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ABSTRACT

Molecular solar thermal storage (MOST) systems represent an emerging closed-loop technology with energy
storage densities up to 1.6 MJ/kg, more than double that of typical phase change materials. MOST systems store
solar energy in the chemical bonds of photoswitchable molecules via photoisomerization, releasing heat on
demand during molecular reversion. Despite extensive research, their potential for domestic hot water co-heating
remains unexplored. This study investigates the potential integration of MOST systems into a conceptual
laboratory-scale co-heating device by combining experimental discharge characterization with numerical ther-
mal simulations. Laboratory experiments evaluated the discharge characteristics of a norbornadiene-
quadricyclane MOST system, demonstrating thermal activation for the first time under varying activation tem-
peratures and residence times. A numerical thermal simulation model was developed to assess the performance
of two norbornadiene-quadricyclane systems designed for short- and long-term storage. Parametric studies
analyzed the impact of molecular properties and device design parameters on discharge and water heating
performance. Laboratory results demonstrated 95-100% back conversion of quadricyclane to norbornadiene at a
molecular concentration of 1.3 mol/L (290.2 g/L) in toluene. Simulations indicated activation-normalized water-
heating ratios of 43-86% for the long-term system and 106-204% for the short-term system, assuming perfect
insulation and current molecular and device constraints, representing idealized upper-bound estimates. Among
the MOST molecular properties evaluated, thermal enthalpy had the strongest sensitivity effect on discharge and
water-heating performance. Additional gains were achieved through increased energy storage capacity, opti-
mized molecule concentration, and adjusted device operational temperatures. Future research should prioritize
molecular enhancements, catalytic strategies to accelerate back-conversion, and device design optimization to
minimize heat losses and improve scalability.

Abbreviations: MOST, Molecular solar thermal storage; TES, Thermal energy storage; NBD-QC, Norbornadiene-quadricyclane derivatives; t; o, Half-life time; f1,

Chemical shift; HEX, Heat exchanger.
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1. Introduction

The energy sector accounts for over 75% of greenhouse gas emissions
in the European Union (EU) [1]. In 2023, the EU increased its renewable
energy target to a minimum of 42.5% by 2030, up from the 30% target
set in 2018. Achieving this goal requires a significant transition from
fossil fuels to renewable energy across all sectors, with the building
sector playing a central role. Heating and cooling in buildings and in-
dustry constitute approximately 50% of the EU's total energy use. Yet, as
of 2023, renewable energy sources provided less than 27% of the energy
used for heating and cooling in buildings [2].

Solar energy is a key resource for low-carbon heat in buildings.
However, its intermittency creates a temporal mismatch between energy
supply and demand [3]. Thermal energy storage (TES) technologies are
widely recognized as effective solutions to address this mismatch and
facilitate peak shaving in domestic heating systems. Alternative ap-
proaches include electrochemical batteries, hydrogen storage, and car-
bon dioxide conversion [4,5]. Established TES technologies utilize
sensible heat, latent heat, or thermochemical storage [3]. Compared
with conventional sensible heat storage, latent TES, often incorporating
phase change materials, and thermochemical TES typically offer higher
energy density and associated space-saving benefits.

1.1. Molecular solar thermal storage

In addition to established TES technologies, molecular solar thermal
storage (MOST) systems represent a novel and promising closed-loop
approach [5]. MOST systems uniquely enable direct solar energy stor-
age with extended storage durations at room temperature. This potential
has attracted significant research interest in recent years [5-11]. MOST
systems store solar energy in the chemical bonds of photoswitchable
molecules. Upon exposure to solar irradiation, the parent molecule un-
dergoes photoisomerization, converting into a high-energy isomer
(charged state) [8], as depicted in Fig. 1. This metastable isomer can
revert to its original state, releasing stored heat during the back-
conversion (discharge) process. Discharge can be triggered thermally,
catalytically, optically, or electrochemically [5]. MOST systems typi-
cally include dissolved solid molecules in a solvent for use in flow de-
vices [5,7]. Compared to conventional TES technologies, MOST systems
feature several advantages: (1) direct solar energy storage, (2) relatively
high energy densities, (3) storage durations ranging from minutes to
several years at room temperature, and (4) they operate in a closed
cycle, making them emission-free during operation.

To identify the most effective MOST system, various photoswitchable
molecules have been explored [7]. Prominent examples include nor-
bornadiene [12], ruthenium [13], azobenzene [14], and dihydroazulene
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Fig. 1. Schematic representation of the closed cycle in a MOST system. h,
denotes the energy required to excite the parent molecule (charging). A
Hactivation T€presents the activation energy needed for back conversion from the
high-energy photoisomer to the lower-energy parent molecule (discharging).
The stored energy (AHgorage) is released as heat on demand during this process.
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[15]. An ideal MOST system must meet several criteria [7]: (1) the
parent molecule should absorb a broad range of the solar spectrum, (2)
spectral overlap between the parent molecule and its photoisomer
should be minimal, (3) the photoreaction should achieve a quantum
yield (ratio of isomerization events to absorbed photons) of 100%, (4)
the energy density should exceed 300 kJ/kg, (5) the photoisomer must
remain kinetically stable for extended periods, and (6) the system should
support multiple charge-discharge cycles with minimal degradation.
Despite significant advancements, no single MOST system has met all
these criteria, and the search for more efficient systems continues [5].
Among the candidates, the norbornadiene-quadricyclane (NBD-QC)
system has gained considerable attention [5,7-9,11,16,17]. It stands out
for its high energy storage density, reaching up to 1.6 MJ/kg [18], which
is more than twice that of most phase change materials [19,20].
Furthermore, NBD-QC systems enable long-term storage of up to several
decades [21-23]. However, challenges remain, including the system's
primary absorption of ultraviolet-visible light and relatively low quan-
tum yields for photoisomerization [5].

In a study by Wang et al. [24], the efficiency of MOST systems for
solar energy collection was assessed using parametric model calcula-
tions. Their findings indicated a maximum theoretical storage efficiency
of 20.5% for an ideal MOST system, with the rest of the solar energy
remaining unused. To address this limitation, several studies have
explored hybrid technologies that integrate MOST systems to utilize
more of the unused solar spectrum and enhance overall efficiency [5].

Dreos et al. [7] examined a small-scale hybrid solar water heating
device that combined a fluidic chip containing a MOST system with a
water heating unit. Experimental results showed that up to 1.1% of the
incident solar energy could be stored in the MOST system, which utilized
a maximum concentration of 0.1 mol/L dissolved in toluene. The hybrid
device achieved a combined solar utilization efficiency of up to 80%.
Fang et al. [17] theoretically investigated a hybrid photochemical-
thermochemical system, where the MOST system provided photo-
chemical storage while the thermochemical process captured the
remaining solar spectrum. Unabsorbed photons from the MOST system
were used to generate heat for methanol decomposition, resulting in a
maximum average solar chemical efficiency of approximately 75%. In a
related study, Fang et al. [16] evaluated a hybrid photochemical-
photovoltaic-thermochemical system. The MOST system was utilized
for photochemical storage, achieving a calculated maximum solar uti-
lization efficiency of around 67%.

Wang et al. [11] developed a hybrid device combining a photovoltaic
solar cell for electricity generation with a thin layer of a MOST system.
The MOST layer was designed to store high-energy photons not captured
by the cell while simultaneously cooling the cell. The study demon-
strated that the MOST system could store up to 2.3% of solar energy,
surpassing the previous record of 1.1% [7]. Additionally, the surface
temperature of the photovoltaic cell was reduced by approximately 8 °C
under solar irradiation, achieving a total solar utilization efficiency of
around 15% [11]. In a separate study, Wang et al. [25] tested a proof-of-
concept by integrating a MOST system film with a microfabricated
thermoelectric generator. This setup aimed to convert the stored energy
in the MOST system into electricity, even without solar radiation. With a
MOST concentration of 0.78 mol/L and a solvent volume of less than 1
mlL, the system achieved a power output of 1.3 W/m®. These findings
highlight the potential of MOST systems for efficient solar energy stor-
age and conversion to electricity. Refaa et al. [9] investigated the
thermo-optical performance of energy-saving windows featuring a thin,
transparent film of a MOST system. The film stored solar energy during
the day and released it as heat later. Simulations showed that the MOST
film could efficiently act as an ultraviolet shield while storing up to 0.37
kWh/m?,

Beyond these studies, research has explored integrating MOST sys-
tems with phase change materials [26-28]. These efforts aimed to
introduce activation energy barriers for phase change material solidifi-
cation, develop portable TES systems, and extend TES durations across
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various temperature ranges. The reviewed literature primarily focuses
on small-scale devices, many of which remain at the proof-of-concept
stage. Over the past 40 years, no large-scale MOST devices have been
developed [5], however, significant progress has been made in opti-
mizing MOST systems. Current research therefore focuses on improving
energy density, storage properties, and practical aspects like the
achievable concentration of MOST systems in fluid solvents.

As noted earlier, domestic heating applications can play a vital role
in reducing the environmental impact of the energy sector. Conse-
quently, research into alternative TES solutions for domestic heating
remains a priority. One promising but underexplored application of
MOST systems is their potential for continuously heating fluids, such as
water, in domestic heat generating systems. In addition, they could
locally boost delivered temperatures in district heating networks,
enabling lower supply temperatures and improving overall system
efficiency.

Building on these potentials, this study investigates MOST systems as
supplementary solutions for domestic water co-heating. It provides
experimental evidence of thermally triggered discharge and evaluates
the numerical feasibility of integrating MOST systems into a conceptual
co-heating device. Given the current limitations in MOST molecule
production and the absence of prior studies on this application, the
research focuses on a small-scale setup in the laboratory. A conceptual
design of the device is proposed, integrating MOST discharge with water
co-heating. To assess feasibility, multiple realistic scenarios are simu-
lated for two existing MOST systems designed for short-term and long-
term TES applications. These scenarios reflect typical temperature pro-
files of domestic water co-heating systems and design parameters used in
the laboratory environment. Parametric studies evaluate heat release
during discharge, heat transfer to water, and resulting temperature
profiles in the device. The results provide insights into optimizing design
parameters and MOST molecule properties to enhance system efficiency
and viability for hot water co-heating applications.

