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Highlights

A Si-based PV cell with a MOST

flow cooling system shows

improved solar efficiency

MOST solution can store UV and

visible light, achieving 2.3% solar

storage efficiency

MOST solution, as an optical filter,

cools by 8�C and boosts PV cell

efficiency by 0.2%

The hybrid device achieves 14.9%

solar efficiency, surpassing

individual devices
The efficiency of photovoltaic (PV) solar cells can be negatively impacted by the

heat generated from solar irradiation. To mitigate this issue, a hybrid device has

been developed, featuring a solar energy storage and cooling layer integrated

with a silicon-based PV cell. This hybrid system demonstrated a solar utilization

efficiency of 14.9%, indicating its potential to achieve even greater efficiencies in

future advanced hybrid photovoltaic solar energy systems.
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and Kasper Moth-Poulsen2,3,4,5,6,*
CONTEXT & SCALE

The global shift from fossil fuels to

silicon-based solar cells brings

new challenges due to

intermittent solar output and

fluctuating energy demand,

emphasizing the need for

effective energy storage. Two

main issues are (1) PV systems’

efficiency drops by 10%–25% due

to heating, requiring more land

area, and (2) current storage

technologies, like batteries, rely

on unsustainably sourced

materials. This paper proposes a

hybrid device combining a

molecular solar thermal (MOST)
SUMMARY

The performance of photovoltaic (PV) solar cells can be adversely
affected by the heat generated from solar irradiation. To address
this issue, a hybrid device featuring a solar energy storage and cool-
ing layer integratedwith a silicon-based PV cell has been developed.
This layer employs a molecular solar thermal (MOST) energy storage
system to convert and store high-energy photons—typically underu-
tilized by solar cells due to thermalization losses—into chemical en-
ergy. Simultaneously, it effectively cools the PV cell through both
optical effects and thermal conductivity. Herein, it was demon-
strated that up to 2.3% of solar energy could be stored as chemical
energy. Additionally, the integration of the MOST system with the
PV cell resulted in a notable decrease in the cell’s surface tempera-
ture by approximately 8�C under standard solar irradiation condi-
tions. The hybrid system demonstrated a solar utilization efficiency
of 14.9%, underscoring its potential to achieve even greater effi-
ciencies in forthcoming advanced hybrid PV solar energy systems.
energy storage system with PV

cell. The MOST system, made of

elements like carbon, hydrogen,

oxygen, fluorine, and nitrogen,

avoids the need for rare materials.

It serves as an optical filter and

cooling agent for the PV cell,

improving solar energy utilization

and addressing the limitations of

conventional PV and storage

technologies.
INTRODUCTION

The world is currently undergoing a significant shift in its reliance on energy re-

sources, transitioning away from fossil fuels and embracing renewable energy sour-

ces. In 2021, renewable primary energy experienced an impressive increase of 5.1

exajoules (EJ), reflecting an annual growth rate of 15%.1 However, despite this prog-

ress, fossil fuels still account for 82% of the global energy mix, as revealed by the Sta-

tistical Review of World Energy 2022.1 Among the various renewable energy sour-

ces, solar energy stands out as the most abundant on Earth and plays a vital role

in electricity generation. In the European Union (EU) specifically, photovoltaic (PV)

electricity already contributed 5.5% to the gross electricity output in 2021, demon-

strating the promising potential of solar energy as a viable solution to meet the re-

gion’s energy demands.2 However, challenges such as local weather patterns and

seasonal variations hinder the full utilization of solar power generation. To accelerate

the transition to renewable energy sources, combining solar power conversion with

long-term energy storage solutions becomes crucial. In this regard, the International

Energy Agency’s Net Zero Emissions by 2050 Scenario underscores the critical need

for a significant expansion in grid-scale battery storage capacity. The target is to

augment this capacity to about 44 times its current level, achieving around 680

GW by 2030.2 Similarly, the Long Duration Energy Storage Council aims to expand

the capacity of innovative long-duration storage technologies to between 1.5 and
Joule 8, 2607–2622, September 18, 2024 ª 2024 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Hybrid device setup

(A) Schematic of the thermalization losses.

(B) Schematic of the hybrid device combining a microfluidic chip containing a molecular solar thermal (MOST) energy storage system and Si-based

photovoltaic (PV) solar cells. The MOST fluidic chip was positioned on top of and in direct contact with the PV cell.

(C) Photo of the experimental setup under a solar simulator. The transparent MOST fluidic chip is positioned above the blue-colored Si-based PV cell

shown in the middle of the photo (red scale bar, 2 cm).
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2.5 TW by 2040. This expansion is intended to facilitate a cost-efficient, net-zero-

emission energy system.3 These projections clearly emphasize the essential role of

cutting-edge energy storage technologies in enabling a seamless transition to a sus-

tainable energy future.

