Joule Cell

Full Spectrum Solar Thermal Energy
Harvesting and Storage by a Molecular and

Phase-Change Hybrid Material

Solar Irradiation

Varun Kashyap, Siwakorn
Sakunkaewkasem, Parham
Jafari, ..., Maria D. Marquez, T.
Randall Lee, Hadi Ghasemi

trlee@uh.edu (T.R.L.)
hghasemi@uh.edu (H.G.)

HIGHLIGHTS

Hybrid system combines the
concepts of molecular energy and
latent heat storage

Energy release both during day
and night time operations

Stored energy recovery at night

with higher temperature than
during the day

Temperature
Hot Integrated system with
simultaneous harvesting and
storage of solar thermal energy

Lk::nperature actlvat%%\)i)/

(T > Trhreshod)

NBD Cold

An integrated hybrid system for simultaneous harvesting and storage of solar
thermal energy.

Kashyap et al., Joule 3, 3100-3111
December 18, 2019 © 2019 Elsevier Inc.
https://doi.org/10.1016/j.joule.2019.11.001

m

Ghock for


mailto:trlee@uh.edu
mailto:hghasemi@uh.edu
https://doi.org/10.1016/j.joule.2019.11.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2019.11.001&domain=pdf

Joule

Cell

Full Spectrum Solar Thermal Energy
Harvesting and Storage by a Molecular

and Phase-Change Hybrid Material

Varun Kashyap,' Siwakorn Sakunkaewkasem,? Parham Jafari,"” Masoumeh Nazari," Bahareh Eslami,’
Sina Nazifi,' Peyman lIrajizad,” Maria D. Marquez,” T. Randall Lee,”* and Hadi Ghasemi'3*

SUMMARY

Efficient solar thermal energy harvesting and storage are critical steps toward
utilizing the abundant solar irradiation that reaches the surface of the earth.
Current solar thermal approaches rely on costly high optical concentration sys-
tems, leading to high heat losses by hot bulk materials and surfaces. At the same
time, the energy stored in the form of thermal energy has inherently large tem-
poral losses. Here, we combine the physics of molecular energy and latent heat
storage to introduce an integrated, simultaneous harvesting and storage hybrid
paradigm for potential 24/7 energy delivery. The hybrid paradigm utilizes heat
localization during the day to provide a harvesting efficiency of 73% at small
scale and ~90% at large scale. Remarkably, at night, the stored energy by the
hybrid system is recovered with an efficiency of 80% and at a higher tempera-
ture than that of the day, in contrast to all of the state-of-the-art systems.

INTRODUCTION

Among the many renewable energy sources available, solar energy is gaining
increasing importance because of the promising potential it holds to satisfy human
energy needs.'™ The amount of energy utilized by humans annually, which is
approximately 4.6 x 10%° joules, is provided by the sun in merely 1 h. Three main
approaches are employed for solar energy conversion, solar electric approaches
(i.e., photovoltaics), solar thermal energy approaches(”8 (e.g., power generation),
and solar water splitting (H, production).” Although the sun provides ~0.12 MW
of power to the earth, solar electricity only accounts for ~0.015% of the global en-
ergy need, while this value is 0.3% for solar thermal technologies. This void in effi-
cient utilization of solar energy justifies a need for disruptive technologies to harvest
and store thermal energy from the sun.

Most current technologies utilize separate infrastructures for harvesting and storing
energy. A heat transfer fluid (HTF) must circulate between both infrastructures to
store energy.'® This leads to large thermal losses due to long piping lines and
high costs associated with complex systems including heat exchangers that are
required in these systems.'" The figures of merit for solar thermal energy harvesting
are efficiency and operating temperature, while for storage technologies, the met-
rics are energy density (MJ/m?3), specific energy (MJ/kg), and operating tempera-
ture.'” These storage media can be broadly classified into two groups: thermophys-

13,14) and

ical storage (i.e., sensible heat storage and latent heat storage
thermochemical storage. Thermophysical energy-storage media are thermally sta-

ble at high operating temperatures but suffer from low energy densities.
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Context & Scale