1.2. Overall methodology and layout

The study included both experimental and numerical approaches.
Laboratory measurements focused on one of the two selected MOST
systems to investigate and validate its discharge performance. Thermal
activation was demonstrated for the first time in this context. Two
concentrations of the MOST system were dissolved in the solvent and
converted from the photoisomer back to the parent state. Temperature-
dependent discharge characteristics were measured under controlled
conditions. These measurements served as the basis for developing a
numerical model that represents the thermal performance of a concep-
tual co-heating device. Parametric simulations analyzed the discharge
characteristics of the MOST systems and the temperature development
of both the MOST systems and water in the device across various sce-
narios. The simulations assessed the impact of device design parameters
and MOST system properties on discharge and water heating
efficiencies.

The paper is structured as follows: Section 2 details the two MOST
systems investigated, and the experimental studies conducted. Section 3
introduces the conceptual design of the co-heating device, the numerical
model, the defined scenarios and parametric studies. Section 4 presents
the experimental and numerical results. Section 5 discusses the results,
including the modelling assumptions and the MOST system performance
relevant for the further device development. Finally, the appendices
provide supporting experimental and numerical analyses, including
replicate back-conversion measurements and additional analyses of
practical factors affecting device performance, such as heat losses.
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2. Materials and experimental studies
2.1. Materials

The two selected MOST systems, based on norbornadiene-
quadricyclane (NBD-QC) derivatives (Fig. 2), represent short- and
long-term TES durations while maintaining comparable properties
(Table 1). The first system, NBD1-QC1, is designed for long-term ap-
plications, with an energy storage half-life (t;,2) of approximately 28
days at 25 °C [29]. The half-life represents the time required for half of
the photoisomer (QC) to revert to the parent molecule (NBD) at a given
temperature. It is calculated using Eq. (1) and Eq. (2) [30-32]. The
second system, NBD2-QC2, is optimized for short-term TES, with a much
shorter half-life of around 5 h at 25°C [23]. Despite their differing half-
life, both systems exhibit comparable energy storage densities of
approximately 396 kJ/kg, enabling consistent performance comparisons
across scenarios.

As noted in Section 1, MOST systems are dissolved in solvents. In this
study, toluene was selected due to its low polarity, which improves
solubility [33]. Previous measurements showed that MOST molecules in
toluene experienced less than 0.14% degradation per cycle over 43 cy-
cles [29].

In(2)

tip = W (¢}

TeASthermal —AHthermal
kpeoT ( ReT >
k(T) = e
P

(2)

Where, t;/5 (s) is the half-lite time, T (K) is the absolute temperature, k
(T) (1/s) is the temperature-dependent back conversion rate, ki, (J/K) is
the Boltzmann constant [1.381e10 23 J/K1, hy (Jes) is the Planck con-
stant [6.626:10°3% J os], and AHuperma (kJ/mol) and ASpermar (J/
(moleK)) are the thermal enthalpy and entropy changes, respectively.
Finally, R (J/(moleK)) is the universal gas constant [8.3145 J/(moleK)].

2.2. Experimental studies

Laboratory measurements were conducted to investigate the
discharge characteristics of the NBD1-QC1 MOST system, focusing on
the thermally triggered back conversion of the photoisomer (QC) to the
parent molecule (NBD). Key parameters such as activation tempera-
tures, residence times, and their effects on back conversion rates (%)
were evaluated and compared with the numerical model (Egs. (1)-(2))
for validation. The experimental protocol is outlined in the following
subsections.

2.2.1. Preparation of QC1 isomers

The parent NBD1 molecules were synthesized following the pro-
cedure outlined in [29]. Solutions of NBD1 in toluene-dg were prepared
at concentrations of 1 mol/L (223.28 g/L) and 1.3 mol/L (290.2 g/L),
nearing the highest concentration of 1.5 mol/L reported to date [29].

To evaluate the photoisomerization rate (%) and determine the
maximum flow rate (mL/min) required for 100% conversion of NBD1 to
QC1 at these concentrations, tests were conducted using a Vapourtec
R4/R2+ flow chemistry reactor (Fig. 3). In these tests, solutions of NBD1
in toluene-dg (10 mL) were pumped through the photoreactor, illumi-
nated by a 365 nm LED lamp (simulating solar irradiation), at room
temperature. Flow rates were varied, starting from 0.33 mL/min. The
photoisomerization rate was measured using proton nuclear magnetic
resonance ({H NMR) spectroscopy at 400 MHz.

Fig. 4 shows the 'H NMR spectroscopy results, highlighting the
chemical shifts (f1, ppm) for the parent NBD1 molecule and its photo-
isomerized QC1 solutions at concentrations of 1 mol/L and 1.3 mol/L.
The spectra analysis, including downfield (higher ppm) and upfield
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7
NBD2 QC2

Fig. 2. Chemical structure of the two MOST derivatives: a) NBD1-QC1, b) NBD2-QC2.

Table 1
Relevant properties of the materials and the two MOST systems used in exper-
imental and numerical simulation studies.

Property NBD1- NBD2- Toluene® Water™® Copperb’
QCla, b, ¢ chh,d b,f e

Thermal enthalpy, 103.8 92.5 - - -
AHgermal (kJ/
mol)

Thermal entropy, A —22 —19.1 - - -
Sthermal (J/
(moleK))

Storage density, A 88.5 103 - - -
Hitorage (kJ/mol)

Storage density, A 396.4 395.6 - - -
Hitorage (kJ/kg)

Half-life time, t; 27.9 49h - - -
(at 25 °C) days

Molar mass, M (g/ 223.28 260.34 - - -
mol)

Specific heat 1.66% 1.668 1.71 4.18 3.40
capacity, ¢, (kJ/
(kgeK))

Density, p (kg/m®) 9858 9858 866.5 1000 8960

Thermal - - 0.13 0.6 395
conductivity, A
(W/(meK))

Dynamic viscosity, — — - 5.6e10°%  8.9¢10°*
B (Nos/mz)

a.Used in the experimental studies, ®-Used in the simulation studies. Data
collected from: - [29], % [23], ®-[34], & [35,36], &- [37].

(lower ppm) peaks, along with peak integration (reflecting the propor-
tion of NBD1 converted to QC1), confirmed nearly 100% photo-
isomerization at both concentrations. The measurements also
determined that the maximum flow rate for complete isomerization
under the experimental conditions was 10 mL/min.

2.2.2. Back conversion of QC1 isomers to NBD1 parents

The prepared photo-converted MOST solutions were used for back
conversion measurements. An automated back conversion experiment
was conducted using a flow reactor (Vapourtec). The setup included a
single flow stream containing a QC1 solution in toluene at a concen-
tration of 1.3 mol/L (290.2 g/L), as shown in Fig. 5. A volume of 2 mL
QC1 solution was pumped into a 5 mL reactor under varying tempera-
tures, flow rates, and residence times. A 1-bar back pressure regulator
maintained system pressurization. To address the slow back conversion
rate at lower temperatures, elevated activation temperatures
(90-110 °C) were selected based on the thermophysical properties of the
NBD1-QC1 system (AH¢hermar and ASihermal)- The effect of residence time
was examined at 105 °C, with residence times ranging from 5 to 25 min,
corresponding to flow rates between 0.33 and 1.9 mL/min. The MOST
solution was analyzed using 'H NMR spectroscopy (400 MHz) to
determine the back conversion rate (%) from QC1 to NBD1, evaluating
the influence of temperature and residence time. To assess

reproducibility, two additional replicate measurements were performed
at 105 °C and 25 min residence time.

3. Numerical studies
3.1. Co-heat device using MOST systems

To assess the feasibility of MOST systems for water heating appli-
cations, a tailor-made co-heating device was conceptualized. As shown
in Fig. 6, the device consists of two main components: (1) an activation
unit and (2) a double-pipe heat exchanger (HEX). The activation unit
initiates the discharge of the MOST system before it enters the HEX.
Discharge can be triggered either thermally, by preheating the MOST
system, or chemically, via a catalyst. The heat released during discharge
increases the temperature of the MOST fluid to the desired level. Once
the target temperature is achieved, the MOST fluid flows into the HEX.
In this double-pipe HEX, the heated MOST fluid passes through the inner
pipe, surrounded by an outer pipe carrying colder water. Heat is trans-
ferred from the warm MOST fluid to the inner pipe wall through con-
vection. It then conducts through the pipe wall and is subsequently
transferred to the water in the outer pipe through convection.

3.2. Numerical thermal simulations of the co-heating device

The numerical model was built using the explicit finite volume
method in MATLAB R2023b to solve the heat and mass balance equa-
tions within the device. It simultaneously captures two key thermody-
namic processes: the discharge of the MOST system, which starts in the
activation component and results in a continuous temperature rise in the
MOST solution, and the heat transfer between the two fluids in the heat
exchanger. To streamline the simulations while maintaining focus on the
primary thermal dynamics of the device, simplifying assumptions were
made. The external surfaces exposed to the environment were treated as
adiabatic, thereby excluding heat losses to the surroundings. Pressure
was assumed to remain constant along the pipe, and the flow was
considered laminar and free from irregularities or obstructions. Ther-
mophysical properties were assumed constant, and heat conduction was
considered only in the radial direction, while longitudinal conduction
was neglected. The model also excluded any potential degradation of
MOST molecules at elevated temperatures.

3.2.1. Activation component: discharge of the MOST system

In the numerical model, the activation component was represented
as a cylindrical pipe with an inner radius r; (m), outer radius r (m), and
length L, (m), as depicted in Fig. 7. The MOST system, with an initial
concentration Agg (mol/m3) of molecules dissolved in toluene, an initial
temperature Tog (°C), and a flow velocity vy (m/s), was pumped from a
storage reservoir into the activation component (Fig. 6). The volumetric
flow rate was assumed to be constant along the length of the component.
Temporal and spatial discretization in the activation component were
defined by dt (s) and dx (m), respectively.
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10 mL photoreactor
LED 365 nm CN CN

NBD Q T

Fig. 3. a, b) Experimental setup, including the flow chemistry reactor used for the photoisomerization of NBD1 to QC1. c¢) Chemical structure of NBD1 (left) and QC1
(right). d) NBD1 dissolved in Toluene-ds (pale yellow, right bottle) and the QC1 solution (dark yellow, left bottle) after photoisomerization.