Silicon (Si)-based PV systems have emerged as a dominant technology in solar en-

ergy conversion, with a global installed capacity exceeding 600 GW.4 This remark-

able growth can be attributed to several compelling advantages. Primarily, the

abundant availability of Si on Earth, constituting 27.2 wt%, assures a steady and

accessible supply for PV cell manufacturing, thereby minimizing dependence on

limited resources.5 Furthermore, the cost-effectiveness of Si-based PV modules

has significantly increased over time, positioning solar energy as a strong competitor

to traditional energy sources.6 Its scalability facilitates the production of modules

across a spectrum of sizes and power capacities, thereby offering versatility for

numerous applications. Moreover, the established status of the Si-based PV indus-

try, characterized by standardized manufacturing processes and extensive exper-

tise, also greatly contributes to its widespread adoption and success. Notably, Si-

based PV systems boast high efficiency in converting sunlight into electricity, with

a recorded high of 27.6% under concentrated solar irradiation.7 This impressive ef-

ficiency ensures the effective utilization of solar energy resources. Besides, Si-based

PV modules offer exceptional reliability and longevity, with an average lifespan of

around 30 years, making them a durable and enduring solution.8 Lastly, but most

importantly, recent research has proven that Si-based PV systems can contribute

to environmental sustainability by generating clean and renewable energy, thereby

reducing greenhouse gas emissions and mitigating the adverse impacts of fossil-

fuel-based power generation.9,10

However, there are still challenges remaining that need to be addressed tomaximize

the efficiency of solar energy utilization. For instance, the absorption of solar radia-

tion in connection with the band gap of the used semiconductor is crucial. When a

short wavelength photon with energy greater than the band gap of Si is absorbed

by a Si solar cell, the excess energy is converted into heat (Figure 1A). This is known

as thermalization loss and is a substantial problem in all single-junction solar cells

due to a considerable part of the solar spectrum comprising photons with energy
2608 Joule 8, 2607–2622, September 18, 2024
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exceeding the semiconductor band gap.11 Moreover, in PV designs, the effective

utilization of high-energy photons is diminished due to the recombination of major-

ity carriers within the space-charge region.12 On the other hand, solar cell effi-

ciencies for crystalline Si-based and thin-film PV modules are measured according

to the standard test conditions (STCs) for solar panels, which, among others, entail

a temperature of 25�C.13,14 However, semiconductor solar cell efficiency is known

to decrease significantly with its surface temperature, meaning that the efficiency un-

der actual operating conditions can be lower than nominal.15,16 Furthermore, it is

worth noting that elevated temperatures can adversely affect the lifespan of solar

modules.17–20 Consequently, by operating the modules at lower temperatures, their

longevity can be extended, leading to enhanced sustainability of the technology.

This enhancement can hence positively affect the energy return on investment

(EROI), which is defined as the ratio of energy output to energy input required for

the fabrication and maintenance of the solar cell.

Diverging from the traditional method of combining a thermal absorber layer with a

PV cell,21 this study presents a novel approach. For the first time, we aim to address

multiple challenges in PV technology, including overheating and inefficient utiliza-

tion of high-energy photons. Additionally, this newmethod introduces solar thermal

chemical storage into the system, offering a multifaceted solution to enhance overall

efficiency. The basic idea is to combine a so-called molecular solar thermal (MOST)

energy storage system with a Si-based PV cell. The MOST system is placed on top of

the PV cell (Figure 1B) and contains a solution of photoswitchable organic molecules

flowing through a microfluidic chip that can store sunlight as chemical energy via a

photoisomerization process.22–26 This process involves high-energy blue and ultra-

violet photons (typically <450 nm) to convert parent molecules into high-energy

metastable photoisomers. The energy stored in the MOST photoisomers can then

be used as a backup energy source, either as a source of heat27 or for thermoelectric

power generation.28 The MOST molecule is transparent at wavelengths longer

than z450 nm; therefore, the majority of relevant photons are still available for

the Si-based PV device. Meanwhile, the MOST layer reduces the thermal heating

of the PV cell by filtering high-energy photons and actively cooling the microfluidic

chip (vide infra), which enhances solar energy to power conversion.

In theory, an optimized and ideally operating MOST system with a 1.89-eV S1-S0
band gap has a maximum solar energy storage efficiency of 10.6%.29,30 Additionally,

this system offers the capability to directly store solar energy, enabling the mitiga-

tion of fluctuations across daily, seasonal, or even longer durations. However,

despite the investigation of various MOST systems and corresponding de-

vices,23,31–37 experimental results indicate that MOST devices are still far from being

optimized. For instance, for daily energy storage on an industrial scale, significant

amounts of catalysts are necessary, coupled with a daily need for the extensive

chemical energy stored, especially for applications with heating purpose.38 On

the seasonal storage and longer time frames, a large amount of MOST molecules

and solvent will be needed.31 Earlier studies on hybrid architectures, such as those

converting solar energy to chemical energy storage and solar water heating, have

shown enhanced combined efficiencies. However, the solar thermal energy storage

efficiency hexperiment of the reported MOST systems were limited, ranging from only

0.5% to 1.1%.34 In this work, a hexperiment of up to 2.3% is achieved, which is, to the

best of our knowledge, a new world record. This was accomplished using a norbor-

nadiene derivative, showing good performance in various factors, including solar

spectrum match, storage energy capacity (DHstorage), and photoisomerization quan-

tum yield (4iso). The setup was designed and built by placing a commercial
Joule 8, 2607–2622, September 18, 2024 2609