The physics of molecular energy
and phase-change storage is
combined to introduce a hybrid
paradigm for potential 24/7
energy delivery using solar
thermal energy. An integrated
system is developed for
simultaneous harvesting and
storage of energy. In large-scale
operations, this integrated system
helps mitigate thermal losses that
exist in conventional systems
because of long piping lines and
high costs associated with
complex systems including heat
exchangers. In this system, energy
is released both during the day
and night operations.
Furthermore, at night, stored
energy is recovered at 80%
efficiency and at a higher
temperature than during the day,
which is an inherent advantage to
other state-of-the-art systems.
This general concept can be used
with any combination of molecular
storage and phase-change
materials to build optimal systems
for specific applications including
power generation and
desalination.
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Thermochemical storage technologies utilize endothermic and exothermic chemical
reactions to store solar thermal energy.’® Although these latter systems have high
energy densities, their drawbacks include weak long-term durability, low chemical
stability, and complicated reactors for specific chemical reactions.

In another method called “molecular energy storage,” a parent photoswitchable
molecule absorbs sunlight and undergoes photoisomerization to a high-energy
state.'® The isomerization process, in which one molecule changes into a different
molecule while maintaining the same atomic composition, stores energy within
the bonds of the molecule as enthalpy. The absorbed energy can then be released
either by using a catalyst or with heat to isomerize back to the parent molecule. This
approach is attractive since the chemical energy can be stored in a compact way
without requiring thermal insulation."” Several photoisomers have been identified
and used for molecular energy storage, including anthracene, '® difulvalenediruthe-
nium complexes,w9 dihydroazulene and vinylhep’cafulvene,20 Dewar isomers of
azaborinine derivatives,”’ 1622224 and norbornadiene-quadricyclane
(NBD-QC) derivatives.””*? Among the aforementioned photoisomers, the NBD-
QC system has proven to be a promising material because of its high specific energy

azobenzene,

(0.4 MJ/kg), long storage times (ti,2 = 30 days at 25°C), and exceptional heat
release.”® Isomerization in the NBD-QC system in previous reports was triggered
using a UV light source and a catalyst (e.g., cobalt phthalocyanine on a carbon sup-
port) was used to trigger the back-isomerization (QC-NBD) reaction for energy
release under vacuum conditions. However, no solar energy harvesting and release
has been demonstrated for these materials.

Herein, we report the concept of a molecular and phase-change hybrid that com-
bines the concepts of molecular energy storage and latent heat storage to capture
the full solar spectrum for long-term operation, both during the day and night cycles.
Performance of both individual layers of the hybrid system and the entire hybrid sys-
tem have been studied elaborately in this work. The physics of heat localization?”~*?
is employed in this hybrid material to obtain the required phase-change tempera-
ture at low solar concentrations. During the day, the heat from the localized
phase-change material (L-PCM) is harvested by the HTF with ~73% efficiency, at
small scale, while the molecular storage material (MSM) captures the UV radiation
from the solar spectrum, shown in Figure TA. At night, heat from both the L-PCM
and MSM is harvested by the HTF with ~80% efficiency. Furthermore, the energy
required for the thermal back isomerization of the MSM material is provided by
the L-PCM.

Molecular and Phase-Change Hybrid Model

We introduce a general hybrid concept composed of a MSM and L-PCM to achieve
full spectrum solar energy harvesting and storage to provide thermal energy both
during the day and night, as shown in Figure 1A. During the day, the L-PCM, the bot-
tom layer, absorbs the incident solar irradiation and undergoes a solid-liquid phase

transition. The concept of solar heat localization®**% is employed to reach the . A
. o . 'Department of Mechanical Engineering,
phase-transition temperature at low solar flux and minimize heat loss. Carbonized University of Houston, 4726 Calhoun Road,
rayon (CR), which has high absorption (>97%) in the solar spectrum, is introduced Houston, TX 77204-4006, USA
in the phase-change material (PCM) to localize the heat and create a hot spot in “Department of Chemistry and the Texas Center
. N e for Superconductivity, University of Houston,
the material structure. To minimize radiation losses from the top surface of the Houston, TX 77204-5003, USA