Solution 1.3 M . u N ; l—J u.,L_MJL_L_,-_

Solution1 M |

| L

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0

4.5
f1 (ppm)
Fig. 4. H NMR spectra (400 MHz, toluene-ds) for NBD1 (red line) and QC1 (black lines) after photoisomerization at concentrations of 1 mol/L and 1.3 mol/L,

showing nearly 100% conversion to QC1. The x-axis indicates the chemical shift (f1, ppm). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Upon entering the activation component, the MOST solution requires and applied incrementally along the activation component. This source
an external activation input to initiate or accelerate QC-to-NBD back- term should be interpreted as a modelling approximation of controlled
conversion. In the present model, this input is represented by a linearly thermal activation, rather than as a specific engineering design for heat

distributed thermal source term, Qqct (W/m?), calculated using Eq. (3) supply.
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5 mL reactor
105 °C

NBD

Journal of Energy Storage 178 (2026) 123498

b)

CN CN
/
0] 0
/ /

Fig. 5. a) Schematic of the experimental setup used for the back conversion of QC1 to NBD1. b) Chemical structures of QC1 (left) and NBD1 (right).

TW.O Vw
Water
o Tw.o Heat
Activation : ] exchanger
component T —_—
Vs I =
; e >®
| — = "
T I
\ Qactivatir.m V. ‘TWL
" :
MOST
(c) I
Water MOST
(NBD)

Fig. 6. Schematic of the conceptual co-heating device. The MOST solution, dissolved in a solvent, undergoes discharge in the activation component, triggered either
thermally (Qactivation (W)) or chemically using a catalyst. This process releases heat, raising the temperature of the system. Once the desired temperature is reached,
the MOST system flows into the double-pipe heat exchanger, where colder water in the outer pipe is heated by the warmer MOST system in the inner pipe. T and v
represent temperature (°C) and flow velocity (m/s), respectively. Subscripts M and w refer to the MOST system and water. Checkpoints labeled ‘00,” ‘0,” and ‘L'
indicate the position of the MOST solution before the activation component, at the start of the heat exchanger, and at the end of the heat exchanger length (L),

respectively.

Lact
Adiabatic
x=0 +| dx boundary —r,
MosT VM i I
system —
7-M .00 TM_ 0
Aoo L T N I

Gact

Fig. 7. Schematic of the activation component and the corresponding geometrical and physical parameters.

The activation source term was calculated from the theoretical
thermal activation requirement and distributed over an assumed acti-
vation time, t,¢ (s). In the model, t,, controls the rate of external heat
supply and therefore affects the required activation length, Ly, for a
given flow velocity and target outlet temperature. A larger t,; represents
slower distributed heat input and results in a longer activation compo-
nent. The temperature rise in the activation component is governed by
the combined effect of external activation heat and chemical heat
released during QC to NBD back-conversion, which can promote further
conversion of remaining QC molecules. Consequently, part of the

required temperature increase is supplied by the exothermic discharge
reaction, reducing the external activation heat needed to reach the
target outlet temperature compared with a case where chemical heat
release is neglected.

QaX) = Qs = BHlerm ¢ 1 ®

act
Here, Qqct is the modeled volumetric external heat input used for

thermal activation, AHuema is the thermal activation enthalpy, Ay is
the inlet QC concentration, and t, is the assumed time over which the
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activation input is distributed.

The heat balance for a control volume within the activation
component is expressed using the governing equation in convective-
diffusion form as follows:

My _ O 0T
o M oxe Mox

Gact + el (X) (4)
Py @ Com

Here T (°C, K) represents temperature, t(s) is time, and x (m) is the
spatial coordinate along the pipe. « (m?/s) is thermal diffusivity, v (m/s)
is flow velocity, p (kg/m3) and ¢, (J/(kgeK)) are density and specific
heat capacity, respectively. The subscripts M refers to the MOST system.
The Expressions for p, and c,y are provided in Egs. (5) and (6),
respectively. q,,, (W/m>) is the heat released during discharge of the
MOST system, which is calculated using Egs. (7)—(9) in conjunction with
Eq. (2). The subscript (s) refers to the solvent.

Vi Vi
= m 1_.m
Py pm°VM+Ps°< VM) ®
mm mm
Com = m7M ®Cpm + <1 - m7M> ®Cps (6)
dA(t)
Qrer(t) = AHstorage @ “dat @
A(t) = Aoo o eik(T).t (8)
To express q,(t) in terms of a spatial derivative dﬁiﬂ instead:
dA(t) dt dA(t
qrel(X) = AI"Istoralge ° <% L4 &) = AHstorage L4 <VM ° d)(( ) > (9)

Here, AHgrage (J/mol) denotes the energy storage density of the
MOST system (Table 1). A(t) (mol/m3) represents the time-dependent
concentration decay of the MOST molecules (QC) during discharge,
described by a psuedo-first-order kinetic reaction equation [30,31,38].
Ago (mol/m?) is the initial concentration of the MOST system at the start
of the activation component. k(T) ) is the temperature-dependent
conversion rate, presented in Eq. (2). The term % represents the tem-
poral derivative of the concentration decay.

In the heat balance eq. (4) used in the numerical model, the diffusion

term (o ® ";;FZM) is negligible compared to the convective term (VM%).

This simplification is justified by the high Peclet numbers (Pe > > 1)
resulting from the characteristics of the pipe and the MOST system [39],
indicating that convective heat transport dominates over diffusion
within the activation component. The Peclet number is defined as
(PeM:V“(’;'ML°), where L. (m) is the characteristic length. For the circular
pipe in the activation component, L. equals the hydraulic diameter,
2er;. Under these conditions and the assumption of steady-state flow
with a constant volumetric flow rate, the governing heat balance eq. (4)
can be simplified and rewritten as Eq. (10):

v aTiM _ Qact + Qrel (X)

Mo P ® o (10)

As described earlier, activation heat is applied incrementally at each
spatial step (dx) along the pipe. This heat is supplied continuously until
the desired temperature is achieved, ensuring the total applied heat does
not exceed the theoretical activation heat required for the complete
discharge of the MOST system. Once the temperature in the activation
component reaches the target level, driven by both the discharge of the
MOST system and the applied activation heat, the system flows into the
heat exchanger. At this stage, key parameters are determined, including
the final temperature of the MOST system (Tyo (°C)), the remaining
concentration of undischarged MOST molecules (Ag (mol/mg)), and the
required length of the activation pipe (Laet (m)). If undischarged MOST
molecules remain upon exiting the activation component, the model
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allows for continued discharge within the heat exchanger, provided the
thermal conditions are suitable. The subsequent subsection details the
processes occurring within the heat exchanger.

3.2.2. Heat exchanger: heating of water

The second section of the co-heating device is modeled as a
concentric double-pipe heat exchanger (HEX). The heated MOST system
flows through the inner pipe, which has an inner radius of r;(m),
identical to the activation component, see Fig. 8. This inner pipe is
surrounded by an outer pipe with an inner radius of r3(m), through
which water circulates as the heat transfer fluid.

The HEX operates in a co-current flow configuration, with water
supplied directly from a storage reservoir. Consequently, the water inlet
temperature, Ty o (°C), is equal to the reservoir temperature. The MOST
system's inlet temperature, Ty (°C), corresponds to its outlet temper-
ature from the activation component. Flow velocities for both the MOST
system (vy (m/s)) and water (vy (m/s)) are assumed to remain constant
along the entire length of the HEX (Lpex (m)). The exteriors of the pipes
are considered adiabatic.

In the HEX, the water temperature is affected by two contributions
from the MOST stream. The first is the sensible heat carried by the MOST
solution as it enters the heat exchanger at an elevated temperature after
the activation component. This sensible heat results from the externally
supplied activation heat and, where back-conversion has already star-
ted, from chemical heat released in the activation component. The
second contribution occurs when unconverted QC molecules remain
after the activation component and continue to back-convert to NBD
within the heat exchanger, releasing additional chemical heat. Heat is
then transferred from the MOST solution to the water across the inner
pipe wall separating the two fluids. For each spatial step, dx, the model
calculates the heat released by ongoing MOST discharge, q,;, and the
heat transferred between the MOST solution and water, @, ;, inde-
pendently. These heat fluxes are then combined using the superposition
technique to update the temperature profiles of both fluids (Fig. 9). The
updated temperatures serve as inputs for the next spatial step, and the
procedure is repeated along the full HEX length to determine the outlet
temperatures of the water, Ty 1, and the MOST solution, Ty .

In the first heat transfer process within the HEX, the heat balance
equation at each spatial step is given by Eq. (11). This equation, along
with the associated notation and criteria, follows the heat balance
described in Eq. (10) for the activation component under steady-state
conditions. The key distinction is that no external heat is applied to
activate the MOST system within the HEX (q,. = 0).

VMMJ: qrel(x) (11)
0X Py ®Cpm

The second heat transfer process, involving heat exchange between
the MOST system and water, is modeled using the Number of Transfer
Units (NTU) method [40], a standard approach in heat exchanger
design. The NTU method evaluates the thermal performance of a heat
exchanger using two dimensionless parameters. The first parameter,
NTU, quantifies the heat exchanger's effectiveness in transferring heat
between the hot and cold fluids, based on its configuration (e.g., coun-
terflow or parallel flow). The second parameter, effectiveness (¢), rep-
resents the ratio of the actual heat transfer to the maximum possible heat
transfer in an ideal heat exchanger. The mathematical formulations of
the NTU method, as implemented in the numerical model, are provided
in Egs. (12)-(21).