Figure 2. Molecular solar thermal energy storage systems and properties

Molecular structures, absorption profiles (e is the molar absorption coefficient, all results were measured in toluene) of the parent norbornadiene

derivative and their corresponding high-energy quadricyclane photoisomers used in this work. All listed half-life times were calculated at 25�C.
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polycrystalline Si-based PV cell beneath the MOST system (Figures 1B and 1C). To

ensure both effective cooling and optical filter (energy storage for non-heating tem-

perature stabilization) effects from the MOST system, on one hand, the microfluidic

chip containing the flowing MOST solution needs to be positioned in direct contact

with the PV cell to maintain maximum thermal transfer. On the other hand, an appro-

priately high flow rate of the MOST solution can enhance the cooling of the PV cell

while still maintaining a maximum hexperiment. Therefore, under such MOST flow con-

ditions for temperature-stabilized operation, the PV cell is cooled down about 8�C,
from 53�C to 45�C, with the help of the MOST fluid during solar irradiation, leading

to a power conversion efficiency (PCE) boost of 12.6%. Together, the hybrid device

operates at 14.9% solar utilization efficiency. Such presented results demonstrate

the versatility of the concept and reveal important design parameters for future

work on active MOST-based solar energy storage and PV cell cooling.
RESULTS AND DISCUSSION

MOST candidates

Three MOST systems based on the norbornadiene-quadricyclane (NBD-QC) molec-

ular skeleton (Figure 2) were tested in this present setup as MOST fluid in a fused sil-

ica microfluidic chip (33.9 mm3 with 100 mm optical pathlength) of the hybrid device.

The rationales for the selection of the three NBD molecules—NBD1, NBD2, and

NBD3— are their different photophysical properties, such as those related to the

onset of absorption, thermal enthalpy barrier (DHtherm and DStherm), energy storage

half-life time (t1/2), photoisomerization qumtum yield (4iso), and energy storage

density (DHstorage). The synthesis of the molecular systems was carried out according

to the literature reports (Figures S1 and S2).27,39–41 NBD1 has the largest thermal

enthalpy barrier DHtherm of 169 kJ mol�1, thus providing the longest half-life

(8 months) among the three candidates (Table 1). NBD2 has a half-life time of

30 days and an onset of absorption of 380 nm. NBD3 exhibits the most red-shifted

absorption spectrum with an onset of absorption at 457 nm; however, the t1/2 of the

corresponding QC-isomers (QC3) is only 7 h. Besides optical properties and t1/2,
2610 Joule 8, 2607–2622, September 18, 2024



Table 1. Summary of photophysical properties (in toluene, lcutoff = 284 nm) of the three NBD candidates used in this work

Molecule
NBD
onset (nm)

QC
onset (nm) DHtherm (kJ mol�1) DStherm (J mol�1 K�1) t1/2 at 25�C 4iso (%) DHstorage (MJ mol�1) hlimit (%) hexperiment (%)

NBD1 384 343 169 179 8 months 60 72 0.4 0.4

NBD2 380 345 104 �22 30 days 61 89 0.5 0.5

NBD3 457 402 72 �91 7 h 68 105 2.9 2.3

To calculate the thermal half-lifeðt1=2 =
ln ð2Þ
k

�
, the reaction rate constant k is determined using the Eyring equationðk =

kBT

h
e
�
DHtherm � TDStherm

RT

�
, which

involves both DHtherm and the entropy change (DStherm).
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both 4iso and DHstorage are also key parameters. 4iso signifies the probability of a

conversion reaction occurring for each absorbed photon, whereasDHstorage crucially

quantifies the solar energy storage capacity when the molecules are charged. As

demonstrated in our previous work,27 catalysts can be employed to release the

stored energy as latent heat. The principle is that a higher energy density leads to

a greater amount of heat being released. In this study, it reveals that 4iso (approxi-

mately 60%–70%) and DHstorage (72–105 MJ mol�1) are comparably similar across

the three compounds under investigation, as detailed in Table 1. Based on a simu-

lation framework that takes all the aforementioned factors into account, the maximal

energy storage efficiency of the systems can be estimated. NBD1 and NBD2 can

theoretically reach a maximum energy storage efficiency (hlimit, calculated by Equa-

tion 1 in experimental procedures section) of 0.4% and 0.5%,27 respectively.

Remarkably, the molecule NBD3, which exhibits the most red-shifted absorption

and a 4iso of 68%, has a theoretical maximum solar energy storage efficiency

of 2.9%.41
PV solar cell characterization

For the hybrid device demonstration, a commercial polycrystalline Si-based PV cell

was used. In order to evaluate how heat affects the performance of the PV cell (e.g.,

power generation efficiency), the PV device was characterized under irradiation from

a class AAA solar simulator at different device temperatures, ranging from 8�C to

80�C. The temperature was varied using a custom-build holder that contains Peltier

modules for cooling and heating.42 The voltage-current curves were measured at

different temperatures and the results indicate a linear correlation between the

PCE and the temperature (Figure S3). This is the result of a strongly reduced

open-circuit voltage with temperature arising from increased reverse saturation cur-

rents, which cannot be compensated by the slight increase in photocurrent related

to a slightly broader absorption.43 Such a phenomenon occurs in almost all PV tech-

nologies due to its fundamental origin.44–46 Experimentally, the commercial PV cell

was measured to lose around 25% of its PCE when heated from 8�C to 80�C.
Indoor demonstration

