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Smart city and innovative building strategies are becoming increasingly more
necessary because advancing a sustainable building system is regarded as a
promising solution to overcome the depleting water and energy. However, current
sustainable building systems mainly focus on energy saving and miss a holistic
integration of water regeneration and energy generation. Here, we present a
theoretical study of a solar optics-based active panel (SOAP) that enables both
solar energy storage and photothermal disinfection of greywater simultaneously.
Solar collector efficiency of energy storage and disinfection rate of greywater have
been investigated. Due to the light focusing by microlens, the solar collector effi-
ciency is enhanced from 25% to 65%, compared to that without the microlens. The
simulation of greywater sterilization shows that 100% disinfection can be accom-
plished by our SOAP for different types of bacteria including Escherichia coli.
Numerical simulation reveals that our SOAP as a lab-on-a-wall system can resolve
the water and energy problem in future sustainable building systems. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4965855]

I. INTRODUCTION

Depleting energy sources and water have begun to threaten the sustainability of human in
future.'™ It was expected that 2.8 billion people in 48 countries will suffer from water scarcity in
2025.> Nonetheless, regenerable greywater that accrues from 40%-70% of the total wastewater
production in residential (e.g., bathroom sinks, bathtubs, and laundry) is still being wasted.*

To this end, several systems have been developed to utilize solar radiation for applications
of greywater reuse® and solar energy storage'®™' aiming emerging demands towards estab-
lishing NetZero waste, energy, and water buildings.”®>® The disinfection of greywater by the
solar radiation can be categorized according to the heating effect and the photoinactivation
effect by the solar radiation. For example, the heating effect of solar radiation can be achieved
with the optical concentration devices (e.g., lens and mirror) and it increases the temperature of
water in order to complete inactivation of Escherichia coli in the greywater.® Similarly, the
photoinactivation effect can be achieved by exposing the greywater on ultraviolet solar radia-
tion without any optical concentration devices.”® The solar energy storages can be accom-
plished by the absorbing solar radiation. For instance, most of the solar energy storage store the
solar radiation by using a black surface'®'' or nanofluid (nanoparticles in a liquid)'*'* as
absorbers. Optical concentration devices also ensure high solar radiative fluxes with relatively
low thermal losses.'>'® The stored solar energy is converted to electricity by using the
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thermoelectric converter'” or directly used for radiant floor heating in buildings.'®'” However,
current designs of solar optics-based systems are focused on the generation of energy separately
from the regeneration of water and the processing of waste. For example, the greywater reuse
system has only focused on the solar disinfection function without the solar energy harvesting.
The systems for radiant floor heating and solar energy storage have not included the function of
regeneration of water.

Advanced solar optics-based systems, which can integrate solar energy storage component
and solar thermal disinfection function, offer transformative benefits for advancing the growing
challenges of water, energy, and waste in buildings.>**> Such systems can enable water conser-
vation, on-site waste processing, and energy generation fomenting healthy environments and
synergies with nature.

Here, we present a theoretical study of an innovative sustainable lab-on-a-wall system
called solar optics-based active panel (SOAP),”> which has dual functions of solar energy stor-
age and photothermal disinfection of bacteria in greywater. Additionally, our SOAP can achieve
the disinfection in a few minutes and can store the energy without any additional energy stor-
age materials because the greywater is used as a thermal energy storage material. Our SOAP
design consists of an optical microlens array on top of fluidic channels. The effects of SOAP’s
geometry (e.g., ratio of the optical lens diameter to the fluidic channel width and flow rate) and
regional climate conditions with regards to solar energy storage and thermal disinfection effi-
ciency are systematically evaluated.

