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Greenhouse enables to promote plant yield through creating optimal environment. Efficient solar energy con-
version and storage is a promising strategy to address energy shortage issue of greenhouse in winter. This paper
prepares form-stable composite phase change materials (PCMs) to store solar energy efficiently. Lightweight and
porous balsa wood subjected to high-temperature carbonization is designed to simultaneously solve the liquid
leakage, enhance the thermal conductivity, and improve the photothermal conversion and thermal energy
storage of PCM. OP44E and SEBS are utilized as PCM and thickener, followed by vacuum impregnation into the
carbonized balsa wood (CW). Results indicate that carbon content of CW increases with the augment of
carbonization temperature. Shaping effects of CW and SEBS endow composite PCMs to have highest adsorption
rate of 92.7 wt% with enthalpy over 190 J/g. Composite PCMs reveal reliable thermal properties and thermal
stability below 100 °C. Composite PCMs have photothermal conversion larger than 88 % under a xenon lamp
radiation. Temperature of PCMs on the shallow layer is higher owing to its photothermal conversion capacity.
Greenhouse test indicates that CW/OP44E/SEBS greenhouse gains higher PCM temperature of 71.5 °C at 70 min,
compared to 40.3 °C in empty and OP44E/SEBS cases. CW/OP44E/SEBS greenhouse maintaining indoor tem-
perature over 20 °C lasts 15.3 min longer than empty and OP44E/SEBS greenhouses. In addition, form-stable
composite PCMs featured with excellent thermal stability and photothermal conversion are capable of main-
taining stable indoor temperature of greenhouse, indicating potential in the field of agricultural building tem-
perature regulation.

1. Introduction

People are concerned more about living quality and the demands of
healthier and fresher vegetables and fruits continue to increase [1].
Greenhouse has advantages of off-season, short cycle and high yield,
which is suitable to vegetable and fruit production [2]. The greenhouse
is gradually evolved into an indispensable form for development of
modern agricultural production. Whereas, low temperature in sunlight
greenhouse during winter results in quality and yield decline of vege-
tables and fruits [3]. Exploring measures to improve winter thermal
performance is essential to development of greenhouse.

As PCMs are widely utilized as efficient energy storage media in the
field of building energy conservation due to their excellent heat storage
and release capabilities within an almost constant temperature range. It
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is a positive way to reduce energy consumption and improve environ-
mental problems by using PCMs. Bao et al. [4] found that compared the
room without PCMs, the room with PCM walls consumes less electricity.
And the payback period of using PCM in Hong Kong and Changsha are
about 18.3 and 8.4 years, respectively, which are much smaller than the
average life (60 years) for the residential building. Wijesuriya et al. [5]
proposed an optimal PCM-integrated envelope which can provide
annual energy savings up to 10.8 % in a lightweight residential building
located in Baltimore, MD. As a special form of building, the agricultural
greenhouses are increasingly using PCMs to decrease the energy con-
sumption [6]. Zhu et al. [7] reviewed the current status and develop-
ment of research on PCMs in greenhouses in this year. From the review,
it is important to select and modify the PCMs to meet the temperature
range of greenhouse, and the application form of PCM used in the
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greenhouse. According to the material type, PCMs can be roughly clas-
sified as organic, inorganic and hybrid PCMs. Organic paraffin is one of
the most commonly used solid-liquid PCMs in consideration of the high
energy storage capacity and relatively low cost [8-10]. And paraffin has
been proven to be applicable in greenhouse [11]. Inevitably, paraffin
suffers from the liquid leakage during phase transition, low thermal
conductivity and no photothermal conversion function, then limiting
the further development of PCMs.