To demonstrate the hybrid concept, a series of experiments was performed with the

molecules NBD1–3. First, investigations into the impact of flow rate on cooling effi-

ciency were conducted using two solvents: toluene and water. It was found that the

cooling effect of toluene closely parallels that of water, exhibiting a minimal differ-

ence of approximately 1�C in cooling performance at each tested flow rate. The

optimal cooling effect with toluene occurs at the shortest residence time, achieved

at a flow rate of 4 mL h�1, as depicted in Figure S4. Furthermore, toluene’s effective-

ness in dissolving NBD derivatives positions it as a viable option for a heat transport

solvent. Hence, solutions of the NBD1–3 molecules were prepared at a concentra-

tion of 0.1 M in toluene. The chosen high concentration of 0.1 M in our experiments
Joule 8, 2607–2622, September 18, 2024 2611



Figure 3. Performance data for the hybrid system

(A–C) Conversion percentage and energy storage efficiency over different residence times for NBD1–3 during indoor experiment testing.

(D–F) Surface temperature of the PV cell and open-circuit voltage generated over different residence times for NBD1–3 during indoor experiment

testing (Table S1).
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was determined by a meticulous balance between the solubility of the substances

and the optical path length of the device. This concentration was also crucial for

ensuring consistency in parallel comparisons with both the current work and previ-

ous studies.28,34 A higher concentration of the MOST solution is also expected to

provide additional optical filter effect from incoming UV sunlight, thereby enhancing

the non-heating, temperature-stabilizing effect on the underlying PV cell. Following

this, the NBD1–3 in toluene solutions were individually pumped through the micro-

fluidic chip at different flow speeds. By varying the flow rate, and thereby the resi-

dence time, the MOST conversion percentage, as well as the energy storage effi-

ciency, was determined.

As a result, the higher the flow rate of the MOST solution, the greater the energy

storage efficiency achieved. Consequently, observations revealed that, with a high

flow rate of 4 mL h�1 (residence time 31 s inside the chip; Figures 3A–3C), NBD1

and NBD2 can reach a maximum energy storage efficiency hexperiment close to the

theoretical estimate hlimit of 0.4% and 0.5%, with a conversion percentage of 15%

and 17%, respectively (calculated with Equation 2 in experimental procedures sec-

tion; Figure S5; Table S1). By increasing the solution residence time, nearly full con-

version can be accomplished for NBD1 (92%) and NBD2 (95%). Theoretically, a red-

shifted absorption spectrum (short excitation band gap) and a high 4iso result in a

higher energy-conversion percentage. Hence, for NBD3, with its significantly red-

shifted absorption feature (475 nm) and a high 4iso of 68% (surpassing the previous

record high hexperiment of 1.1%,34 with an absorption onset at 456 nm and 4iso of only

28%), a conversion percentage of 67% can be achieved at a rapid flow speed of

4 mL h�1. This also provides a solar thermal energy storage efficiency hexperiment

of 2.3%, close to the estimate hlimit of 2.9%, exhibiting a new record for solar thermal

energy storage performance in a flow device. To be highlighted, an essential param-

eter for optimization is the 4iso-related conversion percentage (aconversion factor in
2612 Joule 8, 2607–2622, September 18, 2024



Figure 4. Thermal and photo-electric properties of the hybrid system with best-performing

molecular system

(A) Surface temperature measurement of the PV cell. Black line shows the PV cell surface temperature

without the MOST flow system on top. Blue dashed line shows the PV cell surface temperature with a

4 mL h�1 toluene flow system on top. Red line shows the PV cell surface temperature with a 4 mL h�1 NBD3

flow system on top.

(B) Photocurrent measurement of the PV cell with (red line), without the MOST flow system (black

line), and toluene system (blue dashed line). A PCEmax up of 12.6% is measured with a 4 mL h�1

NBD3 flow system on top of the PV cell.
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Equation 2 of the experimental procedures section). The influence of this percentage

on efficiency is starkly revealed when comparing Figures 3A and 3B with Figure 3C,

where an increase in the conversion percentage correlates with a significant drop in

efficiency. Hence, high flow rate should be used to maintain a high-energy storage

efficiency. Additionally, factors such as the spectral overlap between two isomers are

very important. For example, a large spectral overlap between the parent molecule

and its photoisomer allows for the accumulation of a higher number of converted

molecules with extended residence time in the microfluidic chip. This accumulation

competes with the NBDs’ absorption, progressively diminishing the energy storage

efficiency as the competition intensifies over time. This phenomenon can also be ex-

plained in the photoconversion process of NBD3, as investigated in our study. Such

observations demonstrate that molecules with lesser spectral overlap, like NBD1

and NBD2, tend to show a more gradual reduction in energy storage efficiency as

the residence time increases. This highlights the critical role of managing spectral

overlap in optimizing MOST systems.

