetry waveg-
uide (DTSWG), which is necessary to realize a new photovoltaic system of the Two-
Dimensional PhotoRecepto-Conversion Scheme (2DPRCS), in which photo-harvesting
and photoelectric-conversion part are spatially separated but two-dimensionally connected,
lifting off another spatial degeneracy of those functions of photoreception and photo-
conversion in conventional typical solar cells. By optimizing the waveguide structure, we
would be able to have higher 3D-to-2D conversion efficiency of photons. The 2DPRCS frees
us from heavy use of semiconductors, and the CUSP/GEU system can take good care of
any closed spaces. When degeneracy off-lifting 2DPRCS and CUSP/GEU are combined or
cross-linked, we would be able to build a new energo-environmental system not only for
medical applications but also for achieving sustainable development goals (SDGs).
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