Recent years witness an increasing number of studies towards the
shape stability of solid-liquid PCMs. Among them, the novel shaped PCM
with biomass as the support skeleton is gradually gaining attention due
to its wide sources, environmental friendliness and cost effectiveness
[12,13]. The porous structure of biomass provides innate advantage to
the attachment of PCMs. Nam et al. [14] used the hard core and outer
bark of wood as s a support material for stabilizing PCM, and it found
that the structural and chemical compositions of the core and bark has a
significant influence on PCM impregnation. The shape-stabilized PCMs
(SSPCMs) with cork shows a 49 % efficiency compared with the PCM.
Sun et al. [15] treated the wood with delignification and used it as
supporting materials to fabricate the SSPCMs. The maximum impreg-
nation rate of PCM in the delignified wood DW is as high as 76 wt%.
Moreover, in order to simultaneously improve the shortages of liquid
leakage and poor thermal conductivity of PCM, biochar obtained by the
carbonization treatment of biomass are considered a good supporting
material. Biochar is found to have many grooves on surface and porous
networks inside the structure, which absorbs PCMs to prevent from its
liquid leakage [16-18]. Yang et al. [19] found that the carbonized logs
had a stable tubular structure. And the maximum adsorption ratio for
PCM is 81 wt%. Lv et al. [20] utilized five waste biomass materials as
precursors to produce biochar samples for loading PCMs. And the acti-
vated biochar derived from corncob (CC) shows remarkable textural
characteristic, the loading capacity of CC for PCM as high as 85 %. Other
possible biomass including wood [21-23], fruit [24-26], vegetable [17,
27], etc. Also demonstrated three-dimensional structure after carbon-
ization treatment. Theoretically, the porous biochar is able to provide
various acting forces (capillary force, surface tension, hydrogen bonding
force, etc.) to stabilize the PCM embedded inside the pore of the carrier.
It can serve as an excellent shaping carrier for fabricating composite
PCMs.

Similar to carbon materials, biochar not only has admirable thermal
conductivity and adsorption capacity, but also has strong light capture
and photothermal conversion capability. Thus, the biochar-based com-
posite PCM can directly store the solar energy. Xiao et al. [28] used Ag
modified loofah-based porous carbon as supporting material to prepare
the photo-thermal conversion composite PCMs. The nano-Ag not only
considerably improved the thermal conductivity, but also significantly
improved the photo-thermal conversion efficiency. Wei et al. [29]
treated succulent plants into carbon aerogels and then impregnated
paraffin. The photothermal conversion efficiency could reach as high as
82 %. Our previous study [30] also carbonized porous wood for the sake
of adsorbing paraffin and the photothermal conversion efficiency could
reach 90 % under the irradiation of a 100 mW/cm? xenon lamp.
Therefore, the use of biochar to improve photothermal conversion per-
formance is of particularly attractive in the photothermal capture and
conversion.

Available previous studies indicate that PCMs will still leak from the
surface open pore structure of porous supporting materials due to
gravity during long-term operation. Auxiliary substances are suggested
to further improve adsorption effect of the pore structure on PCMs
[31-33]. Chen et al. [34] coated graphite on exterior of the carbide
wood-based composite PCM to encapsulate the sample as a whole in
order to prevent leakage of PCMs. Chen et al. [35] selected lightweight
marco-porous carbonized melamine sponge (CMS) as supporting mate-
rial, and PCM was impregnated into CMS firstly. In order to solve the
leakage problem, the polyurethane thin-layer as shell to
macro-encapsulate the CMS/PCM. Moreover, our previous work has
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conformed that increasing the viscosity of PCM to reduce their flow-
ability can also solve the leakage problem  [36].
Styrene-b-(ethylene-co-butylene)-b-styrene (SEBS) comprises resin
blocks and rubber blocks can store paraffin in its rubber blocks, while
the resin blocks to form the crosslinked network structure. SEBS shows a
good solubility with paraffin and it has been used assist in solving the
leakage problem of paraffin [36-38].

Based on the above review, this paper aims to design a facile method
to prepare a composite PCMs that can simultaneously solve the liquid
leakage, enhance the thermal conductivity, and improve the photo-
thermal conversion and thermal energy storage of PCM. So, SEBS
working as the thickener was used to pretreat paraffin OP44E prior to
compound with carbonized porous biomass. Carbonated balsa wood was
utilized to supply porous supporting structure together with outstanding
photothermal conversation and high thermal conductivity. Compre-
hensive performance of prepared composite PCMs was characterized via
morphology and structure, thermophysical properties and stability.
Photothermal conversion performance was evaluated under a xenon
lamp radiation. Subsequent small-scale experiments compared temper-
ature performance of greenhouses with and without composite PCMs,
practically analyzing the application of composite PCMs.