Additionally, it is noted that, with a higher flow rate, the surface temperature of the

PV cell is reduced, thus resulting in a higher open-circuit voltage (Voc, Figures 3D–3F;

Table S1). The solutions of NBD1 and NBD2 lead to a low temperature of 35�C, and
NBD3 lowers the temperature down to 31�C, with a Voc of close to 0.6 V for all cases.

To further investigate the impact of surface heating from solar irradiation, NBD3—

with the highest energy storage efficiency at high flow speed—was chosen to flow

with 4 mL h�1 inside the microfluidic device.47 When the device was exposed to a

calibrated air mass 1.5 global (AM1.5G) solar spectrum, its surface temperature sta-

bilized at approximately 45�C, as shown in Figure 4A. In comparison, a bare PV cell

under the same conditions was stabilized at 53�C, indicating a significant tempera-

ture reduction of about 8�C with the device, subsequently resulting in a 0.2% in-

crease in PV efficiency. As a control experiment, only toluene was circulated through

themicrofluidic chip at an identical flow rate. This led to the PV cell’s surface temper-

ature stabilizing at around 46.5�C, demonstrating a relatively weaker cooling effect

with solvent-only cooling. The experimental data for toluene presented an interme-

diate cooling effect between the bare PV cell and the hybrid device incorporating
Joule 8, 2607–2622, September 18, 2024 2613



Figure 5. Detailed breakdown of energy losses

(A) Schematic presentation of the breakdown of photon management for both cases: PV cell alone (efficiency for PV cell alone: 12.4% of 100% incoming

photons) operating at 53�C and PV cell with MOST system on top (efficiency: 12.6% for PV cell and MOST efficiency 2.3%, both of 100% incoming

photons) operating at 45�C, leading to 14.9% solar utilization efficiency; loss of around 16.7% of incoming photons, transmittance of 83.3% of the

photons after MOST system.

(B) Solar irradiation intensity and external quantum efficiency51 vs. wavelength: AM1.5G solar radiation spectrum52 (gray), transmitted solar radiation (orange,

calculated by subtracting 4% due to normal reflection from fused silica surface of the chip and also subtracting the absorbed photons in the chip containing

0.1 M NBD3 in toluene), and external quantum efficiency (EQE, blue curve) reaching maximum 90%.
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the MOST fluid. This finding is further supported by the fact that MOST fluid also

serves as an optical filter, absorbing in the UV range as previously anticipated.

Despite photocurrent losses due to light reflection and UV absorption in the MOST de-

vice, a decrease in temperature also leads to reduced recombination rates, resulting in

an increased Voc. In the case of our Si-based PV cell, the Voc is approximately 1.3 times

greater at 8�C (0.63 V) than at 80�C (0.5 V), as detailed in Figure S3. Such an increase in

Voc resulting fromcooling effectively offsets the optical losses in the PV system,which are

attributable to the absorption properties of the MOST system. Hence, the PCE is finally

increased by 0.2% (from 12.4% to 12.6% PCE; Figure 4B). These results show that the

MOST solution does not negatively affect the performance of the PV cell because the

cooling effect compensates for optical losses. The losses in photocurrent, in the case

of only toluene and the MOST fluid compared with the PV cell alone, are rationalized

by the design of the chip consisting of an interfering absorption. In future designs,

this can be mitigated by reducing scattering from the channels, choosing a different

glass material or an anti-reflective coating for the chip.

A comprehensive breakdown of all energy losses and efficiencies is illustrated in Fig-

ure 5A. The optical filtering and storage effect of NBD in toluene solution (account-

ing for 2.3% efficiency) and surface reflection losses in the MOST fluidic layer enable

83.3% of solar photons to reach the PV cell. This process optimally harvests UV and

certain visible photons that are less efficient for the PV cell, as depicted in Figure 5B.

Disregarding the optical effects of NBD3 in toluene solution, the MOST layer’s cool-

ing effect further improves the PV efficiency to 12.6%. Consequently, with an

incoming solar irradiation of 1,000 W m�2, the system achieves an efficiency output

corresponding to a solar utilization rate of 14.9%.

To evaluate the MOST-PV hybrid device, it is useful to compare it with tandem PV

cells, which are currently receiving considerable attention for their potential to

exceed the efficiency limits of single-junction Si-based PV systems.48 The mechani-

cally stacked PV tandem solar cell comparable in geometry to a MOST-PV hybrid de-

vice would require a second semi-transparent, high-band-gap solar cell placed on

top of a Si-based PV cell. Theoretically, a top UV-absorbing semiconductor cell
2614 Joule 8, 2607–2622, September 18, 2024



Figure 6. Real-life condition outdoor setup and performance

(A) Outdoor experimental setup figure (black scale bar, 2 cm).

(B) Conversion percentage and energy storage efficiency over residence time for outdoor

demonstration.

(C) Surface temperature of the PV cell and generated voltage output over residence time for the

outdoor demonstration (Table S2).
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could have solar conversion efficiencies of up to 8.8% at an energy band gap of Eg =

2.7 eV,49 but would require the integration and development of semi-transparent

semiconductors and electrodes and efficient photon management. Realistically, cur-

rent technologies of transparent UV-absorbing PV cells are reaching PCEs of 0.5% at

Eg = 2.8 eV.50 The detailed comparison of a MOST-PV hybrid device to analogous

stacked tandem PV cell is presented in Figures S6 (theoretical values) and S7 (real-

istic values) in the supplemental information.

