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Abstract: The energy impact of integrating phase change materials (PCMs) in buildings for
thermal energy storage has been modeled by various whole-building simulation programs,
demonstrating that PCM incorporation can reduce energy consumption, provide grid flexibility
and resilience, and reduce CO> emissions. The models assume that the PCMs are in perfect
operating condition and underestimate the impact of actual phase change behavior (e.g., enthalpy
curve shape) on thermal load shifting in practical deployment. In this paper, we bridge the gap
between theory and practice when evaluating the energy impact of PCMs by using a model-driven
approach to develop durable thermal energy storage materials with desired phase change
properties. For ease of integration, we fabricate shape-stabilized PCMs (ss-PCMs) by
encapsulating solid-liquid polyethylene glycol consisting of different molecular weights within
mesoporous magnesium oxide matrices. Learning from the modeling results, we manipulate phase
change properties such as peak melting temperature and temperature glide of PEG-MgO ss-PCMs
during the synthesis process to achieve desired properties. As such, the energy density is
maximized within the optimum operating temperature range, which is critical to boosting energy
efficiency. Compared to a case with no PCM, a PEG-MgO ss-PCM integrated wall provides a 50%
reduction in the peak load and also exhibit a repeatable phase change behavior for up to 1,000
thermal cycles without leakage, showing durability of this material. We also show that this lab-
scale synthesis process is easy to be scaled up by 100 times for a demonstration of large-scale
industrial production. The synthetic tunability of transition temperature of ss-PCMs also extends
their applicability beyond buildings.

Keywords: Durability; Thermal energy storage; Shape-stabilized phase change materials; Tunable
thermal properties; Thermal modeling

Nomenclature
DSC Differential scanning calorimetry
Dep Average exudation circle diameter
Dtp Test area diameter
AH Enthalpy (kJ/kg)
MW Molecular weight
PCM Phase change material
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PEG Polyethylene glycol
ss-PCMs Shape-stabilized PCMs
TES Thermal energy storage

Tt Transition temperature (°C)
T Temperature (°C)

q" Heat flux (W/m?)

LWR Long wave-length radiation
Greek Symbols

() Exudation ratio

p Density (kg/m?)

C Specific heat (kJ/kg-K)

k Thermal conductivity (W/m-K)
a Solar absorptance
Subscripts

int Interior side of the wall

ext Exterior side of the wall
out Outdoor condition

1. Introduction

Buildings represent a large portion of the world’s energy consumption and associated CO:
emissions—39% and 40% of the energy consumption and 38% and 36% of the CO; emissions in
the U.S. and Europe, respectively [1, 2]. As such, the development of grid-interactive efficient
buildings is essential for energy efficiency. Phase change materials (PCMs) have been proposed
for latent thermal energy storage (TES) for grid flexibility and resilience. PCMs can balance the
diurnal and nocturnal energy demand by reducing heating/cooling loads and shifting peak loads
when integrated into building envelopes [3-6]. Among current solid-liquid, solid-solid, and solid-
gas PCMs, solid-liquid PCM has attracted great attention for its appropriate phase transition
temperature and high latent heat for building envelopes. However, the inevitable issue with use of
solid-liquid PCMs for building envelope applications is the ease of leakage during its melting
process [7-9]. To tackle this issue, efforts have been made to prepare shape-stabilized PCMs (ss-
PCMs) by impregnating PCMs within a supporting porous material with high surface area and
porosity, such as expanded graphite and fumed silica [10-13]. The pore confinement and the
mutual interaction between pore surface and PCM molecules through physical interactions such
as capillary forces, surface tension, and hydrogen bonding can prevent the leakage of PCMs during
the melting process but also profoundly affect the physical properties of fluids [14]. Promoting the
interaction between pore surface and PCM molecules, such as increasing the surface area and pore
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volume, strengthening the capillary force, and creating more hydrogen bonding, will promote the
shape stability and long-term durability of ss-PCMs.

Typically, to quantify the thermal and energy performance of PCMs embedded in building
envelopes, various mathematical PCM models have been integrated into prevalent whole-building
simulation programs such as EnergyPlus®, TRNSYS, and ESP-r [15]. These types of models
calculate building energy consumption based on detailed building and environmental parameters
such as building construction details, operation schedules, heating, ventilating, and air
conditioning design information, and climate conditions. As such, most modeling studies focus on
the building scale or urban scale [16], and assume perfect PCM behavior—for example, a fixed
phase transition temperature with a narrow and uniformly distributed enthalpy within the transition
temperature range. Only a few researchers considered commercially available PCMs’ properties
when demonstrating their energy impact on buildings [17-19]. This suggests that the PCMs’
intrinsic phase change properties—for instance, actual enthalpy-temperature curve, onset/peak
melting temperature, and subcooling—are underestimated in terms of their impacts on building
energy efficiency, especially during the material design phase, which limits the accuracy of PCM
evaluation for implementation in practical applications.

In this study, we propose a modeling-driven material synthesis approach to accelerate ss-PCM
development for durable TES in building envelopes by considering the detailed phase change
properties of PCMs. Among the current solid-liquid PCM compounds, such as organic
polyethylene glycols (PEG), paraffin, and fatty acids as well as inorganic hydrated salts [20], we
selected PEG as the PCM candidate because it is environmentally benign and has less phase
segregation [21]. PEGs with a molecular weight (MW) of 1,000, 800, and 600 g/mol—which are
less-studied PCMs for TES for buildings (especially the latter two) —are utilized for fabricating
ss-PCMs by fine-tuning the transition temperature suitable for building envelope applications.
Mesoporous carriers, e.g., magnesium oxide (MgO), are used for retaining PEG for shape stability,
longer lifetime, and enhanced safety due to their high thermal stability, chemical compatibility,
high surface area, and low cost. To deliver durable ss-PCMs for practical TES deployment, a
physics-based thermal model developed using COMSOL Multiphysics is used to guide the design
and synthesis of PEG-MgO ss-PCMs by predicting theoretical maximum energy performance
while considering detailed phase change behavior—for example, enthalpy curve shape.
Furthermore, the form stability, fire safety, and long-term durability of developed ss-PCMs are
investigated and we demonstrate a large-scale production method for fire-safe PEG-MgO ss-PCM
with long-term form stability over 1,000 phase transformation cycles, suitable for TES in building
envelopes.