NTU = M 12)
Cmin
<—NTU- (HS’"‘") >
1- max
e=-_¢ — (13)
1 + 'min

Cmax
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Fig. 9. Schematic (circular symmetry) of the heat exchanger (HEX) and the superposition method applied in the numerical model. a) The HEX is discretized into
small spatial segments (dx) along its length (0 < x < Lyey), indexed by (i). b) For each segment (dx;), the heat flux generated by the discharge of the MOST system (qpe;.
i (W/m?)) and the heat transfer between the MOST system and water across the pipe wall (qrex; (W/m?)) are calculated independently. These heat fluxes are su-
perposed to update the temperature profile, which is then used as the input for the next segment. This iterative process continues along the entire length of the HEX,
determining the outlet temperatures Tyy, ('C) and Ty, (C) for the MOST system and water, respectively.

Cmin = min(Cy, Cy) (14)
Ciax = max(Cy, Cy) (15)
Cu=Vye Py ® CpM (16)
Cw = Vw P, ®Chw (17)
Qmax = Camin ® (Two — Two) 18)
Qhex =ce Qmax (19)
_ Qhex
qhex,M(X) - VM (X) (20)
e (X) = VQ“Z;) @

Where, U (W/(m>2eK)) is the overall heat transfer coefficient, incorpo-
rating the thermal conductivity of the inner wall of the annulus and the
convection heat transfer coefficients of both fluids. Apipe (m?) represents
the total heat transfer area, and C (W/K) denotes heat capacity rate. Qpex
(W) and qpex (W/m?®) are the heat transfer flow and rate between the two
fluids in the heat exchanger, respectively. V (m>) represents volume. The
subscripts min, max, M, and w, refer to minimum, maximum, MOST
solution, and water, respectively.

The overall heat transfer coefficient, U (W/(mZoK)), is expressed in
Eq. (22), assuming no rust or scaling on the pipe surfaces. Here, h (W/
(m?eK)) represents the convective heat transfer coefficient of the fluid, A
(m?) is surface area of the pipe, and r (m) denotes the outer radius of the
pipe. The subscripts i and o, refer to the inner and outer, respectively.
The individual fluid heat transfer coefficients are determined using the

Nusselt number, Nu (—), as shown in Eq. (23). For laminar flow, the
Nusselt number is 3.657 [41]. Ayor (W/(mK)) is the thermal conductivity
of the hot fluid, in this case, the MOST system. L. (m), is the charac-
teristic length of the pipe.

U= 1
In fo
o een(3) (22
h..<ﬁ> B, "
1 A0
h:Nu;}\hot (23)

The heat balance equation in Eq. (24) is solved at each spatial step by
superposing the two heat transfer processes. This calculation determines
the temperature development of the MOST system and water in the heat
exchanger.

6TM

VM _ Qrel (X) + Ghex.m (X) _ Ghex.w (X)
Mox

dTy
ng = (24)

Pm ® Cpm Pw ® Cpw

3.2.3. Parametric studies

The developed numerical model was applied to simulate various
scenarios, evaluating the thermal performance of the two MOST systems
described in Section 2 within the activation component and heat
exchanger of the co-heating device. These parametric studies focused on
the conceptual feasibility and activation-normalized performance of the
device for hot water co-heating applications. Key design parameters
included inlet temperatures of the MOST systems and water, discharge
activation rate, initial MOST molecule concentration, and selected mo-
lecular properties of the MOST system. Device configurations, such as
pipe dimensions, wall material, and flow rates, were predefined based
on laboratory constraints.
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Two inlet water temperatures (Ty.o) were considered: 20 °C and
50 °C. The 20 °C setting represented ambient laboratory conditions and
was included to evaluate the model response under a low inlet-
temperature condition. The 50 °C case reflects a preheated domestic
hot water condition and is directly aligned with the intended role of the
proposed device as a co-heating or temperature-boosting unit. In this
application, the MOST-based device would supplement an existing heat
source by providing a final temperature lift, for example from 50 °C to
60 °C. This is relevant for Swedish domestic hot water systems, where
approximately 50 °C is commonly required at tap-water outlets to
reduce legionella risk, while higher temperatures, around 60 °C, are
required for stored or stagnant hot water. Temperatures above approx-
imately 65 °C are generally avoided to reduce the risk of scalding and
scaling [42,43].

For the MOST systems, a storage reservoir temperature of 20 °C
(Tm.00) was assumed. The temperature at the activation component
outlet (Tyo) ranged from 80 °C to 120 °C, based on experimental data
ensuring full back conversion and sufficient heating to surpass the
desired 60 °C water outlet temperature. Copper pipes were assumed due
to their high thermal conductivity and availability. Liquid flow veloc-
ities were set at 0.007 m/s based on experiments demonstrating optimal
back conversion rates (Section 2.2.1). Pipe dimensions, determined from
a preliminary study (Appendix A), represented the minimum size
required to achieve the target water heating from 50 °C to 60 °C. A
spatial discretization of 0.7 mm was adopted, supported by a conver-
gence analysis (Appendix A).

3.2.3.1. Simulated scenarios and performance indicators. To evaluate the
influence of design parameters on the discharge characteristics of the
two MOST systems and the device's water heating efficiency, six distinct
scenarios (A-F) were defined and analyzed for each MOST system. In
each scenario, a single parameter was varied while others remained
constant, with performance assessed using the indicators described later
in this section. The base-line case, Scenario 0, featured the first MOST
system, NBD1-QC1, with discharge characteristics validated in the
experimental studies. Scenarios 1-A to 1-F focused on NBD1-QC1, while
Scenarios 2-A to 2-F explored the second MOST system, NBD2-QC2.

Scenario 0: base-line configuration

Table 2 summarizes the model characteristics for the baseline sce-
nario (Scenario 0). The parameters established in Scenario 0 were
maintained across the subsequent scenarios (A-F), except for the specific
parameter under investigation. All simulations were conducted over a
one-hour period. For the selected flow velocity, the total pipe length of
the device (Lact + Lhex) was limited to approximately 25 m.

Scenario A: variable activation rate in the activation component

The activation rate of the MOST system discharge in the activation
component is governed by the parameter t,¢ in the numerical model
(Section 3.2.1). Together with the desired outlet temperature and
selected flow velocity, t,; determines the length of the activation
component (Lac). Scenario A examines t,c¢ values of 300, 600, and 900 s
(s).

Scenario B: variable inlet temperature of the MOST system in
the heat exchanger

Scenario B investigates the effect of varying the MOST system inlet

Table 2
Design characteristics of the device used in the base-line scenario investigated in
the numerical studies.

Design choice Designed value Design choice Designed value

1 3.5 mm Twm.o0 20°C

T2 4.5 mm Tmo 105°C

I3 5.5 mm Tw.o 50°C

T4 6.5 mm VM 0.007 m/s
Pipe wall material Copper Vw 0.007 m/s
Ago 1.3 mol/L tact 300s
MOST system NBD1-QC1 Activation type Thermal
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temperature in the heat exchanger (T o), with values ranging from
80 °C to 120 °C.

Scenario C: variable inlet temperature of water in the heat
exchanger

In scenario C, the water inlet temperature (Ty) in the heat
exchanger varies between 20 °C and 50 °C.

Scenario D: variable concentration of MOST molecules

To assess the effect of MOST molecule concentration, Scenario D
tests concentrations of 1 mol/L, 1.3 mol/L, and 2.6 mol/L. While con-
centrations up to 1.3 mol/L have been experimentally validated, 2.6
mol/L represents a theoretical case for future reference.

Scenario E: variable thermal energy storage capacity

Scenario E explores adjustments to the thermal energy storage ca-
pacity (AHgiorage, kJ/kg) of the MOST systems by factors of 0.5, 1.5, and
2. This aims to assess its impact on the performance of the MOST systems
and the activation-normalized device performance, and guide future
optimization of MOST systems.

Scenario F: variable thermal enthalpy

Scenario F examines the effect of reduced thermal enthalpy
(AHhermar (kJ/mol)), a key factor in accelerating back conversion. Ad-
justments by factors of 0.9, 0.7, and 0.5 are considered. This scenario is
intended as an exploratory sensitivity analysis of activation-barrier ef-
fects, including the potential influence of catalyst-assisted discharge.

3.2.3.2. Performance indicators. To evaluate the effects of the design
parameters studied on MOST discharge and water-heating performance,
the following performance indicators (PIs) are defined:

Discharge rate of the MOST system: § (%)

The discharge rate B(x) represents the proportion of discharged
MOST molecules at a given position (x) along the activation component
or heat exchanger (Eq. (25)). It is calculated based on the concentration
of discharged MOST molecules, A(x) (mol/L), relative to the initial
concentration, Ay (mol/L), at the start of the activation component.
Specific discharge rates are denoted as f,.; (or p(Lacr)) for the end of the
activation component and f geyice (0F P(Lact + Liex)) for the end of the heat
exchanger.

Ap —A(x))
A

6—1000" X € [0, Luct + L] (25)

00
Activation-normalized discharge ratio of the MOST system in
the Activation component: Ry ac (%)
The PI Ryact (%) represents the ratio of the heat released by the
discharge of the MOST system to the heat applied to activate the
discharge in the activation component (Eq. (26)).

x=Lact

E Qrel (X) ° VM
=100e =% (26)

X=Lact

Z qact(x) o Vym
-0

X=

Q.M.rel

act

Rymact = 100 @

Activation-normalized total discharge ratio of the MOST System
in the co-heating device: Ry gevice (%)

The PI Ryat (%) represents the total heat released by the MOST
system at the end of the heat exchanger relative to the activation heat
applied in the activation component (Eq. (27)).

X=Lact +Lhex
Q Grel (X) . VM
Ry device = 100 o <Mreltoal _ 1944 x=0 @

x=Lact
act

Z Qact (X) e Vum

x=0

Activation-normalized water-heating ratio of the co-heating
device: R, (%)

The water heating ratio, Ry, represents the thermal power associated
with co-heating water from its inlet temperature, Ty o, to a specified
higher temperature, normalized by the external activation heat supplied
in the activation component. Ry ¢¢ specifies the ratio for heating water
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from Ty, ¢ to the targeted temperature of 60 °C (Eq. (28)), while Ry device
specifies the ratio for heating water from T 0, to the actual outlet
temperature at the end of the heat exchanger Ty, (Eq. (29)). Here, V.,
(m3/s) represents the volumetric flow rate of water.