Outdoor demonstration

To ensure the concept’s effectiveness in real-world scenarios and align with indoor

experimental outcomes, the hybrid device was subjected to outdoor testing using

NBD2. This choice was aimed at mitigating potential weather-related impacts,

such as wind or cloud cover. NBD2 was selected due to its relatively prolonged

t1/2 of 30 days at 25�C, making it ideal for these conditions. The measurements

were collected between 9 a.m. and 3 p.m. on 11th of November 2022 in Barcelona,

Spain. During the experiment, the whole setup wasmanually oriented to face the sun

(Figure 6A), and the measured solar power was close to 1 sun using a calibrated solar

irradiation reference device.

In the outdoor test, the MOST system (NBD2) featured up to 97% conversion, with a

residence time of 13.5 min (Figure 6B; Table S2). An energy storage efficiency of up

to 0.5% was reached at a flow speed of 4 mL h�1—nearly identical to the indoor ex-

periments using simulated sunlight (0.5%). Related to the electrical potential gener-

ated from the PV cell (Figure 6C; Table S2), a maximum Voc of 0.55 V at 36�C was ob-

tained, slightly lower than the value obtained in the calibrated measurement
Joule 8, 2607–2622, September 18, 2024 2615



ll
OPEN ACCESS Article
(Figure S3; Table S3; Voc = 0.57 V at 39�C) that was measured using the solar simu-

lator. This is very likely due to lower AM1.5G solar irradiation (less than 1 sun) during

the measurement, caused by moving clouds and aperiodic cell cooling due to wind,

meaning that the observed temperature and, thus, Voc are greatly affected by the

outdoor real-life conditions.

The combined efficiency of the hybrid system

Using the Shockley-Queisser (SQ) limit model for determining the efficiency limit for

PV cells, the theoretical efficiencies of an optimal operating hybrid device on a

simplified model was calculated using Equation 3 in the experimental procedures

section. Based on previous simulations of the solar conversion efficiency for use in

day-to-night energy storage (10.4%, 1.89 eV, S0-S1) or seasonal energy storage

(12.4%, 1.81 eV, S0-S1),
29 as well as known SQ energy-conversion efficiency limits

for a constant cell temperature (25�C),53 the theoretical limits for the hybrid systems

was then determined. For an average MOST efficiency in both cases of around 11%

(1.85 eV), a temperature-controlled maximum efficiency of the single-junction PV

cell of 32%, and with maximum PV efficiency of 26% at the same band gap as the

MOST compound (1.85 eV), a combined efficiency of 16% (half of the PV single junc-

tion) of the hybrid can be reached within this model. In scenarios with a higher band

gap of 2.4 eV, the losses can be further decreased to 7%, leading to an enhanced

combined efficiency of 25% for the hybrid device (= 8% + 32% � 15%, as per Equa-

tion 3) at an operational temperature of 25�C. These figures represent conservative

estimates, considering that the actual operational temperature of a cell in sunlight is

typically much higher than 25�C, which consequently results in a notably lower PCE.

Such theoretical estimation underscores the significant potential of a hybrid device

that integrates an optimally designed MOST system.

Conclusions

PV technology is at the forefront of the global shift in energy production from fossil

fuels to renewable sources. The efficiency and longevity of PV systems diminish as tem-

peratures increase, resulting in significant reductions in energy output and cycling

capability. Additionally, the growing importance of solar energy storage is under-

scored by the fluctuating nature of solar energy production and the variability in energy

demand. Here, we introduce a possible PV-based hybrid technology that seeks tomiti-

gate these challenges. This research introduces the pioneering combination of a PV so-

lar cell with a MOST system, illustrating the feasibility of converting solar energy into

chemical energy. The solar thermal energy storage efficiency hexperiment of the MOST

system has been determined to reach up to 2.3%, representing the highest recorded

efficiency to date.34 Additionally, the inclusion of the MOST system as a non-heating

temperature stabilizer with optical filter effect can further enhance the efficiency of

the PV cell. In a particular instance with Peltier cooling, it was observed that reducing

the temperature of the PV cell from 51�C to 39�C can lead to an increase in PCE of 0.8%

(value extracted from Figure S3). With the application of a MOST solution containing

NBD molecules (NBD3), a reduction in the PV cell’s surface temperature from 53�C
to 45�C was achieved. This temperature decrease was associated with a modest

0.2% enhancement in PCE (from 12.4% to 12.6%), factoring in the optical losses

encountered. Despite the potential for further optimization, this development is a sig-

nificant stride toward a long-duration energy storage technology that complements PV

systems. The combined MOST-PV system demonstrates the ability to produce more

consistent power output across varying periods, from daily (NBD3 with t1/2 = 7 h) to

seasonal (NBD1 with t1/2 = 7 months) cycles. Theoretically, the system can be config-

ured to cycle different materials throughout the day to optimize efficiency. For

instance, during periods of lower irradiance in the morning and afternoon, NBD1 or
2616 Joule 8, 2607–2622, September 18, 2024



ll
OPEN ACCESSArticle
NBD2 could be utilized within the microfluidic chip. In contrast, during peak sunlight

hours, NBD3, known for its superior absorption and heat prevention capabilities, could

be employed tomore effectively collect and store solar energy. Finally, the potential of

the hybrid systemwas further demonstrated using a simplified model based on the SQ

limit, elaborated on in Equation 3 of the experimental procedures section. To be high-

lighted, a notable advantage of the MOST-PV hybrid system is its dual functionality,

enabling simultaneous energy storage and electricity generation from solar power,

thereby exemplifying an integrated approach to energy utilization.