2. Methods

2.1 Materials and materials synthesis

2.1.1 Materials

Reagent grade PEG with a MW of 1,000 (PEG1000) and 600 (PEG600), magnesium nitrate

hexahydrate (Mg(NO3)2:6H20), Pluronic F127, and anhydrous ethanol (<0.005% water) were
purchased from Sigma Aldrich. Reagent grade PEG with a MW of 800 (PEG800) was purchased
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from Shandong Baovi Energy Technology Co., Ltd.
2.1.2 Synthesis of mesoporous MgO and PEG-MgO ss-PCMs

Mesoporous MgO was prepared through a combination of evaporation-induced surfactant
assembly and magnesium nitrate pyrolysis [22]. The mixture of magnesium nitrate hexahydrate
and Pluronic F127 was dissolved in anhydrous ethanol and stirred for 12 hours at room
temperature. Anhydrous ethanol was then evaporated in the oven for 12 hours. Calcination of the
Mg-coordinated-F127 precursor was then achieved by increasing the temperature from room
temperature to 400°C and holding for 2 hours in the air. PCM (pure PEG or PEG blends) was
dissolved in anhydrous ethanol, followed by the addition of MgO to the solution. The mixture was
stirred for 4 hours at room temperature, after which the ethanol was evaporated at 60°C in air. The
PEG blend (PEG1000/600 or PEG800/600) was prepared by varying ratios of PEG1000, PEG800,
and PEG600 and stirred at 50°C.

2.2 Materials characterization
2.2.1 Morphology and composition

The microstructure of mesoporous MgO and PEG-MgO ss-PCMs was studied using a scanning
electron microscope (SEM; Hitachi S-3400N) and transmission electron microscopy (TEM;
Philips CM-30). The chemical compositions of pure PEG, mesoporous MgO, PEG-MgO ss-PCM
were further studied via the Fourier Transform Infrared spectroscopy (FT-IR; Thermo Scientific
Nicolet 6700) from 525 to 4000 cm™ ' with a resolution of 0.482 cm™! and thermogravimetric
analyses (TA Instruments TGASS5) in a high-purity flow of nitrogen, at which the heating rate is
10°C/min between 20° and 580°C. Brunauer-Emmett-Teller (BET) surface area measurements
were carried out using a specific surface area analyzer (Micromeritics ASAP2020). The
mesoporous MgO was evacuated overnight at an estimated 125°C. Their N> adsorption and
desorption were obtained in liquid N> isotherms at -196°C. The pore size distribution and specific
surface area were obtained with density functional theory. All the samples were dried under
vacuum at 60°C overnight to eliminate solvent molecules prior to measurement.

2.2.2 Thermal characterization

Phase change properties including phase transition temperature (7;) and enthalpy (AH) of pure
PEG, PEG blends, and PEG-MgO ss-PCMs were studied using a differential scanning calorimetry
(DSC; TA Instruments Discovery DSC 2500) under a constant stream of nitrogen (50 ml/min) as
flushing gas. Hermetically sealed aluminum crucibles were used for DSC measurements. Data
analysis was achieved using TRIOS software. Both operating methods—constant heating rate
mode (dynamic) and variable heating rate mode (step, also known as isothermal step or step-scan
mode) —were used to characterize the 7; and AH of PCMs [23, 24]. The dynamic mode DSC
measurements were taken as a common pattern with a heating rate of 5°C/min between -20° and
60°C, followed by a cooling rate of 5 °C/min to return to -20 °C. The melting and crystallization
temperatures were taken as the onset points by drawing a line at the point of maximum slope of
the leading edge of the DSC peak and extrapolating the baseline on the same side as the leading
edge of the peak. The AH was calculated by numerical integration of the area under the peaks. The
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isothermal step DSC is used to characterize the enthalpy-temperature curve of PCMs. The
principle of isothermal step mode DSC measurements was explained in detail in the literature [25,
26]. Using a heat-flux DSC in isothermal step mode, the ambiance of PCM (placed inside a
hermetic crucible) and reference (an empty crucible) is heated up stepwise in given temperature
intervals. The PCM temperature follows the steps with some time delay. When the detected heat
flow signal decreases to zero, the next temperature step can follow. The temperature resolution of
the acquired data is equal to the step size [27, 28]. The heat flow signal of each step was integrated
using a linear baseline and the cumulative sum was calculated for the determination of enthalpy
curves. The step mode DSC measurements with temperature steps of 1°C and step times of 10
minutes from 0° to 50°C were used here to determine the enthalpy curve of PEG-MgO ss-PCM.
Thermal conductivity measurements were taken 20 times using either a transient plane source
(Thermtest TPS 2200) or guarded heat flow meter (TA instruments DTC 300) at room
temperature under atmospheric pressure, and the averaged values were used as the samples’
thermal conductivity in the thermal modeling.

2.2.3 Form stability characterization

The form stability of PEG-MgO ss-PCMs was studied by leakage tests using the diffusion-oozing
circle method [29-31]. In this test, a filter paper was used to check the exudation of PEG from the
ss-PCM sample. 3g of pristine PEG and 3g of ss-PCM powders were placed in the center of the
filter paper respectively, which had a diameter of ~1 cm. The materials were then transferred to a
50°C oven and heated for at least 24 hours. Afterward, the average diameter of the exudation
footprint was recorded. The exudation ratio (®=(Dgp-Dtp)/Dtp) of the ss-PCMs was then
quantified as the percent change between the test area diameter (D1p) and the average exudation-
circle diameter (Dep). When @ <15%, the ss-PCM is stable. Table 1 explains the correlation
between @ and the stability of ss-PCMs [29-31].

Table 2. Exudation ratio scale describing form stability [29-31].