2. Materials and experiments
2.1. Materials

Balsa wood (BW) used as carbon source was provided by a wood
processing plant (Zaozhuang, China). The paraffin wax (OP44E, melting
temperature: 41.5 °C, latent heat:234.7 J/g) used as PCM was provided
by Ruhr New Materials Technology Co., Ltd (Hangzhou, China). SEBS
applied as the thickening agent was supplied by Corten Polymer Trading
Co., Ltd (Shanghai, China). Deionized water, sodium sulfite (NaSOs,
content >97 %) and Sodium hydroxide (NaOH, content >98 %) used in
delignification were all bought from Kelong Chemical Reagents Co., Ltd
(Chengdu, China). CW was obtained by a series of delignification,
freeze-drying, and carbonization of BW. All of the reagents were utilized
directly without further purification.

2.2. Preparation of CW/OP44E/SEBS composite PCMs

2.2.1. Preparation of CW

BW was firstly treated by delignification, freeze-drying, and
carbonization to prepare the CW, according to the detailed treatment
processing listed in our previous study [30]. In order to obtain the CW
with various carbon contents and hierarchical structures, the carbon-
ization treatment temperatures were respectively set as 300 °C, 500 °C,
700 °C and 900 °C, followed by heating duration of 1 h. The corre-
sponding obtained CWs were recorded as CW300, CW500, CW700 and
CW900, which would be used as supporting materials to prepare the
composite PCMs.

2.2.2. Preparation of composite PCMs

As for the PCM, the paraffin OP44E and 5 wt% SEBS were intensively
blended in an oil bath at 180 °C to form a transparent cross-linked
mixture. The CWs were immersed into the melted OP44E/SEBS
mixture under negative pressure of —0.08 MPa for 3 h, ensuring the CW
pores were filled with OP44E/SEBS as much as possible.

The CW/OP44E/SEBS composite PCMs were obtained after cooling
down to room temperature. The excess OP44E/SEBS was slowly heated
into a liquid state by a hotplate, and the liquid OP44E/SEBS on the
surface of the composite PCMs can be carefully removed by the
adsorption of a filter paper. The CW/OP44E/SEBS composite PCMs
adopting CW300, CW500, CW700, and CW900 as supporting materials
were individually noted as CW300/0P44E/SEBS, CW500/0P44E/SEBS,
CW700/0P44E/SEBS, and CW900/0P44E/SEBS for ease of simplifica-
tion. Schematic diagram of CW/OP44E/SEBS composite PCMs
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preparation is shown in Fig. 1.

2.3. Characterization

The microstructure of BW, CW and composite PCMs was observed by
an electronic scanning microscope (SEM, Thermo Fisher FEI Inspect F)
and the elemental energy spectra were performed for selected surface of
CWs. The parameters of CW pore structure were determined by a mer-
cury intrusion porosimeter (MIP, Micromeritics AutoPore IV 9500). The
chemical property of composite PCMs was tested by a Fourier transform
infrared spectrometer (FT-IR, Thermo Fisher Nicolet iS50) in the range
of 400~4000"! nm under the total reflection mode. The crystal struc-
ture of PCMs was characterized by an X-ray Diffraction (XRD, PAN-
alytical B.V. Empyrean) in the range of 10~80°. A laser confocal Raman
spectrometer (Raman, HORIBA Lab RAM HREvolution) was employed
to test the molecular structure of CW in the range of 400~2000 cm™!
with a laser wavelength of 532 nm. The absorbance of the samples was
analyzed by a UV-Vis-NIR spectrometer (Shimadzu UV-3600) over a
wavelength range of 200~800 nm.

Thermal properties of PCMs were measured by a differential scan-
ning calorimeter (DSC, TA Q20). Samples were heated and cooled over
the temperature range of 10~70 °C at a rate of 5 °C/min for three times.
The average results were labeled as thermophysical properties. A ther-
mal gravimetric analyzer (TGA, Mettler Toledo TGA/DSC3+) was used
for thermal stability testing from room temperature to 800 °C at a
heating rate of 10 °C/min under nitrogen atmosphere. Thermal con-
ductivity of the sample was tested by using a laser thermal conductivity
meter (NETZSCH LFA 467). And the sample was pretreated into a square
sheet with 10 mm length and 2 mm thickness.