Q.w.outlet (TW = 600C) VW *py® CP~W ° (60 - Tw.O)

Rweo =100 e —100e P
Qe 5 Quer(x) © Vi
x=0
(28)
Ryt device — 100 ¢ Svoutieciot _ 100 Vi e p;i;f"'w ® (Twr = Two) 29
3 () Vi

The PIs normalized by Q, describe the useful heat output relative to
the external heat supplied to initiate or accelerate back-conversion.
They should therefore not be interpreted as complete thermodynamic
or solar-to-heat efficiencies. The heat released during discharge origi-
nates from chemical energy previously stored in the QC isomer during
the charging step. Since the present model focuses on the discharge and
co-heating process, the solar charging step is outside the defined system
boundary. Consequently, the activation-normalized indicators may
exceed 100% when the released stored chemical energy and the
resulting heat transferred to water exceeds the supplied activation heat.

4. Results
4.1. Experimental results

Figs. 10 and 11 present the laboratory measurements of the back
conversion rate of the photoisomerized QC1 solution to its parent NBD1
molecule, highlighting the influence of temperature and residence time.
Fig. 10 shows that near-complete back conversion (95-100%) was
achieved within the selected temperature range of 90-110 °C. At 90 °C,
the conversion rate was approximately 95% after 95 min, while at
110 °C, full conversion (100%) was attained within 15 min.

Fig. 11aillustrates the effect of residence time on back conversion at
a constant temperature of 105 °C, with a calculated half-life of 5 min. As
expected, longer residence times corresponded to higher conversion
rates, increasing from 58% at 5 min (matching the calculated half-life) to
97% at 25 min. In Fig. 11b, theoretical predictions from the decay model
(Egs. (1)-(2)) are compared with experimental data. The model

a) b)
‘ 100
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generally underestimated the back conversion rate by about 15% at a 5-
minute residence time. However, at 25 min, the model prediction (97%)
aligned with the experimental result. The replicate measurements at
105°C and 25 min further confirmed reproducible near-complete back-
conversion, with conversion rates ranging from 97% to 98% (Appendix
D, Fig. D1). These findings confirm that a residence time (25 min) of
approximately five times the half-life (5 min) is sufficient to achieve
near-complete back conversion (95-100%).

4.2. Numerical simulation results

To enhance the readability, the results of the parametric study are
presented as follows: Fig. 12 illustrates the baseline scenario (Scenario
0) using the NBD1-QC1 MOST system, along with comparative results
for the NBD2-QC2 system. A summary of all scenarios and their
respective design parameters, aligned with the performance indicators
(PIs), is shown in Figs. 13 and 14 and explained in this section. Detailed
outcomes for each scenario (1-A to 1-F for NBD1-QC1 and 2-A to 2-F for
NBD2-QC2) are included in Appendix B (Figs. B1 to B12) and follow the
same structure as Fig. 12. The results presented in this section are based
on the adiabatic main model and should therefore be interpreted as
idealized upper-bound reference values for comparing the relative in-
fluence of the parameters studied.

In the base-line scenario, the required pipe length of the activation
component (L,) to reach an outlet temperature of 105 °C was
approximately 1.9 m for NBD1-QC1 and 1.2 m for NBD2-QC2 (Fig. 12).
This difference reflects the distinct half-life of the two systems: 28 days
at 25 °C for NBD1-QC1 and 5 h at 25 °C for NBD2-QC2. For NBD1-QC1,
7% of the molecules were discharged in the activation component (B,),
resulting in an activation-normalized discharge heat ratio (Ry; act) of 6%.
Conversely, NBD2-QC2 discharged 46% of its molecules (B,.), with
Rm.act reaching 90%. Full discharge was achieved almost immediately
upon entering the heat exchanger (Fig. 12c¢).

In the heat exchanger, NBD1-QC1 heated water to 60 °C after 0.17 m
and reached a maximum outlet temperature of 73 °C (Fig. 12 b). By this
point, the total discharge rate (geyice) Was 31% (Fig. 12 c). For NBD2-
QC2, water reached 60 °C after 0.09 m, with a maximum temperature
of 82 °C at 1.6 m. The activation-normalized total discharge heat ratio
(Rutdevice) Was 30% for NBD1-QCl and 195% for NBD2-QC2. The
activation-normalized water-heating ratio to 60 °C (Rw o) was 28% for
NBD1-QC1 and 50% for NBD2-QC2. When considering the maximum
attainable water temperature, the activation-normalized device water-
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Fig. 10. a) 1H NMR spectra (400 MHz, toluene-ds) for QC1 (black line) and NBD1 (1.3 mol/L) solutions (red lines) after photoisomerization at temperatures between
90 and 110 °C. b) Measured back conversion rates and residence times corresponding to the spectra shown in a). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 11. a) 'H NMR spectra (400 MHz, toluene-ds) for QC1 and NBD1 (1.3 mol/L) solutions after residence times of 5-25 min at 105 °C. b) Measured and calculated

back conversion rates as a function of residence times.

heating ratio (Rw gevice) increased to 64% and 158%, respectively
(Fig. 12 d).

The parametric study results, summarized in Figs. 13 and 14, show
how variations in design parameters, operational conditions, and mo-
lecular properties affect MOST discharge and activation-normalized
water-heating performance. The upper heat maps (Fig. 13a, Fig. 14a)
compare scenarios focused on design and operational parameters (1-A to
1-D and 2-A to 2-D). The lower heat maps (13b, 14b) illustrate scenarios
that explore potential molecular optimizations, representing theoretical
cases (1-E, 1-F, and 2-E, 2-F).

4.2.1. Scenario 1-A and 2-A: ty

Prolonging the activation time (tact) from 300 s to 900 s improved the
activation-normalized discharge and water-heating ratios for both
MOST systems (Fig. 13a, and Figs. B1 and B2). For NBD1-QCI,
increasing t raised the activation-normalized discharge ratio in the
activation component , Ry s, from 6% to 15% (127% increase) and the
activation-normalized total discharge ratio (Rydevice) from 30% to 34%
(14% increase). For NBD2-QC2, which already had a high base-line ef-
ficiency, its Ry increased from 90% to 146% (62% increase), and
R device TOSE from 195% to 254% (30% increase). Extending ta; also
enhanced the discharge rate at the end of the activation component
(Baer)- For NBD1-QC1, B, doubled from 7% to 14%, while for NBD2-
QC2 it increased from 46% to 58%. These gains required lengthening
the activation component from 1.9 m to 5.3 m for NBD1-QC1 and from
1.2 m to 2.8 m for NBD2-QC2. While By remained nearly unchanged
for NBD1-QCl (31-33%), NBD2-QC2 consistently achieved full
discharge, regardless of t,. Longer activation times also modestly
improved the activation-normalized water-heating ratios. For NBD1-
QC1, Rwgo increased from 28% to 30%, while Ry gevice remained
around 64%. For NBD2-QC2, Ry g0 rose from 50% to 65%, and Ry gevice
increased from 158% to 185%. However, the extended activation time
slightly reduced peak water temperatures: Ty 1, dropped by about 2 °C
for NBD1-QC1 and 3 °C for NBD2-QC2. Thus, extending t,; resulted in
greater discharged energy and activation-normalized water-heating ra-
tios but reduced peak water temperatures. For NBD2-QC2, which
inherently discharges more efficiently, the relative benefits of longer
activation periods were less significant compared to NBD1-QC1.

4.2.2. Scenario 1-B and 2-B: Tyo
Adjusting the MOST inlet temperature before the heat exchanger
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(Tp.0) notably influenced discharge and water heating performance
(Figs. B3 and B4). For NBD1-QC1, lowering Ty from 105 °C to 80 °C
reduced the activation-normalized discharge ratio in the activation
component (Ryact) from 6% to 1% and activation-normalized total
discharge heat ratio (Rygevice) from 30% to 13%. Conversely, increasing
Tmo to 120 °C improved Rypar to 15% (133% above baseline) and
Ry device t0 52% (75% above baseline). The discharge rate in the acti-
vation component (f,.,) increased from 7% to 17% (133% above base-
line), and overall discharge (Byeyic.) rose from 31% to 59% (91% above
baseline). This greater energy release enhanced Ryy gevice from 43% to
81% and raised the outlet water temperature (T 1) from 61 °C to 81 °C.
However, Ryeo decreased from 38% to 26%. For NBD2-QC2, which
exhibited higher baseline activation-normalized ratios, Ty o adjustments
had a smaller impact. Raising Ty to 120 °C increased f,, from 46% to
63% and Ryae from 90% to 123%. Meanwhile, Ryjgevice Slightly
decreased from 195% to 194%. Similarly, Rweo dropped from 53% to
49%, and Ry gevice from 163% to 157%. Despite these reductions, Ty 1,
increased slightly from 81 °C to 82 °C. The results indicate that
increasing Ty improved discharge development for NBD1-QC1 and
increased its final water-heating output, but reduced the activation-
normalized ratio for heating water to 60 °C. For NBD2-QC2, higher
Twm.o mainly improved discharge in the activation component, while the
total activation-normalized ratios changed only slightly or decreased
marginally.

4.2.3. Scenario 1-C and 2-C: Ty,

For NBD1-QC1, lowering Tyw.o from the baseline scenario of 50 °C to
20 °C or 35 °C prevented reaching the 60 °C outlet target (Fig. B5).
Conversely, when Ty, was 65 °C, the water was already above the
target temperature, making Ry ¢ irrelevant. Regarding the activation-
normalized device water-heating ratio, Ry gevice; bOth reducing and
increasing Tyw.o beyond the base-line enhanced the ratio, although with
different effects on the outlet water temperature. Lowering Ty, o to 20 °C
increased Ry device t0 75% (19% above base-line), though Ty 1, dropped
from 73 °C to 47 °C. Raising Ty o to 65 °C pushed Ry gevice to 86% (35%
above base-line) and increased Ty, 1, from 73 °C to 95 °C. Changes in Ty o
did not affect the activation component directly, but higher water
temperatures in the heat exchanger facilitated additional back-
conversion of the MOST solution. Raising Tw,o to 65 °C increased
Baevice t0 85% (172% above base-line) and Ry device t0 86% (35% above
baseline). For NBD2-QC2, varying Ty o had minimal impact on MOST
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heating ratios.

discharge performance (Fig. B6). However, lowering Ty ¢ improved the
activation-normalized water-heating ratios while reducing the outlet
temperature. Reducing Ty, to 20 °C increased Rweo to 199% (300%
above base-line), although Ty 1, dropped from 82 °C to 61 °C. Similarly,
Rw.device increased to 204% (29% above base-line). Conversely,
increasing Ty to 65 °C lowered Ry gevice t0 135% (15% below base-
line) while raising Ty from 82 °C to 92 °C. For NBD1-QC1, setting
Tw.o too low hindered achieving 60 °C, whereas NBD2-QC2 showed
stronger temperature-boosting performance at lower inlet water tem-
peratures due to its shorter half-life and faster discharge performance.