To further assess the feasibility of the MOST fluidic device as a potential add-on tech-

nology for PV cells, which typically have a lifespan of more than 30 years,8 a thorough

consideration of several crucial factors of MOST is necessary. For instance, the cycling

capacity of the photoswitch, as pointed out in the economic evaluation byMarangozls

et al. in 1983 (with only 0.4% reported hexperiment, 2.3% in this work),38 is critical in the

development of MOST systems. Currently, MOST systems have been proven capable

of over 1,000 cycles with minimal degradation.54 In a real-world scenario with daily

charging and discharging, a device operating continuously for months appears

feasible. Future research should not only focus on small- and large-scale cycling tests

with efficient catalysts but also on developing more red-shifted NBD candidates to

enhance energy storage efficiency closer to the theoretical limit29 of MOST systems.

Furthermore, exploring techno-economic trade-offs in hybrid technology is vital, such

as balancing the efficiency between the MOST system and PV cell (including band-

gap matching) and considering thermal effects. Moreover, when integrating MOST

systems with PV cells as an innovative heat-flow battery, the entire system should

not show substantial capacity fade over time.27,40 Hence, the life cycle assessment

of a fully operational and optimized device should account for energy inputs,

including those for fluid pumping.On the other hand, typical chemical storage implies

the on-demand generation of electricity. However, in the case ofMOST, this is not effi-

ciently achievable unless through a thermoelectric effect.28 This limitation delineates

the scope of its application, underscoring the need for innovations in converting

stored chemical energy into electricity more effectively. With these challenges and

progress in mind, and the extensive implementation of PV technology worldwide,

we can assume that a PV-MOST combination could be highly valued if a large-scale

MOST device were developed.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources andprocedures shouldbedirected to the

lead contact, Prof. Kasper Moth-Poulsen (kasper.moth-poulsen@chalmers.se).

Materials availability

This study did not generate new unique materials.

Data and code availability

All of the data supporting the findings are presented within the article and supple-

mental information. All other data are available from the lead contact upon reason-

able request.

Materials

3-(naphthalen-2-yl)propiolonitrile was synthesized according to the synthetic pathway

and according to a modified literature procedure (Figure S1A).55 A 250-mL 3-neck

round-bottom flask fitted with a dropping funnel and a reflux condenser was charged
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with fresh POCl3 (4.5 mL) under N2 and cooled with an ice bath. Dimethylformamide

(DMF, 9 mL) was then added dropwise under N2. A solution of 2-acetonaphthone

(2.05 g, 12.05 mol) in DMF (3 mL) was added dropwise to the reaction while cooling

with the ice bath, followed by further addition of DMF (2 mL) under N2. The reaction

was removed from the ice bath and placed into an oil bath and heated at 60�C for

3 h. It was then cooled to room temperature. The reaction mixture was poured into

an ice-chilled NaHCO3. The residue was transferred to a separating funnel and mixed

with dichloromethane until the phases separated. The organic layer waswashedwithwa-

ter and brine, finally dried over Na2SO4, and concentrated in vacuo. The crude was used

in the next step without purification.

Molecular iodine (2.11 g, 8.3 mol) was added to chloro-aldehyde (1.8 g, 8.3 mol) in

40 mL of dichloromethane in a round-bottom flask. The reaction was placed in an ice

bath, followed by the addition of 20 mL of 25% aqueous NH3 solution portion-wise

over 15 min. The ice bath was removed and the solution was stirred at room temper-

ature for 5 h. A saturated Na2S2O3 solution (35 mL) was added to neutralize the

iodine. The phases were separated in a separating funnel. Organic layers were dried

over MgSO4, filtered, and concentrated in vacuo. The crude was used in the next

step without purification.

Tetrahydrofuran (THF, 32 mL) was added to chloro-nitrile residue, followed by the addi-

tion of NaOH solution (1.6 g in 6.6 mL) portion-wise over 5 min. The solution was stirred

for 24 h. A saturated NaHCO3 solution (35 mL) was added, and the mixture was stirred

for 30 min. Once the phases were separated, the THF phase was separated in a sepa-

rating funnel and concentrated in vacuo. The residue was taken up in CH2Cl2 and

washed with water. The organic layers were dried over Na2SO4 and concentrated in va-

cuo. The residue was purified over automated flash column chromatography using

gradient elution (Ethyl Acetate/ Hexane: 1/10 to 3/20) to give 3-(naphthalen-2-yl)

propiolonitrile (1,250g, 58%).Characterizationdatawere consistentwith the literature.55