Exudation ratio (®) Stability scale
D <10% Very stable
10% < ® <15% Stable

15% < ® <30% Less stable
30% < ® <50% Not stable
50% < @ Fail

2.3 Mathematical model and numerical simulation
2.3.1. Wall assembly

A reliably validated numerical model is a fast and relatively cost-effective method of evaluating
the performance of different PCMs under various realistic operating conditions. We used a similar
numerical model that has been described in our previous publications [32-35]. For brevity, we
provide only essential information regarding the numerical model for the purposes of this article.
As shown in Figure 1a, we have considered a lightweight building wall assembly comprising an
exterior sheathing, an insulation layer, a PCM layer, and an interior drywall. The material
properties of all the components are listed in Table 2. More details about the PCM-relevant thermo-



1 physical properties can be found in the Supplemental Information (Figure S1 and Table S1). To
2 account for the thermal bridging provided by studs, we have employed a two-dimensional model
3  replicating a portion of the wall geometry as shown in Figure 1b. Based on our prior analysis, we
4  have considered a thin PCM layer with a thickness of 0.25 in. (0.63 cm). We ensured that the
5  thickness of the PCM-integrated wall remains the same as that of the reference wall with no PCM,
6 by replacing insulation with the PCM layer. Since the thermal conductivity of the PCM is higher
7 than that of the insulation, overall, there is an increase in the thermal conductivity of the wall due
8 PCM inclusion. Therefore, increasing PCM thickness beyond a certain value (1.27 c¢cm) has a
9 negative impact on total heat gain [35].
10
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13 Figure 1. Wall assembly employed for numerical simulations: (A) Vertical section of the wall
14 comprising PCM layer behind the interior wallboard, (B) Two-dimensional model illustrating
15 wall components and their geometric dimensions.
16 Table 2. Material properties of different components of the wall assembly [32, 33].
17
Densit Thermal Specific
Component Material (k /m3})] conductivity heat
& (W/m-K) (kJ/kg-K)
Insulation Expanded polystyrene 24 0.037 1.214
Stud Wood 577 0.144 1.633
Exterior wallboard Oriented strand board 640 0.130 1.410
Interior wallboard Gypsum 550 0.153 1.089
PCM PEG-MgO 800 0.34 Refer h-T
curves
18
19  2.3.2. Governing equations and boundary conditions
20
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The heat transfer in a stationary solid medium is described using a thermal diffusion equation,
which is mathematically expressed as [36]:

pCE+ V- (=kVT) =0 (1)

where p, C, and k are density, specific heat, and thermal conductivity of the medium, respectively,
and T is the temperature at the point of measurement.

The material properties of the wall components, except the specific heat of the PCM, are assumed
to be constant and temperature independent (Table 2). The specific heat capacity of the PCM was
calculated using the enthalpy-temperature curve obtained from DSC.

dH(T)
dr

Cpcm () = ()

where Cpon and H represent temperature dependent specific heat and enthalpy of the PCMs.

Because specific heat is dependent only on the slope of the enthalpy curve, enthalpy was chosen
to be zero at an arbitrary temperature below the phase change.

On the exterior side of the wall, we have considered a heat flux boundary condition (q,y)
comprising solar irradiance, convection losses, and long-wave radiation [37-39]:

q;xt = aq;olar + hext (Tout - Te,wall) + Q2WR (3)

where « is the solar absorptance, .., 1S the solar irradiance, h,,; 1s the convection coefficient,
T,y 1s the outside air temperature, T \,qy 15 temperature of the exterior surface, and g,y is the
heat transfer due to long-wave radiation.

On the interior side of the wall, we assign a convection boundary condition that is expressed as:
Qin = hint (Ti,wall - Tint) 4)

where h;,, is the convection coefficient, T, is the interior air temperature, and T; 4y 1s the
temperature of the interior surface of the wall.

We also assign symmetry boundary conditions at the centerline of the wall cavity and the stud that
ensures no normal heat flux across a boundary, which is given as [40]:

qL=0 (5)
where q, denotes the heat flux component normal to the boundary.
To study the effect of PCM on the cooling load of a building, we considered Phoenix, Arizona, as

the exterior climate. Phoenix is located in International Energy Conservation Code climate zone
2b and represents a hot and dry climate. Typical Meteorological Year 3 data [41] was used to
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obtain the information needed for exterior climate (q;piqr» Grwr»> and Toye). The heat transfer
coefficients h;,; and h,,,, on the interior and exterior surfaces were assumed to be 2.5 W/m?-K
and 32 W/m?-K, respectively [42, 43]. The solar absorptance and the infrared emittance of the
exterior surface were assumed to be 0.6 and 0.8, respectively [37-39]. The wall related cooling
load (Q.) due to heat gains through the wall was calculated by time integrating the transient heat
gain (qgqin) over the given period [32].

Qc(®) = [Z; dgain(t) dt (©)
The average indoor air temperature was taken as 22°C. To facilitate the load shift, we increase the
interior temperature by 1°C during the peak hours (15:00 to 21:00) and decrease the interior
temperature by 1°C during off-peak hours (0:00 to 6:00). Precooling the building is a recognized
technique to allow PCM to charge during off-peak hours, which is later used to decrease the heat
gains during peak hours [44]. Please note that temperature variation between 21°C and 23°C is
within the thermal comfort range of the occupants.

2.3.3 Numerical solution

We employed the commercial finite element code from COMSOL Multiphysics version 5.6 to
perform all the simulations. We used the structural quadrilateral mesh with an element count of
about 1,800 that was obtained after a mesh independence test. The governing equations were
solved using a backward differentiation formula, whose order was set with a minimum value of 1
to ensure at least one time step in each subinterval (specified as one hour) during the time-stepping
process. The relative tolerance was prescribed to 0.001 to minimize the error during the
computational calculations. Lastly, the model was validated using experimental data available in
the published literature as described in our prior publications [32, 34]. Please note that while we
have used the same wall configuration and the numerical model developed in our prior studies; the
goal of this study is to develop new PCMs while the previous papers were targeted to optimize the
PCM deployment in the wall.

3 Results and discussion
We present our results in separate subsections as follows:

e Section 3.1 gives a detailed discussion on the modeling-driven approach of ss-PCM
development for building envelope applications. Utilizing physics-based thermal modeling,
the phase change properties of PCMs, such as onset/peak melting temperature and temperature
glide, are thoroughly investigated for their impact on reducing the peak hours heat gains
through the wall in Phoenix, Arizona, United States, which has a hot and dry climate. The
modeling delivered guidance on how to tune the phase change behavior of ss-PCMs for
maximized energy performance.

e Section 3.2 presents a demonstration of lab-scale fabrication and large-scale production of ss-
PCMs with ideal phase change behavior for practical TES deployment. Guided by the thermal
modeling, a PEG800/600 blend (40 wt.% PEG600)-MgO ss-PCM is developed with optimum
peak melting temperature, small temperature glide, and high energy density for maximizing
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the energy impact in reality. This composition also shows long-term durability with 1,000
repeatable phase change transitions and is scaled up by 100 times to demonstrate potential
industrial production with minimum variation in phase change behaviors and shape stability.