4.2.4. Scenario 1-D and 2-D: Agg

For NBD1-QC1, reducing the initial molecular concentration, Ao,
from the base-line of 1.3 mol/L to 1.0 mol/L and 0.8 mol/L significantly
improved the activation-stage discharge performance. Ry ot increased
from 6% to 24% and 54%, respectively, while the discharge rate (B,e)
rose from 7% to 28% and 63%. These improvements required extending
the activation component (Lyct), which increased from 1.9 m in the base-
line to 14 m at 0.8 mol/L (Fig. B7). Conversely, increasing Agg to 2.6
mol/L had limited impact on activation performance. f,., dropped to 3%
(49% below base-line), and Rypacc improved only slightly (1% above
base-line). However, L, decreased to 1.0 m compared to 1.9 m at base-
line. In terms of activation-normalized total discharge ratio (Rydevice)s
both decreasing and increasing Agp outperformed the base-line, with

higher concentrations yielding the most significant gains. At 2.6 mol/L,
Ry device Teached 108% (264% above base-line), while at 0.8 mol/L, it
achieved 58% (95% above base-line). The activation-normalized water-
heating ratios showed mixed results. Lowering Agp to 0.8 mol/L
increased Ry g0 to 41% (46% above base-line), whereas raising Ag to
2.6 mol/L left Ry g0 nearly unchanged at 28% (1% below base-line). The
device-level water-heating ratio (Rw gevice) rose to 72% (13% above
base-line) at 0.8 mol/L and to 116% (82% above base-line) at 2.6 mol/L.
The final water outlet temperature (T 1) decreased by up to 7% when
Ago was reduced but increased to 92 °C (26% above base-line) at 2.6
mol/L.

For NBD2-QC2, variations in Agp had less pronounced effects on
activation performance (Fig. B8). A common trend emerged: increasing
Ao improved most PIs except f,., which decreased, and Ry 6o, which
remained nearly unchanged. Lowering Agp from 1.3 to 0.8 mol/L
reduced Ryact by 3% (to 84%) but increased f,. by 55% (to 71%).
Conversely, raising Ay to 2.6 mol/L boosted Ry act by 4% (to 93%) and
decreased B, by 48% (to 24%). In the heat exchanger, the MOST system
temperature rose sharply with higher Ao, reaching approximately
235 °C at 2.6 mol/L. This elevated the final water outlet temperature
(Tw.) to 109 °C (33% above base-line). The activation-normalized total
discharge ratio (Ryy device) increased to 390% (100% above base-line) at
2.6 mol/L. Meanwhile, Ry g9 remained steady near 50%, regardless of
Ag variations. However, Ry device rOSe to 291% (84% above base-line) at
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2.6 mol/L and dropped to 106% (33% below base-line) at 0.8 mol/L.

These simulation results showed that, for NBD1-QC1, lower con-
centrations (Agg) improved activation-stage discharge performance but
required longer activation lengths. Meanwhile, higher concentrations
enhanced device-level activation-normalized discharge and water-
heating ratios and increased the water outlet temperature. NBD2-QC2,
with inherently higher discharge capabilities, showed less variation in
performance but achieved greater device-level ratios at higher concen-
trations. However, these gains were accompanied by very high predicted
MOST-system temperatures, highlighting a key challenge for practical
implementation.

4.2.5. Scenario 1-E and 2-E: AHgorqge

In Scenario E, increasing the thermal energy storage capacity
(AHgtorage) improved most PIs for both MOST systems, except for the
discharge rate (B,.), see Figs. B9 and B10. For NBD1-QCl, raising A
Hgtorage by a factor of 1.5 increased Ryact to 9% (39% above base-line)
and Ry gevice t0 54% (81% above base-line). The activation-normalized
water-heating ratios also improved: Ry o increased to 29% (2% above
base-line), and Ry device TOSE to 79% (25% above base-line). Doubling A
Hitorage Pushed Ry device t0 110% (74% above base-line).

For NBD2-QC2, raising AHgorage by 1.5 improved Ryact to 109%
(21% above base-line), Ry gevice t0 324% (66% above base-line), Ry ¢o to
55% (11% above base-line), and Ry gevice t0 243% (53% above base-
line). Doubling AHgorage further enhanced Ry geviceto 336% (112%
above base-line).

4.2.6. Scenario 1-F and 2-F: AHpermal
In Scenario F, the effect of reducing thermal enthalpy (AHyerma) was
analyzed as an exploratory sensitivity case representing a lower
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apparent activation barrier, for example through -catalyst-assisted
discharge or molecular design. The results showed that reducing A
Hihermal significantly increased the activation-normalized discharge and
water-heating ratios (Figs. B11 and B12). For NBD1-QCl, a 10%
reduction in AHyemma (0.9x base-line) increased the activation-
normalized discharge heat ratio in the activation component (Ryact)
from 6% to 60% (828% improvement) and the activation-normalized
total discharge heat ratio (Ryact) from 30% to 143% (382% above
base-line). The activation-normalized water-heating ratios also
improved: Rygo rose from 28% to 42% (50% gain), and Ry device
increased from 64% to 129% (103% above base-line). For NBD2-QC2,
the same 10% reduction in AHgerma boosted Rypace to 548% (509%
above base-line) and Ry gevice 10 643% (229% above base-line). The
activation-normalized water-heating ratios, Rweo and Ry device
increased to 164% (229% above base-line) and 362% (129% above base-
line), respectively. Further reductions in AHerma (to 0.7x and 0.5x
base-line) led to complete discharge (f,.;: 100%) and Ry 6o and Ry device
reaching 10%-10°%. These results indicate that AHgpema had the
strongest sensitivity effect among the parameters varied individually in
the model, highlighting activation-barrier control as an important di-
rection for future MOST development in co-heating applications.

5. Discussion
5.1. Experimental studies

As outlined in the introduction, research on optimizing MOST mol-
ecules is ongoing, with continuous development of new compounds. In
this study, two NBD-QC molecules with distinct half-lives were selected
to represent short-term and long-term storage capacities while main-
taining comparable storage densities to ensure consistent performance
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comparisons. While different MOST molecules could yield different
quantitative outcomes, the primary aim was to investigate how different
discharge characteristics may influence the feasibility of MOST-based
water co-heating. The thermal behavior observed in the controlled
laboratory setup provides trends that can be scaled up and used to guide
the design of MOST-integrated heating devices. Together, these results
outline the key factors that should be improved in future work to enable
practical, real-world applications.

Laboratory measurements verified the discharge characteristics of
NBD1-QC1 molecules dissolved in toluene-dg. The preparation of QC1
isomers and their back-conversion to NBD1 followed established pro-
cedures [29]. A notable advancement was the demonstration of thermal
back conversion for the first time and for relatively high concentrations
(1 mol/L and 1.3 mol/L), nearing the previously reported maximum of
1.5 mol/L [29]. Under the tested conditions, near-complete back-con-
version was achieved, supporting the feasibility of thermal discharge at
these concentrations. Replicate measurements at 105 °C and 25 min
confirmed reproducible near-complete back-conversion (97-98%).
Future experimental work should expand replication to additional
temperatures, residence times, and concentrations to further quantify
uncertainty across the full experimental matrix.

The experimental work focused on NBD1-QC1, which was available
at sufficient quantity and concentration for the laboratory discharge
tests. NBD2-QC2 was included only in the numerical study as a
literature-based short-term storage reference system, enabling compar-
ison of how different storage half-lives and discharge kinetics influence
device performance within the same modelling framework. Further ex-
periments under relevant concentration, temperature, flow, and
residence-time conditions are needed to validate the predicted perfor-
mance of NBD2-QC2 in the co-heating configuration.
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5.2. Numerical studies

Validation of the mathematical decay model against experimental
data confirmed its capability to predict the discharge rate of MOST
molecules with sufficient accuracy, although it consistently under-
estimated conversion rates. This conservative bias was most pronounced
at shorter residence times, with a deviation of up to 15% at 5 min,
decreasing to near zero at 25 min. This suggests that the numerical
model provides a conservative estimate of discharge under the tested
conditions.

The co-heating device and numerical model were intentionally
simplified to focus on the primary thermal interactions between MOST
discharge and water heating. This allowed the effects of molecular
properties and device parameters to be isolated, but also means that the
main parametric results should be interpreted as idealized upper-bound
estimates rather than directly achievable practical device performance.
This is particularly relevant for the adiabatic boundary condition, since
heat losses reduce the temperature available for water heating and may
affect the required activation and heat-exchanger lengths. Nevertheless,
adiabatic or near-adiabatic conditions remain a useful reference for
MOST heat-release analysis, as previous experimental work has shown
that high macroscopic heat release can be achieved in well-designed
flow systems [29]. The heat-loss case study in Appendix C confirms
this sensitivity: negligible external convective losses reproduced the
adiabatic baseline closely, whereas increased convective heat transfer
caused clear performance degradation. However, the magnitude of these
losses depends strongly on the selected technical design and pipe
arrangement. For example, compact multi-pass configurations or adja-
cent high-temperature pipe sections could reduce the effective temper-
ature difference to the surroundings compared with the conservative
straight-pipe configuration used in Appendix C. Thus, the activation-
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normalized water-heating ratios reported in the main results should be
viewed as upper-bound reference values for comparing parameter ef-
fects, while Appendix C illustrates the importance of non-adiabatic
boundary conditions for future device design.