The stability of PCMs was investigated by three methods. (1) Paraffin
OP44E and OP44E/SEBS were packed into two glass vials that were
heated to 80 °C to observe flowability of the PCMs; (2) Shape stability of
the prepared CW/OP44E/SEBS composite PCMs was evaluated by a
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leakage test. The samples were placed on filter papers under 80 °C and
weighed every 10 h until 160 h. The leakage rate was calculated as the
change rate of PCM mass before and after the test; (3) PCMs were sub-
jected to 200 endothermic/exothermic cycles using a constant temper-
ature metal bath (Thermal Q CHB-T2-E). The bath was programmed in
the temperature range of 10~70 °C and maintained at 10 °C and 70 °C
for 5 min. Variation of thermal properties for PCMs before and after the
thermal cycle was adopted to evaluate their thermal reliability.

The photothermal conversion determination was divided into two
parts. First, the sample (1 cm x 1 cm x 2 cm) embedded in a pearl cotton
insulation container was placed directly below a xenon lamp (Aulight
CEL-S500/350) at an operating power of 100 mW/cm?. The real-time
temperature of sample was recorded with a K-type thermocouple set
in the center of the sample during light on and off periods. An infrared
thermographer (Testo 890) was also used to visualize the temperature
contour of sample when the xenon lamp was turned on in order to
highlight photothermal conversion of composite PCMs.

3. Results and discussion
3.1. Morphology and structure

Fig. 2 contours the microscopic morphology of CW700 and CW700/
OP44E/SEBS through SEM test. SEM images of CW700 in cross-section
and vertical-section at magnification of x 100 in Fig. 2 (a) and (e)
show that CW700 has multilayer pore structure characterized by
macropores-mesopores-micropores. The macropores are formed by
ducts scattered inside of the BW. Pores of the tubular cell structure are
closely arranged and much smaller than that of ducts. The cross-sections
of pores are irregular polygon without inclusions as illustrated in Fig. 2
(b) and (). High resolution SEM images of Fig. 2 (c¢) and (g) indicate that
the pore wall thickness is around 0.5 pm after chemical delignification
and carbonization. It is apparent that there are a large number of small

Blasa wood (BW)

- T &

L]

Freeze-drying

Carbonization

Fig. 1. Schematic diagram of CW/OP44E/SEBS preparation.
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Fig. 2. SEM images of CW700 (a)-(c) Cross-section, (e)—(g) Vertical section and CW700/0P44E/SEBS (d) Cross-section, (h) Vertical section; EDS spectra of CWs
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pores on surface of the wall, which is favorable to enhance the pene-
tration between the original pores. Moreover, CW300, CW500 and
CW900 also have the similar pore structures. For the sake of brevity, the
SEM images of these three samples are not shown in the manuscript.

Fig. 2 (d) and (h) show the SEM images of CW700/0P44E/SEBS. It can
be found that OP44E/SEBS is tightly adhered to the interior wall of
CW700, and completely filled into the pore structure of CW700. EDS
results in Fig. 2 (i)-(1) reveal that the C and O percentages of CW at
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Fig. 3. Structural parameters of CWs. (a) Pore diameter distribution; (b) FT-IR; (c) XRD and (d) Raman spectrum.
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different carbonation temperatures. Volatile substances (CO,, CHy, CO,
etc.) can be removed in the high-temperature pyrolysis process,
remaining the finial products of carbon materials. The sp? hybridized
carbon atoms increase with the augment of carbonization temperature,
which is beneficial to the transformation of wood to graphitization [39].
The carbon content of CW300 is merely 78.64 % and separately rises to
78.64 %, 90.68 %, 92.81 %, and 94.84 % in terms of CW500, CW700,
and CW900.

Fig. 3 (a) shows that the pore size of CWs are mainly concentrated in
the range of 160~11000 nm. Porosity, specific surface and pore volume
of CWs are summarized in Table 1. It can be found that higher tem-
perature enables to fasten carbonization rate, which then results in
larger porosity, specific surface area and pore volume of CWs. The
porosity of CWs increases from 88.61 % to 93.45 % as carbonization
temperature rises from 300 to 900 °C. The rich pore structure of CW
produces excellent adsorption capacity to OP44E/SEBS and has positive
effect to thermal conductivity of composite PCMs. The FT-IR spectral
profiles of CWs are shown in Fig. 3 (b). The diffraction peak located at
3404 cm™! belongs to the stretching vibration of the hydroxyl group
—OH, and the absorption peak near 3023 cm ™ is corresponding to the
stretching vibration of methyl group —-CHs. The intensity of the ab-
sorption peak (hydroxyl group at 3404 cm™?) gradually decreases with
growth of the carbonization temperature, indicating that its dimensional
stability can be well maintained during carbonization.