L-PCM, the L-PCM is covered with a bulk silica aerogel layer, which is transparent 3Lead Contact
in the solar spectrum and opaque in the infrared spectrum.*? Furthermore, the silica *Correspondence: trlee@uh.edu (T.R.L),
aerogel allows for a constant temperature difference to exist between the L-PCM hghasemi@uh.edu (H.G.)

and MSM, a critical component for daytime functionality of the hybrid system. The https://doi.org/10.1016/j.joule.2019.11.001
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Figure 1. Concept of Full Spectrum Solar Thermal Energy Harvesting and Storage

(A) lllustration of the molecular and phase-change hybrid. The hybrid consists of a molecular storage material (MSM) and a localized phase-change
material (L-PCM) separated by a silica aerogel to maintain the necessary temperature difference.

(B) Wavelengths of the solar spectrum captured by the MSM and L-PCM are shown.

(C) The concept of molecular energy storage is illustrated. The norbornadiene (NBD) derivative undergoes photoisomerization to the corresponding
quadricyclane (QC) derivative upon exposure to UV radiation and undergoes back isomerization upon thermal initiation.

(D) The concept of phase-change energy storage is shown. Energy is stored in the form of enthalpy.

dimensional design of the aerogel layer and its role on heat transfer is discussed in a
later section. Heat is stored in the L-PCM in the form of latent heat. A HTF is circu-
lated through the L-PCM to harvest the stored energy. On the other side, the
MSM is composed of a photoisomer. During the day, the photoisomer absorbs UV
radiation to induce isomerization of the MSM while at the same time storing energy.
Important to note is the low temperature (<70°C) needed during the harvesting of
UV radiation by the photoisomer to maximize efficiency. During the night, the HTF
from the L-PCM, which is at the phase-transition temperature, flows to the MSM
to provide the necessary threshold temperature to initiate the thermal back
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isomerization; this process releases the energy stored from the UV radiation. Thus,
the hybrid system absorbs the complete solar spectrum and provides thermal en-
ergy both during the day and night (potentially 24/7). A salient feature of this hybrid
system is the higher harvesting temperature at night, compared to daytime temper-
atures, which is an inherent advantage to state-of-the-art systems."*:?°

Figure 1B shows wavelengths of the solar spectrum harvested by the MSM and
L-PCM layers. In a sample model of this general concept, we used a combination
of 54.1% KNOs3, 20% NaNO3, and 25.9% LiNO; as the PCM*%*" and the norborna-
diene (NBD)-quadricyclane (QC)?® system shown in Figure 1C as the MSM material.
We selected a combination of KNO3, NaNOj3, and LiNO3 because of its high energy
density and low melting point (~120°C),*" which can be achieved under low
solar flux. Details of the synthesis of the MSM are provided in the Supplemental In-
formation. We chose the NBD-QC system because of its high specific energy
(0.4 MJ/kg).28 Note that this combination of PCM and MSM was used to illustrate
the concept of a molecular and phase-change hybrid system. However, the system
presented herein is not limited to the aforementioned combination; in fact, any com-
bination of PCM and MSM can be used in this hybrid system. The ultraviolet-visible
(UV-vis) absorption spectrum for the PCM is shown in Figure S1. CR, which is intro-
duced within the PCM, absorbs the incoming solar radiation, converts it to heat,
and supplies this heat to the PCM to initiate the phase change. Although an absorp-
tion peak is seen for the PCM in the UV range of the solar spectrum (A = 300 nm),
Figure S1, the use of the MSM is critical in harvesting UV radiation effectively. The
MSM releases absorbed energy during the back-isomerization process at night
and provides significantly higher output temperatures (To,t) without compromising
the efficiency of the system.

Figure 1C also shows the reaction energy diagram for photoisomerization of the
NBD-QC system. The parent NBD derivative undergoes isomerization to the high-
energy QC derivative upon exposure to UV photons. Conversely, the QC derivative,
upon thermal initiation, isomerizes back to the parent molecule and releases the ab-
sorbed energy. Energy storage in the L-PCM occurs through a solid-liquid phase
change and is illustrated in Figure 1D; the temperature gradient in the L-PCM and
silica aerogel layer is also shown for reference. Specifically, the L-PCM localizes inci-
dent solar irradiation generating a hot spot, while the silica aerogel preserves the
required low temperature (<70°C) on the surface. This strategy ensures that
the MSM is always below the threshold temperature to harvest UV radiation
during the day without initiating back isomerization. Furthermore, as shown in Fig-
ure 1D, the change in enthalpy attributed to the phase change is released as energy
during the phase transition of the L-PCM from liquid to solid.