Il. RESULTS AND DISCUSSIONS
A. Design of SOAP

Our design of SOAP can be installed on the facades of buildings where a greywater collec-
tion and recirculation system are demanded (Figure 1). Once the greywater is collected (decen-
tralized—{floor to floor), it is housed through the SOAP panel in building facades, where
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FIG. 1. Solar Optic-based Active Panel (SOAP), a holistic integration of water regeneration and energy storage: (a)
Greywater collection and recirculation system in sustainable building with SOAP. (b) SOAP on the building facade to har-
ness solar radiation for solar energy storage and thermal disinfection. (c) Detailed SOAP design consisting of optical lens
array on top of microfluidic channels where greywater is housed. (d) Temperature field at the bottom along the microchan-
nel. (e) Representative image of concentrated solar radiation on SOAP. (f) Disinfection of bacteria depending on their ther-
mal resistance. Rp and L represent the disinfection rate and distance from the inlet, respectively.
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photothermal disinfection of bacteria according to their thermal resistance can be achieved by
utilizing optical lens for focusing solar radiation on the fluidic channel. Subsequently, the disin-
fected water is recirculated within each building floor for thermal radiation (hydronics) with or
without a heat exchange (dependent on water temperature) into the building for reuse in toilet
flushing and/or laundry.

B. Methods

In order to investigate the effect of geometry on SOAP’s design, numerical simulations are
performed by using commercial multiphysics software (COMSOL Multiphysics 4.4; COMSOL,
Inc.). A local fluid velocity within the channels is required to investigate the change of water
temperature under a continuous flow field. In order to calculate the local fluid velocity, the
Navier—Stokes and continuity equations are solved, assuming that the flow is laminar and
steady-state

plu-Vu= —Vp—&-uvzu—%,uV(V-u), (1)
V- (pu) =0, (2)

where p, u, p, and u represent the density, dynamic viscosity, pressure, and velocity vectors,
respectively. We assumed the flow is laminar because the Reynolds number in our SOAP
design is less than 10. The heat transfer in the SOAP system is calculated by considering con-
duction and convection

pcpu - VT =V - (kVT) + Q, 3)

where p, ¢,, k, T, and Q stand for the density, specific heat of the water, thermal conductivity,
temperature, and heat source, respectively. In order to calculate the heat loss on the exterior
surface of the SOAP panel, we apply natural convective heat flux modeled as being propor-
tional to the temperature difference across the surface (see supplementary material for the
detailed simulation).

C. Solar energy storage

Figure 2(a) shows the effect of the optical lens array on the average temperature of water
with respect to a mass flow rate and their corresponding schematic images. Installation of the
optical lens array on top of the SOAP channels enables SOAP to overcome the limitations on
the temperature of water in the channels without the optical lens array. Without the lens, the
average temperature of water is calculated to be increased from 20 °C at the inlet of the channel
to about 57 °C at the outlet of the channel irrespective of the given mass flow rate ranging from
107 to 10 ®kg/s. However, with the optical lens array on top of the SOAP channels, the tem-
perature is increased to between 75°C and 85 °C depending on the flow rate. In order to find
the optimized conditions of SOAP, the effect of the optical lens array on the fluidic channels to
increase the temperature of water, the change in the average temperature at the outlet with
respect to the ratio of the lens diameter (D) to channel width (w) was systematically investi-
gated. The detailed geometry of the SOAP system considered in our simulation is shown in
Figures 2(b) and 2(c). The flow and temperature field are calculated by solving the
Navier—Stokes (Equation (1)) and heat transfer equations (Equation (3)), assuming that the
mass flow rate in a single panel, the intensity of solar radiation, and air temperature are
10~%kg/s, 1000 W/m?, and 20°C, respectively. The widths, height, and length of the channel
are 500 um, 100 um, and 25 mm, respectively. If we assume that our SOAP is installed on the
building facade of 3m height and 10m width, the maximum regeneration of water would be
about 4000 kg/day. In this case, our SOAP could sterilize the greywater produced by 50 inhabi-
tants.” In order to concentrate the solar radiation, we chose hemispherical lens with diameters
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FIG. 2. The solar energy storage in SOAP: (a) Effect of optical lens array on water temperatures as a function of distance
from the inlet (L) in the SOAP channel and corresponding schematic illustration of SOAP’s designs (left) without optical
lens and (right) with optical lens array on top of the fluidic channel. The optical lens focuses solar radiation to the microflui-
dic channel. (b) Detailed geometry of the SOAP system in our simulation and (c) design variables of optical lens diameter
(D) and micro channel width (w) are considered in our simulation. (d) Several SOAP designs with different ratios of the
lens diameter to channel width (D/w) (top row) and corresponding temperature profiles in the channels (bottom row). (e)
Quantitative plot of average temperatures along the channels with respect to D/w, ranging from 1.0 to 3.0. (f) Effect of
D/w on the solar collector efficiency of solar radiation. The solar collector efficiency is calculated according to the
Equation (4). The mass flow rate is 10~ ®kg/s.

ranging from 500 to 1500 um. The refractive index of lens is set to be 2.0. The energy losses
due to reflectance and absorption by the lens were assumed to be negligible in this study. Also,
we assumed that heat transfer in the absorbing layer is negligible because of the low thermal
conductivity of widely used absorbing materials.