Fig. 3 (c) states that the CWs have two characteristic diffraction
peaks at 21.6° and 43.5° in terms of XRD patterns, which is attributed to
the carbon (002) and (100) planes, respectively [40,41]. It can be seen
that the half-peak width of carbon (002) plane becomes narrower, while
characteristic diffraction peak of the carbon (100) plane increases with
augment of carbonization temperature, indicating that the physical
phase of CW changes and its crystallinity increases at elevated temper-
ature. The Raman spectra are shown in Fig. 3 (d). Graphitic character-
istic peaks of D-band and G-band appeared at about 1340 cm ™! and
1588 cm™! are corresponding to sp® for amorphous carbon and sp? for
characterized graphitization, respectively [42]. Both the disordered and
graphitic carbons cause the Ip/Ig ratio increase with growth of CW
carbonization temperature.

FT-IR spectroscopy was performed to further analyze the chemical
composition of SEBS and OP44E and their interactions with CW. Fig. 4
(a) expresses that the characteristic peaks of SEBS located at 2922 cm ™},
2852 cm™}, and 1463 cm ™! belong to the vibration of -CHs, and the
peak at 699 cm ! is ascribed to the = CH— bending vibration [43].
OP44E is characterized via absorption peaks of 2953, 2913 and 2847
cm ! that are corresponding to stretching vibration of —-CH3 —CH— and
—CH. Absorption peaks at 1470 cm™* and 1369 cm ™! refer to bending
vibration of -CHz and 716 cm ™! denotes swinging vibration of ~-CHj [44,
45]. Similar FT-IR spectra of SEBS, OP44E and OP44E/SEBS confirms
that SEBS and OP44E are highly compatible in terms of chemical
structure. FT-IR spectrum of CW/OP44E/SEBS in Fig. 4 (b) shows that
OP44E/SEBS is successfully impregnated in CW confirmed by the
characteristic diffraction peaks located at 2953 cm ™}, 2916 cm™! and
2849 cm ™. Intensity of these diffraction peaks increases, while intensity
of characteristic diffraction peaks located at 1471 cm™* and 717 cm™?
decreases, when incorporated to CW/OP44E/SEBS. It can be found that
there is no obvious displacement in the characteristic diffraction peaks
and no new peaks appear, meaning that no chemical reaction occurs
between CW and OP44E/SEBS.

Table 1
Pore parameters of CWs.

Samples Porosity (%) Specific surface (mz/g) Pore volume (mL/g)
CW300 88.6 8.6 9.4

CW500 90.9 9.8 10.9

CW700 90.4 15.8 9.6

CW900 93.5 14.3 15.9

Solar Energy Materials and Solar Cells 266 (2024) 112699
3.2. Thermophysical properties

3.2.1. Phase change temperature and enthalpy of PCMs

The DSC curves of OP44E/SEBS and CW/OP44E/SEBS are shown in
Fig. 5. The corresponding melting onset temperature (T, n), latent heat
of melting (AHy,), solidification onset temperature (T, ) and latent heat
of solidification (AH.) are summarized in Table 2. Two characteristic
peaks can be detected both in the heating and cooling curves of OP44E/
SEBS in Fig. 5 (a)-(b). The lower temperature peak corresponds to the
solid-solid phase transition of OP44E, whereas the peak at slightly
higher temperature refers to the solid-liquid phase transition [46].
Addition of solid CW has almost no effect on the phase change tem-
perature of composite PCMs. The melting and solidification onset tem-
peratures of composite PCMs are 40.0 and 43.0 °C. The phase change
enthalpy is largely dependent on the content of OP44E included in the
composite PCMs. It is specific that the enthalpy of composite PCMs is
around 200 J/g. The calculated and measured adsorption rates of Nags,c
and 1Nadsm are determined based on Egs. (1) and (2) [47,48]. The con-
tents of OP44E/SEBS in composite PCMs are nearly all over 90 %, except
the CW900/0OP44E/SEBS. This result finely coincides with the pores
parameters of CWs listed in Table 1.