RESULTS AND DISCUSSION
Full Spectrum Solar Energy Harvesting during the Day
The daytime performance of the hybrid system toward harvesting energy is shown in
Figure 2; the experimental setup is shown in Figure S2. The HTF enters the system at
ambient temperature (T;,). The output temperature from the L-PCM, T,; (L-PCM), is
a function of the Reynolds number (Re) of flow of the HTF. Figure 2A shows Tyt
(L-PCM) as a function of solar irradiation and the Re. Ty (L-PCM) increases as the
Re decreases and solar irradiation increases. Figure 2B shows the thermal efficiency
of the L-PCM as a function of the Re and is given by

mC,AT

n= Q. (Equation 1)

Cell
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Figure 2. Solar Thermal Energy Harvesting during the Day

(A) Tout (L-PCM) as a function of solar concentration and Reynolds number for HTF flow is shown.

(B) Thermal efficiency for solar thermal energy harvesting during the day is shown as a function of the surface temperature of the PCM and Reynolds
number for HTF flow.

(C) The proton NMR spectra showing complete conversion of the NBD isomer to the QC isomer under UV radiation is shown.

(D) Transient change in energy stored by the MSM during photoisomerization of the NBD derivative to the QC derivative under varying solar
concentrations is shown.

where m is the mass flow rate of the HTF in kgs ™', C,, is the specific heat of the HTF
used (silicone oil) in Jkg:f1 K=', ATisthe temperature difference between T;, and Tou
(L-PCM) in K, 7 is the transmission across 3 glasses (including one anti-reflective glass
and the silica aerogel monolith), and Q;, is the illuminated solar irradiation in W. As
shown in Figure 2B, thermal efficiency increases as a function of the Re for a fixed
solar irradiation. For other solar irradiations, the relationships are shown in Figures
S3 and S4. For 2 kWm~2 solar irradiation, a maximum thermal efficiency of ~73%
is obtained during the day for a small-scale system.

To confirm isomerization of the NBD derivative to the QC derivative in the presence of
UV light (300-370 nm) in solution, "H NMR spectroscopy was performed before and
after irradiation (see Figure 2C). The MSM was dispersed in toluene since the photo-
isomer exhibits good ambient stability in toluene (t1,, = 30 days at 25°C).?® The con-
version occurs through the photosensitized cyclization of the NBD moiety via [2 + 2]
intramolecular cyclization. To confirm the existence of the NBD and QC species, sepa-
rately, both compounds were characterized with "H NMR spectroscopy. The peaks
unique to the NBD isomer, originating from the double bond, at 3 ~6.92 (labeled
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cin Figure 2C) and 8 ~6.82 (labeled d in Figure 2C) disappear from the NMR spectrum
after irradiation of the sample and conversion to the QC isomer. This result was
observed for both molecules in the hybrid system and for those tested outside the sys-
tem, which indicates that almost all (>95%) of the NBD isomer is converted to the QC
isomer, and the UV radiation in the solar spectrum is successfully harvested by the
MSM, the top layer of the hybrid system. The transient change in stored energy stored
by the MSM is shown in Figure 2D and was measured by conversion of the NBD-QC
system using UV-vis spectroscopy. Note, the time for the NBD derivative to isomerize
to the QC derivative is shorter at high solar irradiations compared to low solar
irradiation. For example, at a solar irradiation of 4 kWm~2, complete isomerization
to the QC derivative was observed in ~125 s for the MSM at a concentration of
5% 107° M; it is about ~200 s at 3 kWm ™2 and ~375 s at 2kWm 2,