3.1 Modeling-driven prediction and development of PEG-MgO ss-PCMs for maximizing
energy performance of PCM-integrated walls

PEG has an onset melting temperature (7m,0) range that can be tuned from 14° to 61°C by varying
its MW. Most widely studied PEG has a larger MW (> 1,000) for solar energy storage [21, 45].
Considering the thermal comfort zone (20.5°-27.5°C) of human beings, we also selected less-
studied PEG600 and PEGS800, as well as PEG1000, because their 7,0, in the range of 14° to 33°C,
is close to the thermal comfort zone. Figure 2 shows the melting-crystallization curves of (a) Pure
PEG and (b) PEG1000/600 blend, which are characterized by dynamic mode DSC. The positive
heat flow represents the crystallization process while the negative heat flow represents the melting
process. Their corresponding phase change properties are summarized in Table 3. Pure PEG600
has a Tm,, of 14.2°C, which is lower than that of PEG800 (22.6°C) and PEG1000 (32.3°C). The
T'm,o and enthalpy (AH) of PEG vary directly proportional to the polymer’s average MW. A higher
MW PEG results in a higher 7w, and AH due to the increase in van der Waals interactions between
longer polymer chains [46]. Pure PEG600 and PEG1000 are also mixed and/or mutually dissolved
to form a PEG blend by heating for tuning the 7m within the target thermal comfort zone. When
blended with PEG1000, increasing content of PEG600 depresses the 7m0 and broadens both the
melting and crystallization peaks. One sharp melting peak and a minor broad undesired peak are
observed in both the melting and crystallization curves. The intensity of this minor peak is
increased with the enhanced wt.% of PEG600, probably due to the improper mixing of PEG1000
and PEG600.
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Figure 2. Typical DSC of (a) pristine PEG with different MWs, (b) PEG1000/600 blends, (c)
MgO encapsulated pure PEG, and (d) MgO encapsulated PEG1000/600 blends. The secondary
peak in the pristine PEG comes from the dispersity of the polymers, which disappeared after
encapsulation with MgO due to the confinement of the matrices.

To fabricate ss-PCMs, we synthesized mesoporous MgO powders and used them to encapsulate
pure PEG and PEG blends for form stability. The material synthesis and characterization details
are discussed later. Here, we focus on the DSC characterization of PEG-MgO ss-PCMs to study
the energy impact of ss-PCM-integrated walls within buildings. Typical DSC curves of
mesoporous MgO encapsulated PEG1000, PEG800, and PEG600 ss-PCMs are shown in Figure
2c. The phase change behavior of the PEG-MgO ss-PCMs is similar to that of the pure PEG. The
T'mo of PEG-MgO ss-PCMs are depressed compared to that of pure PEG as reported owing to an
increase in the surface energy under nanoconfinement [47]. The depressed melting point (7m) can
be estimated from the Gibbs-Thomson equation by Eq. (7), which describes the depression of the
T'm of nanoscale spherical particles.

_ 2T (0)as;

(7

where Tm(e0) and ps are the bulk 7w and the solid phase density. 7m(r) is the Twm of crystals with
radius r. gy 1s the solid-liquid interface energy.

10
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For the confined system, the radius  and the pore diameter (d) of cylindrical nanopores in a relation
of r=d/2 [48]. Tm,, depression became increasingly pronounced when decreasing the MW of PEGs.
A modified Gibbs-Thomson equation where oy is replaced by (osw - o1w) [49] indicates smaller
interface interactions of the molecules to pore wall (w) for PEG with longer chains. Because the
interactions between the chains of PEG1000 tend to be stronger than those among the shorter
chains of PEG600, PEG1000 is thus less influenced by the confinement due to the pore wall.
Therefore, the ratio of the pore wall-chain of polymer to chain-chain interactions is relatively larger
in PEG600 than PEG1000. This difference in the strength of the interactions between the pore wall
and the molecules results in different depressions of the 7. The AH of the ss-PCMs was also lower
than that of pure PEG due to the presence of mesoporous MgO that does not exhibit phase change
properties. We use a minimum of 33 wt.% MgO to encapsulate PEG for shape stability, which will
be discussed in detail later. The melting enthalpy (AHm) of the PEG1000-MgO ss-PCM was
reduced by 33% and its crystallization enthalpy (AH.) was reduced by 37%, which aligns well with
the wt.% of active PCM in the composite ss-PCM (66 wt.%). The slight difference in AH between
melting and crystallization comes from the crystallinity of PEG [50]. The reduction of AH, for
both PEG800-MgO and PEG600-MgO ss-PCMs was greater than expected (40% and 50%,
respectively), and as discussed above, could be due to the larger ratio of the pore wall-chain in
PEGS800 and PEG600 ss-PCMs that enhances the confinement effects.

Table 3. Experimental results for phase change behavior of pure PEG and PEG-MgO ss-PCMs.

Sample Melting Process Crystallization Process
Tmpo Typ AHm (J/g) Teo Tep AH¢
(°C) (°C) (°C) (°C) (J/g)
PEG1000 32.3 37.9 149.6 28.4 25.7 149.1
PEG800 22.6 28.8 144.9 22.3 16.3 139.6
PEG600 14.2 21.3 137.0 10.8 6.2 129.8
PEG1000-MgO 31.5 37.7 100.7 22.9 21.6 93.5
PEG800-MgO 18.3 26.6 86.6 13.4 10.7 76.6
PEG600-MgO 8.1 16.7 68.2 2.2 0.2 58.5
PEG1000/600 (10 wt.% 600) 314 37.6 161.3 26.3 24.0 155.5
PEG1000/600 (20 wt.% 600) 28.7 37.6 159.7 24.1 21.1 153.7
PEG1000/600 (30 wt.% 600) 25.8 36.6 150.1 21.6 19.3 144.9
PEG1000/600 (10 wt.% 600)- 28.4 36.5 99.7 26.0 22.7 90.9
MgO
PEG1000/600 (20 wt.% 600)- 26.8 36.0 99.7 22.0 18.0 88.2
MgO
PEG1000/600 (30 wt.% 600)- 23.8 31.5 92.1 16.9 9.0 84.4
MgO

Note: Each composition has been characterized by three individual samples and each sample
shows three repeatable DSC cycles. The standard deviation for AH is smaller than 0.7 J/g and
that for 7 is smaller than 0.4°C for all the samples, respectively.