MCw /OP44E/SEBS — Mcw
Nagse =" — @

MCW /OP44E/SEBS

_ AHcw jopase/seBs,m + AHcw jopase/SEBS.c o)

Nadsm =
AHopaag/seBs,m + AHopass/seBs ¢

3.2.2. Thermal conductivity of PCMs

The measured values of thermal conductivity of PCMs are shown in
Fig. 6. OP44E/SEBS obtains thermal conductivity of 0.34 W/(m-K)
which is almost identical to that of OP44E (0.35 W/(m-K)), implying
that SEBS hardly affect the thermal conductivity of OP44E and can work
as a preferable thickener to improve the leakage of liquid OP44E. When
being incorporated into CWs, composite PCMs exhibit diverse thermal
conductivities according to the CW prepared at various temperatures.
The thermal conductivity of CW300/0P44E/SEBS (0.23 W/(m-K)) is
lowest and then increases with the augment of CW carbonation tem-
perature, reaching the maximum of 0.40 W/(m-K) in CW700/0P44E/
SEBS. Compared to OP44E/SEBS, the thermal conductivity of CW700/
OP44E/SEBS is enhanced by 17.6 %. The PCM impregnated into the
pores of CW accumulated more heat than that of air in the pores of CW,
and this will result in the prepared composite PCMs having a high
thermal conductivity [14].

Two factors affect the thermal conductivity of composite PCMs
containing CW carbonated at various temperatures. Fig. 2 shows that the
carbon content in CW gradually increases with growth of carbonization
temperature. High thermal conductivity carbon improves the thermal
conductivity of composite PCMs, which leads to composite PCMs having
larger thermal conductivity with CW at higher carbonated temperature.
It is noteworthy that the thermal conductivity of composite PCMs de-
creases when the CW carbonization temperature exceeds 700 °C, drop-
ping to 0.36 W/(m-K) at 900 °C. This is due to reduction in terms of
adsorption rate of OP44/SEBS in CW900, resulting in more air filled
inside CW900, which hinders the perfection of the heat transfer path and
increases the thermal resistance between PCM and CW. It is summarized
that enhancing the absorption rate of PCMs in the support skeletons is
crucial to improve thermal conductivity of composite PCMs, in addition
to upgrade thermal conductivity of the support material.

3.3. Stability

3.3.1. Shape stability of PCMs

Fig. 7 (a) shows that both OP44E and OP44E/SEBS are in solid state
at 25 °C. OP44E presents a liquid state and loses shape stability when
heated above its melting point. The reversible colloidal mixture formed
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Fig. 6. Thermal conductivity of PCMs.
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Fig. 7. Shape stability of PCMs. (a) Flowability of OP44E and OP44E/SEBS at 25 °C and 80 °C. (b) Leakage of OP44E, OP44E/SEBS, CW300/0P44E and CW300/

OP44E/SEBS at 80 °C. (c) Leakage rates of CW/OP44E/SEBSs at 80 °C.

by the compounding of SEBS and OP44E can effectively reduce the
flowability of liquid OP44E, which contributes to OP44E/SEBS having a
transparent solid gel state without flowing even when it is heated to
80 °C [49]. The OP44E, OP44E/SEBS, and their corresponding com-
posite PCMs adsorbed by CW300 were placed on a paper lay on the 80 °C
hot platform and the oil printing areas left on the paper were shown in
Fig. 7 (b). It is found that single CW300 hardly prevents the leakage of
the liquid OP44E. When coupling with thermoplastic SEBS and being
incorporated into hierarchical CW300, OP44E has superior shape sta-
bility with a slight leakage observed in surrounding areas. This is caused
by a small amount of OP44E/SEBS remained on outside surface. More-
over, Fig. 7 (c) plots the leakage curves of CW/OP44E/SEBS composites
at 80 °C within 160 h. Since excess OP44E/SEBS adhered to outside
surface of CW, the leakage rates of CW/OP44E/SEBSs are over 2.0 % at
the initial stage. With the elapse of time, the leakage rates of composite
PCMs then drop sharply. The reduction of leakage rates become mild
after heating for 60 h. It is specific that the leakage rates of CW/O-
P44E/SEBSs are all below 0.2 % at 160 h, implying the admirable shape
stability of prepared composite PCMs. The impregnation rates of
CW300/0P44E/SEBS, CW500/0P44E/SEBS, CW700/0OP44E/SEBS,
and CW900/0P44E/SEBS are respectively calculated as high as 93.0 wt
%, 85.3 wt%, 88.6 wt% and 91.3 wt% in Table 2, which verifies that
CWs can use as supporting and wrapping materials for PCMs.