Figure 2(d) shows several SOAP systems with respect to D/w and corresponding tempera-
ture profiles in the channels. The water temperature increases monotonically with respect to the
increasing D/w. Figure 2(e) represents a quantitative plot of the water temperatures along the
channels with respect to D/w. When the diameter of the lens increases to larger than 3.0 times
the channel width, the average temperature increases by 70%, compared to that of the channel
with D/w is 1.0. The gradient of the temperature with respect to D/w is gradually decreased
with increasing D/w. For example, the temperature gradient when D/w is 6.0 is only 10% of the
temperature gradient when D/w is 1.0.

Figure 2(f) shows the effect of D/w on the solar collector efficiency of the solar energy
storage. The solar collector efficiency is defined as*®

n = c,iAT /GrA, )

where m is the mass flow rate in the SOAP panel, AT is the temperature difference between
the inlet and outlet, Gy is the intensity of the solar radiation, and A is the area of the SOAP
panel. The gradient of solar collector efficiency continuously decreased with increasing D/w,
which is similar to the change in the water temperature at the outlet of the channel.

The installation of the optical lens on top of the SOAP channel increases the intensity of
solar radiation by harnessing the solar radiation over a greater area than the area of the chan-
nels. Therefore, our SOAP design overcomes the limitation on the temperature of water in the
channels without the optical lens. The systematic investigation to determine the effect of the
lens diameter reveals that the temperature of water increases monotonically with respect to the
increasing D/w, due to the reduction of surface area where convective heat loss occurs. The sur-
face area of the channels is determined by D/w because the width of our SOAP panel is fixed
at 25mm for computational convenience. For example, the surface area of the channels
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becomes one-half when the D/w is 2.0, compared to the surface area when the D/w is 1.0. The
more solar energy that is stored in water results in the higher water temperature. However, such
elevated temperature increases the temperature gradient at the channel-air interface, inducing
the heat transfer to the surrounding. Consequently, the gradient of the average temperature with
respect to D/w decreases gradually when the temperature of water increases according to the
lens diameter.

D. Solar disinfection of pathogens in SOAP

Figure 3(a) shows a schematic image of the thermal disinfection by our SOAP channels
upon solar radiation. Escherichia coli (E. coli) and Enterococcus faecium (E. faecium) are
selected as representative pathogenic bacteria, since they exhibit weak and strong thermal resis-
tance, respectively.27 The disinfection rate (Rp) is calculated, based on thermal resistance prop-
erties of bacteria such as Dy and 72846 Dr is defined as the heat treatment time required to
destroy 90% of bacteria cells at a specific temperature, 7. On the other hand, Z represents the
change in temperature required to increase or decrease the D7 value by 10 times. Dr is a func-
tion of temperature that can be expressed as log,(\Dr = —T/Z + (log,yDr, + To/Z), where Dr,
is the Dy value at a specific temperature, Ty, that is already given (see supplementary material
Fig. S1). For example, the D¢y and Z values of E. coli were reported to range from 35~42s to
59~6.1°C (95% confidence interval).29_38 The D¢y and Z values of E. faecium ranged from
1.0x 10> ~ 1.3 x 10%s to 8.8~ 11°C (95% confidence interval).””*® The effects of SOAP on
water temperature and R, with respect to lens structure (e.g., hemispherical and semi cylindrical
lens) are also investigated in Figure 3(b) (see supplementary material Fig. S2). Since the
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FIG. 3. Solar water disinfection of pathogens in SOAP: (a) A schematic illustration of photothermal disinfection by the
solar radiation. (b) The effect of lens structures on greywater temperature in the SOAP channel as a function of L (i.e.,
hemispherical and semi cylindrical lens). (c) Disinfection rate (Rp) of E. coli and E. faecium as a function of L with respect
to the lens structure. Band represents 95% confidence interval. Mass flow rate and D/w were set to be 1.0 x 107° kg/s and
2.0. Rp of (d) E. coli and (e) E. faecium as a function of L with respect to D/w of the hemispherical lens. Band represents
95% confidence interval. (f) The effect of thermal resistance properties, the D¢y and Z values, on Rp with respect to D/w.
The solid and dashed lines mean Rp as a function of Z value with respect to the 30's and 60 s of Dg, respectively. The Dgg
value is defined as the heat treatment time required to destroy 90% of bacteria cells at a 60 °C. The Z value is the change in
temperature required to increase or decrease the Dg value by 10 times.
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temperature of the hemispherical lens at the focal point is higher than that of the semi cylindrical
lens by about 8 °C, the hemispherical lens shows about 3% higher R in the case of E. faecium
(Figure 3(c)).