The long activation lengths predicted in some scenarios indicate a
design challenge for future practical device geometries. For example, the
14 m activation length obtained for NBD1-QC1 at 0.8 mol/L reflects the
low concentration and slow discharge development under that specific
set of assumptions. This suggests that the assumed distributed activation
approach is not well suited for this case in a straight-pipe configuration,
and that more compact activation configurations should be evaluated.
The distributed heat-input representation should therefore be regarded
as a modelling approximation for sensitivity analysis, rather than as a
validated physical activation design. Therefore, t,« should be inter-
preted as a model parameter controlling activation intensity. Such
straight-pipe activation lengths may not be suitable for compact do-
mestic installation without further design development. Practical
implementation should therefore evaluate more compact activation
configurations, such as coiled or multi-pass heated channels, jacketed or
electrically heated reactor sections, compact insulated reactor cham-
bers, fixed-temperature heated reactors, or catalyst-assisted activation
units. These approaches could increase residence time and heat-transfer
area while reducing the physical footprint and insulation length.

The model assumptions related to heat transfer and material stability
should also be considered when interpreting the results. Constant ther-
mophysical properties and a fixed laminar-flow Nusselt number were
used to provide a consistent basis for comparing the influence of MOST
discharge, operating temperature, concentration, and molecular pa-
rameters. For future device-level design, the model can be refined by
including temperature- and composition-dependent properties of the
MOST solution and water, particularly in cases with large temperature
changes or continued back-conversion within the heat exchanger. Such
refinements may affect the predicted heat-transfer performance, pres-
sure drop, and outlet temperatures. Experimental validation of heat-
transfer coefficients under relevant operating conditions would further
support practical design development. The model also excludes molec-
ular and solvent degradation at elevated temperatures, which should be
addressed in future experimental studies, especially for scenarios
outside the experimentally validated concentration and temperature
ranges.

The hypothetical 2.6 mol/L concentration case predicted a sharp
increase in MOST-system temperature, reaching approximately 235 °C,
which also increased the final water outlet temperature. Although useful
for identifying the sensitivity of device performance to MOST concen-
tration, it should be interpreted only as an exploratory model outcome
and not as a practical operating condition. Phase change effects, vapor
pressure, and pressurization requirements were not included in the
present model. This is particularly relevant for toluene, which has a
relatively high vapor pressure and a boiling point of approximately
110 °C [44] at atmospheric pressure. Therefore, further assessment of
solvent phase behavior, required pressure level, molecular and solvent
stability, degradation, material compatibility, and safety constraints
would be required before such concentrations or temperature ranges
could be considered physically feasible for the present toluene-based
system. Recent work [45] has also explored water/surfactant-based
MOST systems to improve solvent safety compared with toluene.

The simulation results demonstrated the distinct performance of the
two MOST systems. NBD1-QCl, representing long-term storage,
required only 7% discharge in the activation component to reach the
heat exchanger's inlet temperature. By the end of the system, the total
discharge reached 31%. This gradual heat-release profile suggests its
potential suitability for seasonal solar thermal energy storage and as a
supplementary solution for progressive temperature boosting in existing
heating systems. In contrast, NBD2-QC2, representing short-term stor-
age, discharged 46% of its molecules in the activation component and
reached full discharge upon entering the heat exchanger. This rapid
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heat-release profile is more suitable for immediate heat demands, such
as peak shaving or local temperature boosting.

Scenario F showed that thermal enthalpy had a stronger influence on
the activation-normalized discharge and water-heating ratios than the
other individually varied parameters in the model. This suggests that the
apparent activation barrier for QC-to-NBD back-conversion is an
important device-design parameter for MOST-based co-heating appli-
cations. The result can guide future molecular development by indi-
cating that activation-barrier control may be more influential for this
application than increasing storage density alone. However, thermal
enthalpy should not be interpreted as an independently adjustable mo-
lecular property. Molecular modifications that reduce the activation
barrier may also affect storage half-life, energy density, absorption
properties, cycling stability, and practical usability. Scenario F should
therefore be viewed as a sensitivity analysis identifying an important
design direction, for example through catalyst-assisted discharge or
molecular design.

The results also highlight the importance of matching MOST prop-
erties and device operation to the intended application. For NBD1-QC1,
lower concentrations improved activation-stage discharge performance
but required longer activation lengths and reduced the achievable water
outlet temperatures. Higher inlet temperatures of either water or MOST
solution promoted further back-conversion in the heat exchanger. For
NBD2-QC2, the shorter half-life and faster discharge behavior enabled
stronger temperature-boosting performance, including at lower inlet
water temperatures. These findings indicate that future device devel-
opment should consider the combined effects of molecular properties,
concentration, activation strategy, inlet temperatures, heat losses,
compact geometry, and pressure drop.

A detailed cost analysis was outside the scope of this study, as MOST
molecules are still under development and have not yet been scaled for
domestic co-heating applications. The cost of a MOST-based device
therefore cannot be reliably quantified at this stage, since it depends
strongly on molecular synthesis routes and achievable production scale.
Future work should include techno-economic comparison with estab-
lished sensible and latent heat storage alternatives once scalable syn-
thesis routes and MOST-device concepts are more mature.

6. Conclusion

This study investigated the discharge characteristics of molecular
solar thermal storage (MOST) systems and evaluated their potential for
water co-heating applications by combining experimental discharge
characterization with numerical feasibility assessment of a conceptual
co-heating device. Two norbornadiene-quadricyclane (NBD-QC) MOST
systems with distinct half-lives were evaluated to represent long-term
and short-term storage scenarios. Laboratory experiments assessed
thermally triggered QC-to-NBD back-conversion for the first time, while
numerical simulations examined the influence of molecular properties
and device parameters on MOST discharge and activation-normalized
water-heating performance.

The conclusions are as follows:

A. Experimental findings (Molecular properties)

e Back-conversion rates of QC to NBD molecules reached 95-100% at a
MOST concentration of 1.3 mol/L (290.2 g/L), approaching the
maximum reported in the literature [29]. This demonstrates suc-
cessful thermally triggered back-conversion at relatively high con-
centration under the tested conditions.

Higher activation temperatures reduced the residence time required
for near-complete back conversion. At 90 °C, 95% conversion was
achieved in 95 min, while 110 °C, 100% conversion was reached in
15 min. At a fixed temperature of 105 °C, increasing the residence
time from 5 to 25 min improved conversion rates from 58% to 97%.
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This confirmed that a residence time around five times the half-life
enables near-complete conversion.

The theoretical decay model used in numerical simulations was
verified against experimental measurements. The model consistently
provided conservative estimates of back conversion rates, with
calculation errors ranging from 0% to 15%.

B. Simulation findings (Co-heating device)

Numerical simulations demonstrated the conceptual feasibility of
integrating MOST systems into a hot-water co-heating device under
current molecular and device constraints, including the experimen-
tally validated concentration of 1.3 mol/L. Since the simulations
were conducted under idealized adiabatic assumptions, the
activation-normalized water-heating ratios should be interpreted as
upper-bound indicators for parameter comparison rather than as
predicted practical device efficiencies.

For the long-term MOST system NBD1-QC1 (half-life: 28 days at
25 °Q), activation-normalized water-heating ratios ranged from 43%
to 86%, assuming perfect insulation. Required discharge rates were
10-85%, corresponding to activation-normalized discharge ratios of
13-80%. This gradual discharge behavior indicates potential suit-
ability for supplementary temperature boosting in systems where
partial or progressive heat release is beneficial.

For the short-term system NBD2-QC2 (half-life: 5 h at 25 °C),
activation-normalized water-heating ratios ranged from 106% to
204% under the studied adiabatic scenarios. Complete discharge was
generally required, yielding discharge efficiencies of 118-254%.
Values above 100% reflect the recovery of stored chemical energy
relative to the supplied activation heat. These characteristics support
the use of NBD2-QC2 for rapid discharge applications such as peak
shaving or temperature boosting.

e Among the parameters varied individually in the model, thermal
enthalpy showed the strongest sensitivity effect on the activation-
normalized discharge and water-heating ratios. A 10% reduction in
thermal enthalpy substantially increased these ratios for both sys-
tems, indicating that activation-barrier control is an important
consideration for future MOST development in co-heating
applications.

Device-specific design parameters, including MOST concentration
and the operating temperatures of both MOST system and water, also
strongly influenced performance. The results reveal a trade-off

Appendix A. Pipe dimension and spatial resolution
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between activation-normalized water-heating ratios and outlet water
temperature, highlighting the need to balance discharge behavior,
target temperature, and application-specific operating conditions.

Future research should focus on molecular development and
catalyst-assisted discharge strategies that improve activation-barrier
control while maintaining storage stability, energy density, cycling
durability, and practical usability. Experimental validation of the co-
heating device, heat-loss reduction strategies, compact device geome-
tries, and techno-economic comparison with established thermal storage
alternatives are also needed to assess real-world applicability.

CRediT authorship contribution statement

Ali Naman Karim: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Giovana Fantin Do
Amaral Silva: Software, Conceptualization. Zakariaa Refaa: Writing —
review & editing, Software, Investigation, Data curation, Conceptuali-
zation. Zhihang Wang: Writing — review & editing, Visualization,
Investigation, Conceptualization. Jessica Orrego Hernandez: Investi-
gation, Conceptualization. Liang Fei: Investigation. Par Johansson:
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition, Conceptualization. Angela Sasic Kalagasidis: Writing —
review & editing, Supervision, Project administration, Funding acqui-
sition, Conceptualization. Kasper Moth-Poulsen: Writing — review &
editing, Supervision, Resources, Project administration, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The financial support from Chalmers Areas of Advance Energy,
Department of Architecture and Civil Engineering, Chalmers University
of Technology, Swedish Energy Agency, Swedish Research council, and
European Union's Horizon 2020 Framework Programme under grant
agreement no. 951801 is gratefully acknowledged.