Based on our prior study, we noted that the optimal transition temperature of an ideal PCM used
for buildings’ load flexibility in Phoenix is 21°-27°C [35]. Using this as a guideline, PEG1000/600

11
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blends were encapsulated within MgO matrices to achieve the best performing ss-PCM with a 7o
in this target temperature range. Their phase change behavior and that of the corresponding MgO
encapsulated PEG blends were studied by dynamic mode DSC in Figures 2b and 2d and
summarized in Table 3. Unlike pure PEG-MgO ss-PCM materials, MgO encapsulated
PEG1000/600 blends follow a more linear trend upon encapsulation, with the 7, of each ss-PCM
decreasing by 2°-3°C compared to its corresponding PEG blend. Compared to PEG1000-MgO ss-
PCM, the Tw, of PEG1000/600 blend-MgO 1is further decreased by increasing the wt.% of
PEG600. With a 30 wt.% of PEG600 incorporation, the T, is about 23.8+0.2°C, which is 7.7°C
lower compared to that of PEG1000-MgO. However, the AH, reduction of each PEG blend after
encapsulation with MgO was almost constant (~40%) compared to that of pure PEG-MgO ss-PCM
because the enthalpy is dominated by the larger wt.% of PEG1000, which has a higher enthalpy
as well as less confinement effect. This also contributes to the disappearance of two undesired
distinct melting peaks aforementioned in both the melting and crystallization. As PEG1000/600
(30 wt.% 600)-MgO ss-PCM meets the target Tm,, of 21°-27°C, its enthalpy curve is characterized
by the isothermal step DSC (Figure 3a).

To study the impact of onset/peak melting temperature, we obtained the enthalpy curve of the
hypothetical material A (shown in Figure 3b) by shifting the 7o of PEG1000/600 (30 wt.% 600)-
MgO towards the left on the x-axis, which has the same temperature glide and maximum AH, but
a Tmp of 24°C instead of 7w, of 31.5°C. Because the temperature glide of hypothetical material A
is very large (25°C) and only a small portion of total enthalpy is utilized for TES, two additional
hypothetical materials B and C were developed by shifting the enthalpy curve of PEG1000-MgO
ss-PCM and PEG800-MgO ss-PCM to achieve the same T of 24°C and total enthalpy of 84 J/g,
but a smaller temperature glide (13°C and 18°C, respectively), compared to PEG1000/600 (30
wt.% 600)-MgO ss-PCM. The enthalpy curves of the hypothetical materials B and C are shown in
Figures 3¢ and 3d. Using the numerical model, we calculated the energy impact on average heat
gains for indoor temperature of 22+1°C, with PCM located behind the drywall in a wall assembly
at Phoenix that experiences temperature fluctuations between 21°C and 25°C, as shown in Figure
4.
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Figure 3. Enthalpy curves of (a) PEG1000/600 (30 wt.% 600)-MgO ss-PCM and (b-d)
hypothetical ss-PCMs A-C. The enthalpy curve of PEG1000/600 (30 wt.% 600)-MgO ss-PCM
was obtained using a heat-flux DSC in isothermal step-mode. The heat flow signal of each
temperature step (1°C in this study) was integrated using a linear baseline and the cumulative
sum was calculated for the determination of enthalpy curves. The enthalpy curves hypothetical
materials B, C, and D were developed by shifting the enthalpy curves of ss-PCMs with different
PEGs.

Figure 4 shows the operating temperature for thermal storage, the energy density of different
PCMs under the given temperature range, and their impact on average heat gains through the wall
during the off-peak period (0:00 to 6:00), peak period (15:00 to 21:00), and mid-peak period
(remaining hours) of a day in a cooling season. The baseline case represents a wall assembly
containing no PCM. As shown in Figure 4a, the PCM layers in the wall experience temperature
variations between ~21°C and 25°C during the entire cooling season (May—Oct.) in Phoenix.
Under these conditions, PEG1000/600 (30 wt.% 600)-MgO ss-PCM provides a 27% reduction in
peak load, whereas hypothetical materials A, B, and C respectively provide 48%, 60%, and 54%
reductions in peak loads (Figure 4b). It is interesting to note that while the heat gains during the
peak period have decreased, the heat gains during the off-peak period have increased, implying a
shift in the thermal loads from peak to off-peak hours. Figure 4c shows the enthalpy change of
different PCMs in the temperature range of 21°-25°C (operation temperature zone of PCMs set in
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the model). Note that while the total enthalpy change of all the PCMs is nearly the same (~160
J/g), the useful enthalpy change for the given temperature is highest for the hypothetical material
B (62 J/g), followed by material C (46 J/g), material A (38 J/g), and lastly PEG1000/600 (30 wt.%
600)-MgO (16 J/g). Consequently, the hypothetical material B exhibits the highest impact in
shifting the peak thermal load, followed by material C and material A. Figure 4d shows the
performance of different materials when the operating temperature in the model is altered as 19°—
23°C for an interior temperature of 20+1°C, 20°-24°C for an interior temperature of 21+1°C, and
21°-25°C for an indoor temperature of 22+1°C. Interestingly, in all these cases, the order of the
materials follows the same trend as the enthalpy change under the given temperature range. Our
modeling result thus demonstrates the hypothesis that a PCM with T close to the maximum
operating temperature and the highest enthalpy change under the operating temperature range
provides maximum TES benefits and thus load flexibility in buildings. This key finding will be
utilized to guide the lab-scale material synthesis.
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Figure 4. Model results: (a) Temperature variations experienced by a PCM layer located behind
the drywall in a wall assembly in Phoenix during cooling season; (b) Impact of different PCMs in
shifting the thermal load from peak to off-peak hours; (c¢) Enthalpy change of different PCMs
under the operating temperature zone; (d) Peak heat gain reduction by various PCMs under
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different temperature ranges.
3.2  Modeling guided lab-scale PEG-MgO ss-PCM synthesis and characterization

Guided by the modeling, we aim to synthesize ss-PCMs with a relatively sharp transition peak
(small temperature glide) and optimum 71, p just below 25°C by encapsulating PEG800/600 blends
within mesoporous MgO. As shown in Table 4, the T, of the PEG800/600 blend can be
suppressed by as much as 5.7°C when increasing the wt.% of PEG600. However, mixing PEG600
with PEGS800 has less effect on the temperature glide compared to mixing PEG600 with PEG1000.
Compared to PEG1000/600 blends, the secondary phase change peak is less pronounced in
PEG800/600 blends (Figure 5a), which might result from the greater similarity in MW distribution
of PEG800 and PEG600. This also results in a sharper transition peak in PEG800/600 blend-MgO
ss-PCMs when the incorporation of PEG600 is less than 40 wt.% (Figure 5b). When further
enhancing the wt.% of PEG600 to 50 and 60 wt.%, the transition shoulder of PEG800/600 blend-
MgO ss-PCM becomes broader like that of PEG600-MgO ss-PCM. The T, of PEG800/600 blend
decreases linearly after encapsulation when the wt.% of PEG600 is less than 40% and suddenly
drops when above 50 wt.%. Compared to PEG1000/600 blend-MgO ss-PCM, the AH. of
PEG800/PEG600 blend-MgO ss-PCM is depressed more (40—50 wt.%) due to the stronger micro-
encapsulation confinement of PEG with lower MW as discussed previously.