Solar Energy Storage by Molecular Phase-Change Hybrid

The solar thermal energy-storage capabilities of the individual MSM and L-PCM along
with the molecular phase-change hybrid system are evaluated in Figure 3. Differential
scanning calorimetry (DSC) was conducted on the QC derivative, as shown in Figure 3A.
Samples of the QC isomer were prepared by exposing the toluene solution of the NBD
isomerto 365 nm UV light. The volatile toluene solution was evaporated, and complete
conversion was confirmed by "H NMR spectroscopy prior to conducting the DSC mea-
surements, as shown in Figures SSA and S5B. DSC was conducted for two continuous
heating cycles, from 40°C to 180°C. During the first heating cycle (continuous line in
Figure 3A), heat release is observed at ~85°C. The experimental energy storage
is shown to be AHgorage = 88 kJ mol~7, corresponding to an energy density of
0.4 MJ kg™". However, during the second heating cycle, no heat release was observed
(dashed line in Figure 3A), thereby indicating the complete conversion of the QC iso-
mer to the NBD isomer during the first heating cycle. The phase-change diagram and
DSC for the PCM is provided in the Supplemental Information (Figures Sé and S7).

The storage capacities of our system and those of state-of-the-art energy-storage
materials are compared in Figure 3B. The energy density versus specific energy di-
agram is considered as the figure of merit for assessment of energy-storage mate-
rials.’® As discussed by Gur et al.,'? the ideal energy-storage material should have
both high energy density and specific energy. Furthermore, the phase-change tem-
peratures of various materials are also provided in Figure 3B. To illustrate the appli-
cability of the proposed concept of a hybrid molecular and phase-change system, a
PCM with a phase-transition temperature of ~120°C was used. This temperature was
targeted because of the appeal of low solar concentration and the associated
reduced operation costs in comparison to high concentration systems. Note that
any PCM can be used in this system employing the same concept. The energy-stor-
age metrics of both the MSM and the L-PCM used in this study are given in Figure 3B.
As shown, the specific energy of the molecular and phase-change hybrid is higher
than L-PCM by using a coupled MSM system, thereby proving higher storage capac-
ities of the hybrid system.

The interchangeable formation of the NBD and QC isomers is illustrated in Figures 3C
and 3D. The key structural difference between the NBD and QC isomers is the
extended conjugation present in the NBD isomer, which includes the aromatic ring,
the double bond in the norbornadiene ring, and the nitrile group. This small conju-
gated system significantly shifts the highest absorbance peak to a lower absorption
wavelength compared to the QC isomer. In a smaller conjugated system, more energy
is required to excite the T electron in the electronic transition (higher highest occupied
molecular orbital [HOMO]-lowest unoccupied molecular orbital [LUMO] gaps)
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Figure 3. Solar Thermal Energy Storage by Molecular Phase-Change Hybrid

(A) DSC thermogram is shown for the thermal back conversion of the QC derivative to the NBD derivative. The solid line represents the first heating cycle
and the dashed line represents the second heating cycle.

(B) Storage capacities of state-of-the-art energy-storage materials are compared, including thermochemical and thermophysical storage mechanisms.
It is seen that harvesting the full spectrum of the incident solar irradiation increases the specific energy.

(C and D) UV-vis spectra illustrating the forward photoisomerization process (C) and thermal back isomerization process (D) are shown.

compared to a larger conjugation system. Thus, after exposure to a UV source, 365 nm
for 30 s, a decrease in the intensity of the peak at 325 nm was observed. Upon
increasing UV irradiation time on the NBD-containing solution, a linearly decreasing
trend was observed. This process was repeated until the absence of the absorption
peak at ~325 nm was noted. The disappearance of the peak at ~325 nm ensures
the complete transformation of the NBD isomer to the QC isomer. To reobtain the
NBD isomer, the reverse chemical transformation was performed by applying heat
to the QC-containing solution. As discussed earlier, the QC derivative is reversed
back to the NBD derivative by thermal initiation. The conversion proceeds through
a retro-[2 + 2] intramolecular cyclization. Upon exposing the QC-containing solution
to an ~85°C oil bath, the absorption peak at ~325 nm begins to increase in intensity,
indicating formation of the extended conjugation system. This experiment was
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Figure 4. Full Spectrum Solar Energy Harvesting during Night

(A) Transient heat release of toluene and the MSM (QC derivative) dispersed in toluene are compared. As shown, a clear temperature jump is seen in the
case of toluene.