A preliminary study was conducted to determine the minimum required inner pipe radius containing MOST system (r;) and the spatial resolution
(dx) in the numerical simulation model. The objective was to minimize calculation errors while ensuring optimal water outlet temperatures.

Pipe dimension:

The inner pipe radius (r1) was selected to ensure a minimum water outlet temperature of 60 °C under the base-line scenario defined in this paper.
To adopt a conservative approach, the MOST system inlet temperature in the heat exchanger (Ty o) was reduced from 105 °C to 80 °C. This adjustment
ensured that the outlet temperature of 60 °C could be reached even under suboptimal conditions. As shown in Fig. Ala, achieving this target required
an r; greater than 3 mm. Consequently, a pipe radius of 3.5 mm was selected for parametric study.

Spatial resolution:

The calculation error in the activation component Error,.: (%) was defined as the percentage discrepancy between the theoretical heat required
Qum max (W) and the sum of the numerically calculated activation heat Qy .. (W) and the discharge heat Qy;; (W). This relationship is expressed in Eq.

A.l:
— (QM,act + QM,rel)

QM.max

Error, = 100 o Qv max

(A1)

Similarly, the calculation error in the heat exchanger Erroryex (%) was defined as the percentage discrepancy between the theoretical heat required
to raise the water temperature Q,, ., (W) and the sum of the heat transferred from the MOST system to the water Qy ., (W) and the discharge heat

within the heat exchanger Qy e1nex (W). This is expressed in Eq. (A.2):

EI'I'OI'h —100e ;Qw,hex - (QM.hex + QM.rel,heX)
ex —
Qw.hex

(A.2)
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Based on the results (Fig. Alb), a spatial step (dx) of 0.7 mm was selected to balance accuracy and computational efficiency. This resolution
produced errors of approximately 0.005% in the activation component and 0.21% in the heat exchanger, which were considered sufficiently accurate
for this study. For the chosen flow velocity of 0.007 m/s, the selected spatial step corresponds to a time step of 0.1 s. This was calculated to
accommodate a total simual]z)ition duration of 3600 s across a total pipe lenglgl)l of approximately 25 m.

721
ri ry - 2r
ol . s el e Error, , .
° . » Errorhex
68 — N A rs 161
Activation rs °
66 component  Heat exchanger 141
L x
64l =
D ° g 12F
3 . 5 1|
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° 3 0.8 .
581 & S sl 2 > >
~ |dx =0.7 mm
s6r . 04l |
541 ° 02k ' . . .
52 n 'y L L n L L L L L L L s . ’>§ . : ; : .
0 05 1 15 2 25 3 35 4 45 5 55 6 65 0 2 4 5 8 10 12 14

ry (mm) Space step, dx (mm)

Fig. Al. a) Calculated water outlet temperature in the device as a function of the inner pipe radius containing MOST systems. b) Calculation errors in the activation
component and heat exchanger of the numerical thermal model as a function of the selected spatial step.

Appendix B. Numerical simulation results

Appendix B compiles detailed results from the parametric study conducted using numerical simulations. The scenarios (A-F) for both NBD1-QC1
and NBD2-QC2 MOST systems are presented in Figs. B1 to B12. Each figure includes the following four plots (a-d):

e a) Temperature profile of the MOST system.

e b) Water temperature in the device.

e c) Discharge rate, f.

e d) Activation-normalized MOST discharge and water-heating ratios for each scenario.

Some scenarios, particularly the high-concentration sensitivity cases, may predict temperatures outside the experimentally validated operating
range; these results should therefore be interpreted as exploratory model outcomes rather than practical operating conditions.
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Fig. B1. Scenario 1-A. Impact of activation rate: NBD1-QC1.
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Temperature development: Water (NBD2-QC2)
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Fig. B2. Scenario 2-A. Impact of activation rate: NBD2-QC2.

B.2. Scenario 1-B & 2-B: Ty
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Fig. B3. Scenario 1-B. Impact of MOST system inlet temperature in the heat exchanger: NBD1-QC1.
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Fig. B4. Scenario 2-B. Impact of MOST system inlet temperature in the heat exchanger: NBD2-QC2.
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Fig. B5. Scenario 1-C. Influence of water inlet temperature in the heat exchanger: NBD1-QC1.
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Fig. B6. Scenario 2-C. Influence of water inlet temperature in the heat exchanger: NBD2-QC2.

B.4. Scenario 1-D: Ago
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Fig. B7. Scenario 1-D. Impact of initial molecular concentration of MOST system: NBD1-QC1.
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_ Temperature development: Water (NBD2-QC2)
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Fig. B8. Scenario 2-D. Impact of initial molecular concentration of MOST system: NBD2-QC2.

B.5. Scenario 1-E: AHgorage
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Fig. B9. Scenario 1-E. Impact of thermal energy storage capacity of MOST system: NBD1-QC1.
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Fig. B10. Scenario 2-E. Impact of thermal energy storage capacity of MOST system: NBD2-QC2.

B.6. Scenario 1-F & 2-F: AHpermal
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Fig. B11. Scenario 1-F. Impact of thermal enthalpy of MOST system: NBD1-QC1.
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Fig. B12. Scenario 2-F. Impact of thermal enthalpy of MOST system: NBD2-QC2.

Appendix C. Heat loss

Appendix C presents a case study analyzing the impact of heat losses in the heat exchanger on the temperature development for the base-line
scenario with both MOST systems (Fig. 12). As described in Section 3.2.2, adiabatic boundaries were considered for the pipes both in the activa-
tion component and the heat exchanger. To evaluate the influence of heat losses, the original heat balance equation (Eq. 24) was further developed
into Eq. (C.1), supported by Eq. (C.2) and (C.3).

v aTJ —v & — Grel (X) + qhex.M(X) _ qhex‘w(X) _ Qioss.w (X)

. ox v ox Pum @ Cpm Pw ® Cpw Pw ® Cow 2
_ Qloss (X)
Qioss.w (X) - Vw (X) (C2)

d L4 Tw - Tam
Qloss (X) = T T; < ( (X) : )
In (i) In (7) (C.3)
T3 n T4 i 1

275 ° }\pipe 275 L4 }\ins 27[ ol ® ( Olconvection + (xradiation)

Where qloss,w(W/mB) is the volumetric heat loss to the surroundings, Qj,ss (W) is the heat loss from the discretized pipe segment, ri,s(m) is the exterior
radius of the insulation layer, Ty, (°C) is ambient air temperature. The radii r3 and r4 (m) are defined according to Fig. 8, where r3 is the inner radius
of the outer pipe wall and 14 is the outer radius of the outer pipe wall. Apipe and Aips (W/(meK)) are the thermal conductivities of the pipe wall and
insulation material, respectively. Oconvection, ®radiation (W/(m2eK)) are the external convective and radiative heat transfer coefficients, respectively.

All design parameters were consistent with the base-line scenario (Table 2), with the ambient temperature T,y set to 20 °C. The pipes were
assumed to be insulated with a 15-mm thick layer of insulation ( Ajssylation =0.036 W/(meK)). For simplicity, it was assumed that the exterior of the
insulation was covered with an ultra-low-emissivity layer, allowing for negligible radiative heat transfer at the surface. A parametric study was
conducted to assess the impact of Gconvection ON heat losses and temperature development, considering values ranging from 0 to 6 W/(m2eK). A value of
6 W/(m?eK) represents relatively high air velocities parallel to the exterior pipe surfaces, simulating forced convection or outdoor conditions.
Conversely, a value of 0 W/(m?eK), represents natural convection ( 0convection = 2 ® |Tamb — TS|0‘25 [34]) with no temperature difference between the
exterior pipe surface (Ts (°C)) and the ambient air. At a temperature difference of approximately 0.06 °C and 1 °C, ®convection €quals 1 and 2 W/ (mzoK),
respectively.

It should be noted that the simulated ~ 25 m heat-exchanger length represents a conservative straight-pipe configuration with direct exposure to
the prescribed ambient condition along the full length. For the studied configuration, the characteristic thermal length was approximately 5 m,
meaning that over a 25 m pipe length the remaining temperature difference relative to the initial value is less than 1%, as approximated by e /1< [34].
This explains why the heat-loss effect becomes particularly pronounced towards the outlet in the straight-pipe simulation. In practical heat-exchanger
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design, however, the pipe arrangement may be compacted into multiple adjacent passes, where neighboring high-temperature pipes reduce the
effective temperature difference to the surroundings. Therefore, the magnitude of the heat-loss effect observed towards the end of the 25 m pipe
should be interpreted as strongly dependent on the selected technical design and pipe arrangement. Nevertheless, the results remain useful for
illustrating the sensitivity of the system to non-adiabatic boundary conditions.

The results (Fig. C1) revealed that at Oconyection=0 W/(m2eK), temperature deviations remained below 0.5 °C closely matching the adiabatic
baseline (Fig. 12). However, at Ocopyection=1 W/ (m2oK), significant performance degradation was observed, highlighting the critical need to minimize
convective heat losses. Notably, despite the conservative straight-pipe heat-loss assumption, a water outlet temperature of 60 °C was still achievable
for both MOST systems under the tested conditions.

a) 5, Temperature development: MOST (NBD1-QC1)  b) 150, Temperature development: Water (NBD1-QC1)
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Fig. C1. Case study on the impact of heat losses to the surroundings on the temperature development in the heat exchanger for variable convective heat transfer
coefficients: a,b) NBD1-QC1, c¢,d) NBD2-QC2.

Appendix D. Replicate back-conversion measurements
To assess reproducibility of the NMR-based conversion results, two additional replicate measurements were performed for QC1-to-NBD1 back-
conversion at 105 °C and 25 min residence time (Fig. D1), following the same testing procedure outlined in Section 2.2.2. This condition was selected

because it represents near-complete conversion in the residence-time study. Together with the original measurement (Fig. 11a), the replicate mea-
surements confirmed reproducible near-complete back-conversion, with conversion rates ranging from 97% to 98% under the tested condition.
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Fig. D1. Replicate H NMR spectra (400 MHz, toluene-ds) for QC1-to-NBD1 back-conversion at 105 °C and 25 min residence time.

Data availability

Data will be made available on request.
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