Table 4. Experimental results for phase change behavior of PEG800/600 blend and
PEG800/600-MgO ss-PCMs.

Sample Melting Process Crystallization Process
Tno Twmp  AHm (J/g) Teo Tep AHc
¢C) C) ¢C) ¢C) (J/g)

PEG800/600 (10 wt. % 600) 20.9 29.6 146.6 18.3 15.8 140.5
PEG800/600 (20 wt. % 600) 18.9 28.5 146.4 17.5 14.9 139.1
PEG800/600 (30 wt. % 600) 17.9 28.1 132.2 12.4 10.5 126.9
PEGS800/600 (40 wt. % 600) 15.8 27.8 140.4 16.1 12.4 134.3
PEG800/600 (50 wt. % 600) 14.3 24.8 138.0 14.2 11.8 132.0
PEG800/600 (60 wt. % 600) 14.5 239 137.7 13.8 10.6 131.9

PEG800/600 (10 wt. % 600)- 17.2 27.5 84.8 24.0 19.3 78.4
MgO

PEG800/600 (20 wt. % 600)-  15.7 26.9 82.1 20.2 17.4 76.8
MgO

PEG800/600 (30 wt. % 600)-  15.0 26.7 81.9 16.7 12.2 76.2
MgO

PEG800/600 (40 wt. % 600)-  13.2 23.4 79.4 13.3 11.0 70.4
MgO

PEG800/600 (50 wt. % 600)- 8.5 20.1 70.9 7.2 4.1 62.4
MgO

PEG800/600 (60 wt. % 600)- 7.3 18.9 73.5 7.1 3.2 62.8
MgO

Note: Each composition has been characterized by three individual samples and each sample
shows three repeatable DSC cycles. The standard deviation for AH is smaller than 0.7 J/g and
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that for 7"is smaller than 0.4°C for all the samples, respectively.

3.2.1

To study the impact of lab-synthesized ss-PCM on load flexibility in buildings, the enthalpy curve
of PEG800/600 blend (40 wt.% 600)-MgO ss-PCM was obtained by step-mode DSC (Figure 5c)
and applied to the building modeling. Figure 5d compares the performance of lab-synthesized ss-
PCM versus the hypothetical material B. Compared to the baseline, lab-synthesized ss-PCM
provides 50% reduction in the peak load, compared to 60% reduction by the targeted hypothetical
material. While the performance of the actual material is slightly poorer than expected due to lower
enthalpy change in the range of 21°-25°C, this study demonstrates that the modeling-guided
material synthesis approach can help researchers to achieve the optimal material design for a given

climate to maximize TES benefits in buildings.
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Figure 5. DSC of (a) PEG800/600 blends and (b) MgO encapsulated PEG800/600 blends; (c)
enthalpy curve of PEG800/600 blend (40 wt.% 600)-MgO ss-PCM and (d) Load shifting of
PEG800/600 blend (40 wt.% 600)-MgO ss-PCM.

3.2.2 Microstructure of mesoporous MgO and PEG800/600 blend-MgO ss-PCMs
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The morphologies and microstructures of as-synthesized mesoporous MgO after heat treatment
were examined by SEM and TEM, shown in Figure 6. The surfaces of the MgO powders were
analyzed and found to exhibit considerable surface roughness. The SEM image reveals a 3D large-
scale sponge-like porous structure with many macro-sized pores and voids, which can be easily
infiltrated by PEG for PCM impregnation (Figure 6a). Ultra-fine particles with large specific
surface areas usually readily agglomerate to form larger particles due to random interaction
between the nanoparticles during heat treatment. The EDX spectrum shows that the mesoporous
MgO contains only Mg, O, and a small peak of C, which is present in the carbon tape used for
sample preparation for the SEM (Figure 6¢). The EDX mapping indicates that all these elements
are homogeneously distributed. The TEM image further confirms that the “sponge” consisted of
agglomerated nanoparticles with sizes from 10-20 nm (Figure 6e). The selected area electron
diffraction (SAED) pattern (see the inset in Figure 6e) comprises discontinuous rings, which
indicates that the sample consists of polycrystals. A sharp N> adsorption-desorption peak of MgO
was observed in the high P/Py range (Figure S2). The shape of the isotherms suggests an overall
type H3 hysteresis loop indicative of the presence of mesopores, which is excellent for PCM
encapsulation [51, 52]. If the porous matrix has very small pores, the crystalline behavior of PCMs
will be altered and confined, which may not be able to relax to its lowest energy state, thus reducing
the latent heat enthalpy [53]. Very large pores cannot confine the liquid PCM within the matrix
for form stability. BET analysis also reveals the large surface area of the synthesized porous MgO
is 227 m?/g. The MgO sample shows a Barrett-Joyner-Halenda (BJH) adsorption average pore
diameter of 18.5 nm and BJH adsorption cumulative pore volume of 0.73 cm?/g. The high BET
surface area and large total pore volume also confirm that the MgO has a mesoporous structure,
which can serve as a good support matrix for ss-PCM preparation and enhance the thermal
dependability of PEG-MgO ss-PCM during the melting and freezing cycles.

Intensity (a.u)
Intensity (a.u)

0 2 4 0 2 4
Energy (KeV) Energy (KeV)
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Figure 6. SEM images of (a) as-synthesized mesoporous MgO and (b) PEG800/600 blend (40
wt.% 600)-MgO ss-PCMs; EDX spectra of (c) as-synthesized mesoporous MgO and (d)
PEG800/600 blend (40 wt.% 600)-MgO ss-PCMs; (e) TEM images of as-synthesized
mesoporous MgO.