(B) The transient temperature difference between the HTF outlet from the L-PCM and the outlet from the MSM for a Reynolds number of 1.0 is shown. A
clear peak that is associated with the heat release is seen.

(C) The steady-state temperature of the L-PCM and the temperature of the glass above the aerogel are shown as a function of solar irradiation. The

average aerogel temperature is ~70°C for an average L-PCM temperature of ~140°C.

(D) Both small- and large-scale thermal efficiencies of energy harvested by the MSM are plotted as a function of Reynolds number. Arange of large-scale
efficiencies are shown based on the thickness of the insulating layer used to cover the top surface. This large-scale efficiency can reach as high as ~94%.

continued until no further change in the absorbance was noted. The absorbance data
before exhibiting photosensitized cyclization and after retro-[2 + 2] intramolecular
cyclization exhibited similar values, as shown in Figure 3C.

Energy Harvesting during the Night

During nighttime operation (no solar irradiation), energy is harvested both from the
L-PCM and MSM. During the daytime, the L-PCM attains high steady-state temper-
atures of up to ~170°C and T, (L-PCM) of >100°C. This temperature is higher than
the Tihreshold TOr activation of the MSM for energy release. Once the HTF flows
through the MSM, it harvests the energy stored in it. To confirm energy release by
the MSM, both the MSM (as the QC isomer) and pure toluene were heated to the
threshold temperature simultaneously. As shown in Figure 4A, the MSM showed a
temperature jump of 10°C to 15°C, as opposed to pure toluene, which exhibited
a constant temperature increase. These results are consistent with the heat release
shown in Figure 3A. This property of the MSM is exploited in the hybrid system to
achieve a high final outlet HTF temperature. The temperature difference between
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the outlet from the L-PCM (T, (L-PCM)) and the outlet from the MSM (T,.+) is shown
in Figure 4B and corresponds to a Re of 1.0. The latent heat release from the L-PCM
heats the HTF and elevates its temperature beyond the threshold temperature for
the thermal back isomerization of the MSM (QC), which is >85°C.

As mentioned earlier, in order for the NBD derivative to completely undergo photo-
isomerization to the QC derivative, the temperature of the MSM must be maintained
at a temperature below the threshold temperature. Figure 4C shows that the
average temperature on top of the aerogel glass is ~70°C, for an average L-PCM
temperature of ~145°C (which is above the phase-change temperature of the
L-PCM). Therefore, the hybrid system can be operated up to a solar irradiation of
4 kWm~2 while maintaining an MSM temperature below the threshold temperature
for thermal back isomerization. Figure 4D shows the thermal efficiency of the MSM as
a function of Re. The thermal efficiency of the MSM is given by

MCp Jo(Tout — Tour(L — PCM)) dit

AEstorage MSM

Nthermal = (Equation 2)
Where AEgiorage Msm is the total energy that is stored by the MSM by molecular
energy storage and sensible heat in joules. Note that the term

t
/ (Tout — Tout(L—PCM)) dt is obtained from Figure 4B for different Res. A maximum
0

efficiency of ~47% was obtained for the MSM at a high flow rate (Re = 3.2) while
achieving a maximum T, of ~119°C. The two-dimensional (2D) side losses associ-
ated with a small-scale experiment were simulated and are presented in Figure S8.
These losses can be avoided for large-scale experiments, thereby increasing the ef-
ficiency further up to 76%. This efficiency can be further increased as a function of the
thickness of the insulating layer used on the top surface for nighttime operation.
Both large- and small-scale thermal efficiencies of the MSM are shown in Figure 4D
as a function of Re. The breakdown of the losses is elaborated in the Supplemental
Information (Table S1).