The calculated disinfection rate with respect to D/w of the hemispherical lens is shown in
Figures 3(d) and 3(e). When the diameter of the lens is increased to larger than 1.5 times the
channel width, the disinfection rates of E. coli and E. faecium are increased by 2.0 and 7.7
times, respectively. In order to generally investigate the effect of Dy and Z values on the disin-
fection rate, the disinfection rate at the outlet of the channel as a function of the Z value rang-
ing from 5 to 100 °C was simulated as shown in Figure 3(d). The D¢y value is selected since it
corresponds to the median temperature of the SOAP design from the inlet temperature (20 °C)
to a boiling temperature of water (100 °C). Interestingly, the D/w ratio for better disinfection
performance is changed around the Z value of 45 °C. When the Z value is less than 45 °C, large
D/w is more effective for the disinfection of bacteria, since the larger D/w provides a higher
temperature. On the other hand, small D/w is more effective for the disinfection of bacteria
because the lower flow rate ensures a longer traveling time with the heat treatment. The disin-
fection rate is increased when the Dg, value is decreased, irrespective of the D/w ratio.

E. Regional effect on solar energy storage and solar disinfection of SOAP

In order to evaluate the actual performance of the SOAP design, we investigate its potential
regional effects by applying climate conditions (elevation and azimuth angles of solar radiation
and air temperature) at two locations (see supplementary material Fig. S3). However, the spec-
tral characteristics of light (i.e., wavelength) are not considered in this study. The intensity of
solar radiation is calculated based on an air mass coefficient that depends on the azimuth angle
and the elevation angle. The position of the focal point with respect to the incident angle of
solar radiation is investigated (see supplementary material Figs. S4 and S5). Two cities, Iquique
(Chile) and Phoenix (USA), are selected due as representative cases of extreme water and
energy stress where research in alternative sustainable water and energy use models are under

b

1Y

c

Iquique (Chile) Iquique (Chile) Iquique (Chile)
Flow rate Flow rate Flow rate
sol (kgls) 100 | g (kgls) 100 | (kgls)
—— 1.0x10° [ —— 1.0x10-¢
-~ —— 1.0x10"® L —— 1.0x1078
. — oo § 801 g ® —— 50x10°2
. e < o .
= eol 1.0x10 = = 1.gx1g_7
I l & o 60 '3 60  2.0x1
) 1 s K} 5
5 S 40} S 40
= 40r o ¢}
© 20t 20
20— 0 L h 0 N
6 9 12 15 18 6 9 12 15 18 6 9 12 15 18
Daily time (h) Daily time (h) Daily time (h)
X
Azimuth d Arizona (USA) . Arizona (USA) f Avrizona (USA)
angle Flow rate Flow rate Flow rate
Elevation 8of (kais) 100 , (kgls) 100 (kgis)
angle —— 1.0x106 ——1.0x10¢ —— 4.0x1077
o ——12x10% _ gg| ——12¢x10% _ gg| —— 6.0x1077
< —— 1.4x10 R ——14x10% R —— 8.0x1077
~ 60k ——16x10% =2 ——16x10% —— 1.0x108
& o© 60f o 60} 1.2x1076
S - -
© 2 2
b i 5 40t S5 40t
2 401 o o
© 20} 20}
0 0 B 0 >
6 9 12 15 18 6 9 12 15 18 6 9 12 15 18
Daily time (h) Daily time (h) Daily time (h)