The PEG-MgO ss-PCMs were prepared by impregnating pure PEG or PEG blends with different
MWs into the mesoporous MgO matrix. Figure 6b reveals the microstructure of the PEG800/600
blend (40 wt.% 600)-MgO ss-PCM with a compact and flat surface, which demonstrates the
previous porous texture in sponge-like MgO is filled with PEG. These results indicate that the
porous structure of the MgO matrix can accommodate a large quantity of PEG to form an efficient
shape-stabilized PCM. The PEG incorporation might result from capillary forces and surface
tension. The interactions between PEG and the supporting MgO matrix were characterized by
Fourier Transform Infrared spectroscopy (FTIR) spectroscopy at room temperature. Figure 7
shows the FTIR spectra of (a) MgO, (b) PEG800/600 blend (40 wt.% 600), and (c) PEG800/600
blend (40 wt.% 600)-MgO ss-PCM sample. For the MgO sample, the peak at 3,335 cm! is
attributed to the stretching vibration of surface-bound -O-H. It is well known that MgO surfaces
readily absorb H>O and CO> molecules when exposed to the atmosphere [54]. The peak at 1,428
cm ! is assigned to the asymmetrical and symmetrical stretching vibrations of carboxylate (O-
C=0). For the PEG sample, the peaks at 1,465 and 1,344 cm™! are due to C-H bending vibrations
[55]. The C-O and C-O-H stretching vibrations produce peaks at 1,282 and 1,241 cm !,
respectively. The peak at 1,097 cm ™! is due to the stretching vibration of C-O-C. The strong peaks
at 2,864 and 944 cm ! result from the stretching vibrations of the functional group of -CHa. These
absorption peaks can also be observed in the spectra of PEG-MgO ss-PCM. The absence of any
new absorption bands, though, indicates that no chemical bonds are being formed between PEG
and MgO. However, the frequency of some absorption bands has shifted slightly, which could
mean that hydrogen bonds are formed between bridging oxygen atoms of MgO and the end-
hydroxyl group of PEG. This physical interaction would help prevent the leakage of the molten
PEG from the porous MgO matrices.
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Figure 7. FTIR spectra of (a) MgO, (b) PEG800/600 blend (40 wt.% 600), and (c) PEG800/600
blend (40 wt.% 600)-MgO ss-PCM.

3.2.3 Stability and durability of PEG800/600 blend-MgO ss-PCM
3.2.3.1 Influence of PEG-loading ratio on form stability

The PEG-loading ratio of PEG-MgO ss-PCM for form stability was determined by the diffusion-
oozing circle method. To maximize the thermal load shifting potential of PEG-MgO ss-PCMs in
building envelopes, a higher energy density is required. This can be achieved by maximizing the
amount of active PCMs, thus minimizing the corresponding portion of inactive supporting
mesoporous MgO. One PEG800/600 blend (40 wt.% 600) and three mesoporous MgO
encapsulated PEG600, PEG800, and PEG800/600 blends (40 wt.% 600) with different wt.% (67,
75, and 83) were placed in an oven at 50°C for 24 hours. As shown in Figure 8, the PEG800/600
blend without MgO encapsulation melted completely after 20 minutes of heat exposure while the
PEG-MgO ss-PCM retained its original solid form during the entire 24 hours of treatment with a
PEG loading of 67 wt.%. Leakage was not evident in any of the samples with the filter paper
underneath the ss-PCMs, which showed no footprint signs of leakage (®=0) and mass difference
less than 1 wt.% (Table 5). The diffusion-oozing result confirms that the porous MgO provides
mechanical strength for the composite and prevents the leakage of the molten PEG in the phase
transformation process. As increasing the wt.% of PEG loading to 75 wt.%, mesoporous MgO fails
to keep the form stability with a pronounced footprint of PEG leakage on the filter paper. The
exudation ratio @ is larger than 15% for all the PEG-MgO ss-PCMs. PEG-MgO ss-PCMs with 83
wt.% PEG loading were also prepared but found to sustain insufficient MgO support and high
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leakage. Although increasing wt.% of PEG loading results in an enhanced AH of ss-PCMs, a
minimum mass ratio of 33 wt.% MgO is necessary to properly encapsulate and contain the PCM
for form stability while melting.

PEG800/600 blend
Below é .
Tm’ P \\\ ‘L.a.‘ >
1cm
Above i
T 7
m, p et

Figure 8. Photographs of PEG600-MgO and PEG800-MgO ss-PCMs before (top row) and after
(bottom row) heat treatment at 50°C for 24 hours. Fraction in parenthesis refers to wt.% of PEG
loading.

Table 5. Diffusion-exudation circle test of PEG-MgO ss-PCM.

PEG MgO Dep Dtp ()]

PCM (wt.%) (wt.%) (mm) (mm) (%)
PEGS00 67 33 10.2 102 0
PEGS00 75 25 14.8 104 423
PEG800/600 67 33 10.1 1010
blend

PEG800/600 75 25 14.8 101 465
blend

PEG600 67 33 10.1 1010
PEG600 75 25 9.7 242 1495

Note: Each composition has been characterized by three individual samples and each sample
shows three repeatable DSC cycles. The standard deviation for AH is smaller than 0.7 J/g and
that for 7" is smaller than 0.4°C for all the samples, respectively.

3.2.3.2 Thermal stability and long-term durability of PEG-MgO ss-PCMs

The thermal stability and actual PEG impregnation ratio of PEG-MgO ss-PCM were
determined by TGA measurements as shown in Figure 9a. The weight loss of pure
mesoporous MgO is ~12 wt.% up to 580°C due to the removal of absorbed water and the
hydroxyls. Pure PEG800 and PEG600 start to be removed at about 250°C. The abrupt melting
started at 300°C and a 100% total weight loss percentage was achieved at 400°C. The weight loss
corresponds to the pyrolysis of the PEG functional groups. For the PEG-MgO ss-PCM, the weight
loss can be attributed to the removal of PEG molecules from the ss-PCM as well as the absorbed
water and the hydroxyls from MgO matrices. The removal temperature of PEG800 from the ss-
PCM is similar to that of pure PEG800, suggesting physical interactions between PEG800 and
MgO matrices. In comparison, PEG600-MgO ss-PCM has less thermal stability with a lower

20



CVW O U1~ WN

-

11

25
26
27
28
29
30
31
32
33

decomposition temperature. However, the total weight loss percentage of both PEG600-MgO and
PEG800-MgO ss-PCMs is the same: ~63% up to 580°C. The impregnation ratio of PEG (M) in
PEG-MgO ss-PCM can be calculated according to the residual weight percentage of the ss-PCM
(W) and pure MgO (n), by using the following Eq. (8) [56]. Therefore, the PEG impregnation ratio
of PEG600-MgO, PEG800-MgO, and PEG800/600 blend (40 wt.% 600)-MgO ss-PCM is ~58%.