Performance of the Molecular and Phase-Change Hybrid System

Figure 5 shows the performance of the complete molecular and phase-change hybrid
system for both daytime and nighttime operations. The thermal efficiency of the aero-
gel monolith on top of the L-PCM is obtained from the Rosseland diffusion approxima-
tion.>” Based on this approximation, the temperature field is determined and the cor-
responding aerogel thermal efficiency is calculated (Figure 5A). The thickness of the
aerogel monolith was calculated based on optimal aerogel efficiency. The aerogel
efficiency is shown as a function of L-PCM surface temperature in Figure 5A. At low
L-PCM surface temperatures, aerogel efficiency is as high as 90%. Small-scale effi-
ciency for daytime operation of the hybrid system for 2 sun solar irradiation is shown
in Figure 5B. The efficiency formulation is explained in an earlier section. Based on
the aerogel efficiency from Figure 5A, the surface and 2D losses are calculated.
Note that for large-scale operation, the 2D losses are negligible, and the system effi-
ciency can be increased up to 90%, as shown in Figure 5B. The graphs for solar irradi-
ations of 3 and 4 kWm 2 are shown in the Supplemental Information (Figures S9 and
S10). Nighttime efficiency of the hybrid system is given by

MCy [$(Tour — Tin)dlt ,
Nhybrid system (night) = p Jo(Tou (Equation 3)

AEstorage L-pcM t AEstorage msm + AEst‘orage SM

Where AEgiorage 1—pPcm is the total energy stored by the L-PCM—including latent heat
and sensible heat—in joules, AEgiorage mswm is the total energy stored by the MSM by
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Figure 5. Performance of the Molecular and Phase-Change Hybrid System

Cycle Number

(A) The aerogel efficiency is shown as a function of L-PCM surface temperature. The aerogel has a high thermal efficiency of ~ 90% at low solar

concentrations.

(B) The efficiency of the hybrid system is shown for daytime energy harvesting as a function of L-PCM surface temperature for small- and large-scale

operation. A high thermal efficiency of ~90% was observed for large-scale operation.

(C) The nighttime efficiency of the hybrid system and the final output temperature of the HTF are shown as a function of Reynolds number. The system
exhibits a nighttime efficiency of ~80% while providing the HTF at an output temperature of ~119°C.

(D) The cyclic performance of the MSM is evaluated in isomerization and thermal back-isomerization reactions for 35 cycles. Degradation of the MSM

over 35 cycles was negligible (0.2%).

molecular energy storage and sensible heat in joules, and AEgorage sm represents
the component of the input heat that is stored in the surrounding media as sensible
t
heat in joules. Note that the term /(Tout —Tin)dt is obtained from Figure S11 for
o
different Res. The energy balance for the system and the energies stored by both
the L-PCM and MSM are described in detail in the Supplemental Information
(Section 13). The calculations for surface losses are also explained in the Supple-
mental Information (Table S2). The hybrid system offers ~80% efficiency while deliv-
ering the HTF at an output temperature of ~119°C during nighttime operation. This
opens up a wide array of applications where the solar energy can be stored during
the day and harvested during the night at high temperatures, including water heat-
ing, power generation, and sterilization. Cyclic experiments were conducted to eval-
uate the stability of the MSM over several operating cycles. The NBD isomer was
converted to the QC isomer under UV illumination, and complete conversion was
verified using UV-vis spectroscopy. Thermal back isomerization was initiated on a
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heating stage at 85°C, and complete back conversion was again confirmed by UV-vis
spectroscopy. This process was carried out for 35 cycles, and a negligible degrada-
tion of 0.2% was seen over 35 cycles as shown in Figure 5D.

Conclusions

We developed a hybrid concept where we coupled the physics of molecular energy stor-
age by photoisomerization and phase-change energy storage by latent heat to harvest
thermal energy from the sun and provide a potential 24/7 energy supply. The hybrid sys-
tem absorbs the complete solar spectrum with minimal degradation of material, even
after 35 cycles of operation. We achieved a high hybrid system efficiency of 73% for en-
ergy harvesting during the day, at 2 kWm™2 solar irradiation, which can be increased to
~90% for large-scale operation and an efficiency of ~80% for energy harvesting during
the night. Note that this concept can be used for different combinations of PCM and MSM
materials to achieve higher energy densities. This new paradigm opens up various ave-
nues for harvesting solar thermal energy at high efficiency and low operation cost for a
wide spectrum of applications, including desalination, power generation, and distillation.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2019.11.001.
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