FIG. 4. Regional effect on solar energy storage and solar disinfection due to the elevation and azimuth angles of solar radi-
ation at specific geographic locations: (a) Average outlet temperatures at the outlet of the SOAP channel under the climate
conditions of Iquique. (b) Corresponding outlet disinfection rate of E. coli with flow rates ranging from 1.0 x 1077 to
8.0 x 107 "kg/s. (c) Corresponding outlet disinfection rate of E. faecium with flow rates ranging from 1.0 x 10~° to
2.0 x 10~ "kg/s. (d) Average outlet temperatures at the outlet of SOAP channel under the climate conditions of Phoenix. (e)
Corresponding outlet disinfection rate of E. coli with flow rates ranging from 1.0x 107® to 1.6 x 10 ®kg/s. (f)
Corresponding outlet disinfection rate of E. faecium with flow rates ranging from 4.0 x 10”7 to 1.2 x 10 °kg/s. A translu-
cent band represents 95% confidence interval.


ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-10-025605
ftp://ftp.aip.org/epaps/biomicrofluidics/E-BIOMGB-10-025605

054120-7 Lee etal. Biomicrofluidics 10, 054120 (2016)

study.*”° The SOAP panel is assumed to be installed on the north wall of a building in

Iquique and comparatively on the south wall in Phoenix. The elevation and azimuth angles of
solar radiation and air temperature are determined for autumn.

Figures 4(a) and 4(d) show the daily temperatures of water in SOAP channels in Iquique and
Phoenix, respectively. Because SOAP faces toward north (Iquique) and south (Phoenix) directions,
the maximum temperature of water is achieved at noon. Under the climate condition of Phoenix,
the temperature of the water in the SOAP channel is 53% higher, compared to the temperature of
water in Iquique. It is expected that the higher temperature in Phoenix increases the disinfection
rate. The disinfection rates for E. coli in both cities are shown in Figures 4(b) and 4(e), respec-
tively. The thermal disinfection of E. coli is found to be completed in both locations with mass
flow rates ranging from 1.0 x 10~ to 1.6 x 10~®kg/s. However, the photothermal disinfection of E.
Jfaecium is insufficient with the same mass flow rates due to higher thermal resistance of E. faecium,
as shown in Figures 4(c) and 4(f). When the mass flow rate is 1.0 x 1076kg/s, the disinfection rates
of E. faecium in Iquique and Phoenix are calculated to be 0.1% * 0.03% and 41.6% * 8.9%,
respectively. The thermal disinfection of E. faecium can be completed by further decreasing the
mass flow rate to 1.0 x 10~ kg/s (Iquique) and 4.0 x 10~ "kg/s (Phoenix), respectively.

The average air temperatures in Iquique and Phoenix in autumn are 22 °C. In spite of the
same air temperature in Phoenix and Iquique, the average temperature of the water in our
SOAP panel is estimated to be 53% higher than that of the water in Iquique. This can be attrib-
uted to the elevation angle of solar radiation at two locations. Due to the lower elevation angle,
the intensity of solar radiation in Phoenix can be higher by up to 81% than that in Iquique.

Ill. CONCLUSIONS

In summary, we have demonstrated an effective design of SOAP as a lab-on-a-wall, which
allows a holistic integration of energy generation and water regeneration. Our SOAP lab-on-a-
wall has dual functions of solar energy storage and photothermal disinfection of bacteria. The
optical lens on top of the SOAP microfluidic channel can focus the solar radiation over a
greater area than the area of the channels. As a result, the water temperature can be signifi-
cantly increased by 70% when the ratio of the lens diameter to the channel width is increased
by up to 3.0 times, compared to the channel without the lens. In addition, our SOAP can
accomplish 100% disinfection rate for pathogens, such as Escherichia coli. Geographic loca-
tions are found to be also critical on solar energy storage and solar disinfection of SOAP, which
is very useful in the determination of locale for the incorporation of SOAP into a building
facade in a given urban context and region (e.g., the orientation of SOAP on the building
facade). Multiscale design and analysis of SOAP for sustainable building can mark a new era
for resourcing resources in future smart city and building science, where solutions of water,
energy, and waste problems can be synergistically resolved.

SUPPLEMENTARY MATERIAL

See supplementary material for the numerical and analytical details, effects of lens struc-
ture, facade orientation, and incident angle of the solar radiation.
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