3-(4-Methoxyphenyl)-2-propynenitrile was synthesized according to the synthetic

pathway (Figure S1A) according to a modified literature procedure, and character-

ization data consistent with the literature.55

1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-yn-2-one) was synthesized according to a

literature procedure, characterization data were consistent with the literature.56

All the NBDs in this study were prepared via the Diels-Alder reaction from acetylenes

and cyclopentadiene using a conventional batch procedure or via combined cracking

and Diels-Alder reaction with dicyclopentadiene using the previously published flow

synthesis method (Figure S2).39 Flow synthesis offers the possibility for upscaling

when run continuously. This results in a higher production rate. NBD1 was prepared in

a traditional batch synthesis40 and the production rate was estimated to reach up to

0.11 g h�1. Synthesis of NBD1: a solution of 4 (500 mg, 2.82 mmol), cyclopentadiene

(559 mg, 8.47 mmol), and toluene (4 mL) was sealed in a microwave vial and heated

at 110�C for 16 h. The mixture was cooled and purified over automated flash column

chromatography using gradient elution (E.A./Hex. 3/20 to 1/5) to give NBD1 (470 mg,

68.5%) as a white solid. Characterization data were consistent with literature.40 Synthesis

of NBD2 and NBD3: in comparison, NBD2 and NBD3, which were prepared using the

flow method,39 could be prepared with a rate of up to 9.71 g h�1 to this point. Further,

upscaling is currently being investigated to lay the foundation for and foster the devel-

opment of larger-scale devices, as estimated above. Characterization data were consis-

tent with the literature.27,39
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Indoor and outdoor conversion experiments

The microfluidic chip used in this work was fabricated from fused silica (ConScience

AB, Gothenburg, Sweden); the channel depth was 100 mm. The chip47 has a total vol-

ume of 33.9 mm3. All NBD solutions were delivered to such a microfluidic chip using

a Kds 100 Legacy Single Syringe Infusion Pump. Based on the previous device simu-

lation model,57 it is reasonable to assume that the NBD flow was in a turbulent

regime. This implies that there is no concentration gradient in the height and width

directions of the flow field.

PV solar cell performance measurements

The polycrystalline solar cells used in this work were purchased from Shenzhen Yima

Technology. The cell size is 26 * 52 * 3 mm, with a described maximum power (pmax)

of 0.2 W, Voc of 0.5 V, and a short circuit current (Isc) of 0.4 A. Current and voltage of

the solar cell was measured with a sourcemeter (Keithley 2450). Temperature

changes of the solar cell were monitored by a Keysight Agilent 34972A LXI data

acquisition unit. When doing the indoor and outdoor experiments, half of the solar

cell was covered with aluminum foil (active area: 1.9 * 2.1 cm) to prevent unwanted

exposure from solar irradiation. Raw data of PV temperature vs. time, PV photocur-

rent vs. volta presented in Figures 4A and 4B can be found in Tables S4 and S5.

The solar simulator used in this work was a AAA Solar Simulator conforming to the

AM1.5G spectrum (SAN-EI Electric, XES-100S1). Irradiation from the solar simulator

was calibrated to 1,000 Wm�2 using an NREL-certified Si reference cell (Oriel Instru-

ments, 91150V). The homogeneous illumination area was 100 * 100 mm.

Solar energy storage efficiency simulation details

To calculate the theoretical solar energy storage efficiency limit at a constant pres-

sure in a given transparent fluidic device, Equation 1 can be used27,31:

hlimit =

R lonset

0

EAM 1:5GðlÞ$ð1 � Tðc; l; LÞ Þ$4iso$DHstorage

hn$NA
$dl

_EAM 1:5G

$100 % (Equation 1)

Where EAM 1:5GðlÞ is the power density with AM1.5G solar irradiance at a specific

wavelength l, T(c, l, L) is the optical transmittance depending on the concentration,

wavelength, and for a specific optical path length; 4iso is the unitless photoisomeri-

zation quantum yield; DHstorage is the energy storage enthalpy of the used photo-

switchable system; NA is the Avogadro constant; and _EAM 1:5G is the total energy

of the AM1.5G solar irradiation spectrum, per unit of time and area.

Experimental solar energy storage efficiency calculations

To calculate the experimental energy storage efficiency, Equation 2 needs to be

considered27,31,34:

hexperiment =
_nparent$aconversion$DHstorage

S$ _EAM 1:5

$100 % (Equation 2)

where _nparent is the flow speed of the parent molecule in mol s�1, S corresponds

to the effective irradiated area of the device in m2, and aconversion represents the

conversion ratio from the parent NBD state to the corresponding photoisomer QC

state.

Efficiency determination of the hybrid device relying on the SQ model

hhybridðMOST ;PVÞ % hMOST

�
EMOST
gap

�
+ hPV

�
EPV
gap

�
� hPV

�
EMOST
gap

�
(Equation 3)
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where EMOST
gap is the energy gap of the MOST device and EPV

gap is the energy gap of the

PV single-junction device, and the equation is valid only if the MOST absorbs a sig-

nificant fraction of the light below its gap.

SUPPLEMENTAL INFORMATION

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

2024.06.012.
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