1-M)xn=Ww (8)

To assess the total weight related energy storage capacity of PEG-MgO ss-PCM, the apparent
thermal storage efficiency (Napparent) Of the ss-PCM is calculated using Eq. (9) to be ~60% for
PEG800-MgO ss-PCM and ~50% for PEG600-MgO ss-PCM, indicating that almost all PEG
molecule chains could effectively store and release heat through a phase transition in PEG800-
MgO ss-PCM. However, PEG600-MgO ss-PCM suppresses the enthalpy more due to greater
interaction of PEG600 with the walls of MgO matrices as discussed earlier.

AHgg_
Napparent = WQEM X 100% )

The decomposition temperature of PEG800/600 blend-MgO ss-PCM is between that of PEG600-
MgO and PEG800-MgO ss-PCM. The Mapparent of PEG800/600 blend-MgO ss-PCM is 57% and
also falls between that of PEG600-MgO and PEG800-MgO ss-PCM. The slightly lower napparent Of
PEG800/600 blend-MgO ss-PCM indicates that not all the impregnated PEG800/600 (64%)
contributes to the phase transition, suggesting stronger mutual interaction between PEG600 and
MgO matrices.
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Figure 9. (a) TGA of MgO, pure PEG, and PEG-MgO ss-PCM; (b) 1,000 heating/cooling cycles
of PEG PEG800/600 blend (40 wt.% 600)-MgO ss-PCM.

The long-term durability of PEG-MgO ss-PCM was further assessed using a thermal cycling test
with a dynamic mode DSC. Figure 9b shows the thermal behavior of PEG800/600 blend (40 wt.%
600)-MgO ss-PCM at increments of 100 cycles up to 1,000 cycles. PEG-MgO ss-PCM shows great
thermal reliability with little to no change in 7t and AH, demonstrating that mesoporous MgO
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matrices enhance the thermal stability of the PCM. These results illustrate the feasibility of the
PEG-MgO ss-PCM composites for practical applications, considering that thermal cycling in the
test encompasses the entire real-world thermal cycling range and beyond. Additionally, the fire
safety properties of PEG-MgO ss-PCM were evaluated with the designed candle test (Figure
S2 and videos in the Supplemental Information) [57], which shows great promise for practical
TES in building envelopes. The thermal conductivity of PEG800/600 blend-MgO ss-PCM
pressed under 520 PSI is also characterized at room temperature, which is 0.34 W/m-K,
slightly higher than that of PEG800/600 blend (0.22 W/m-K) although the PEG blend in both
of these samples is in a molten state (Table S1) [58]. This improvement in the thermal
conductivity of PCMs in a molten state can potentially increase efficiency due to fast
charging/discharging.

3.2.4 100X scale-up production of PEG-MgO ss-PCM

The synthesis of PEG-MgO ss-PCMs was scaled up in the lab by 100 times to demonstrate its
potential in large-scale industrial production and ease of implementation within buildings for
practical TES deployment. The scale-up synthesis includes two steps: (1) MgO scale-up synthesis
and (2) PEG-MgO ss-PCMs scale-up synthesis. Compared to the small-scale synthesis, the
impregnation of PEG into MgO matrices at room temperature takes longer (6x increase) for
homogeneous mixing and the ethanol solvent amount is reduced by 4 times for a shorter drying
process. To make industrial production more cost effective, the ethanol involved can be potentially
replaced with water as well. Figure 10a shows the phase change behavior of large-scale
synthesized PEG800/600 blend (40 wt.% 600)-MgO ss-PCMs, indicating no variability in both Tt
and AH among four samples taken at random. The insert photo in Figure 10a also reveals a uniform
sample apparency. Moreover, the large-scale synthesized samples show similar phase change
behavior compared to small-scale synthesized ones (Figure 10b). To demonstrate the form stability
of large-scale synthesis, samples were exposed to 50°C for 72 hours in an oven and characterized
using DSC before and after the heat treatment. Figure 10c shows that the phase change behavior
of PEG ss-PCMs has not been altered. Photos before and after the heat exposure, in Figure 10d,
also illustrate good shape stability of the composite with no footprint of PEG leakage.
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Figure 10. (a) DSC curves of large-scale synthesized PEG800/600 blend-MgO ss-PCM; (b)
comparison of phase change behavior of large-scale and small-scale synthesized PEG800/600
blend-MgO ss-PCM; (¢) DSC curves; and (d) photos of large-scale synthesized PEG800/600

blend-MgO ss-PCM before and after the leakage test.

4 Conclusion

Driven by our thermal modeling of PCM-integrated walls in buildings, form-stable and fire-safe
ss-PCMs with desired practical phase change behavior were developed. Durable TES was
experimentally developed, characterized, and validated by producing ss-PCMs when
encapsulating optimized mixtures of solid-liquid PEG-based PCMs within synthesized
mesoporous MgO supporting material. To achieve its commercial adoption and deployment,
maximizing the PCMs’ enthalpy change within the operating temperature zone is key to boosting
energy efficiency. This is achieved when the PCM has a sharp phase transition peak with both a
small temperature glide and a peak melting temperature within the optimum operating temperature
range. Targeting commercial deployment, we used National Renewable Energy Laboratory
(NREL)-developed thermal modeling to guide the experimental material synthesis. We
demonstrated the lab-scale synthesis of PEG-MgO ss-PCMs with the desired and optimized phase
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change behavior. This was achieved by fine-tuning the PEG composition—with different
molecular weights—and encapsulating it within synthesized mesoporous MgO. This optimized
composition produced a long-term durability composite material—of 1,000 phase transition
repeatable cycles—with no change in form stability and minimum mass loss. A promising large-
scale industrial production method was developed by scaling up the lab-scale synthesis by 100
times.

Our results clearly show how and why the desired phase change behavior improves efficiency
under the modeling guidance by quantifying the thermal load shifting of model-driven developed
ss-PCMs. The model-driven approach provides guidance on how these ss-PCMs should be tuned
for maximized load shifting and ways to bridge the gap between theory and practice when
evaluating the energy impact of PCMs. With this approach, we provide a promising and feasible
solution for durable and energy-efficient TES composite materials for buildings applications and
beyond. Note that the PCM performance is highly dependent on the indoor and outdoor conditions
as well as the building type and application methods. Therefore, developing one PCM that fits all
the operating conditions and climates is nearly impossible. However, we strongly believe that the
model-guided experimental methods described in this study to develop new PCMs would help
future researchers and the building community in this endeavor.
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