3.3.2. Cyclic reliability

To investigate the thermally cyclic reliability, composite PCMs were
subjected to 200 endothermic/exothermic cycles using a thermostatic
metal bath. Only minor leakage is found at the contact surface of the
circulation tube that may lead to the reduction of phase change
enthalpy. The melting and solidification enthalpies of composite PCMs
before and after cycling test are compared in Fig. 8. It is detected that the
enthalpies of composite PCMs all decrease obviously with the cyclic time
rising from O to 100 cycles. Continuing to rise the cyclic time, there
merely exists slight decline in enthalpy of composite PCMs. Melting
enthalpies of CW300/0P44E/SEBS, CW500/0P44E/SEBS, CW700/
OP44E/SEBS and CW900/0P44E/SEBS at 200 cycles are 176.31,
181.74,180.57 and 178.26 J/g, respectively. Whereas, Fig. 8(b) displays
that composite PCMs experiencing 200 cycling tests possess solidifica-
tion enthalpies of 175.96, 182.05, 181.73 and 183.17 J/g. It is specific
that enthalpy of composite PCMs after 200 cycles declines about 10 % in
comparison to that without thermal cycling test.

3.3.3. TG analysis

Fig. 9 compares the TG and DTG curves of OP44E/SEBS and CW/
OP44E/SEBS composite PCMs. SEBS has higher decomposition tem-
perature than OP44E. Physical mixing of them contributes to the TG
curve of OP44E/SEBS having a typical thermal decomposition pattern
with two decomposition temperatures. The two decomposition

(a) I Cycle before [ W After 100 cycles [l After 200 cycles
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100 -

Melting enthalpy (J/g)

CW300/ CW500/ CW700/ CW900/
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200
)
o
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<
=
=
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.2 100
154
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3 50
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Fig. 8. Enthalpy variation of PCMs in cyclic test. (a) Melting enthalpy and (b) Solidification enthalpy.



N. Zhang et al.

(a) 100

—— OP44E

~———SEBS

—— OP44E/SEBS

~——— CW300/0P44E/SEBS

—— CWS500/OP44E/SEBS
CW700/0OP44E/SEBS

—— CW900/0OP44E/SEBS

80

60 |

40

Weight loss (%)

I 1 1 1 I 1 I
100 200 300 400 500 600 700

800

Temperature (°C)

Solar Energy Materials and Solar Cells 266 (2024) 112699

(b) 0.0
-0.5 |
Y 1.0
o
= 1.5 F
3
z =
=20 F
—— OP44E/SEBS
— CW300/OP44E/SEBS
el ——— CW500/OP44E/SEBS
=20 CW700/OP44E/SEBS
—— CWO900/OP44E/SEBS
3.0 F
1 [ 1 1 1 1 1

100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 9. TG analysis of PCMs. (a) TG curves and (b) DTG curves.

temperatures coincide with the single decomposition steps of OP44E and
SEBS, respectively. The first decomposition step at 285 °C is corre-
sponding to the thermal decomposition of OP44E with a residual mass
fraction of 5 % at 285 °C, which equals to the mass fraction of SEBS in
OP44E/SEBS. The second decomposition step is completed at 467 °C
with no residue. Similar to the thermal decomposition pattern of
OP44E/SEBS, CW/OP44E/SEBS has two decomposition steps in TG
curves. Considering pyrolysis of biomass can be considered as a com-
bination of pyrolysis of three main components: hemicellulose, cellu-
lose, and lignin, the weight loss in the ranges of 220~315 and
315-400 °C is mainly due to the decomposition of hemicellulose and
cellulose [50,51]. A residue of about 10 % in composite PCMs at 800 °C
is inferred to porous carbon material that has been chemically deligni-
fied during the pre-preparation process. TG results testify that the pre-
pared CW/OP44E/SEBS composite PCMs have noticeable thermal
stability below 100 °C.

3.4. Photothermal conversion performance

3.4.1. Photothermal conversion efficiency

The photothermal conversion curves of CW/OP44E/SEBS composite
PCMs under a xenon lamp radiation are shown in Fig. 10. The temper-
atures of PCMs rise as the lights turn on and conversely drop as the lights
turns off. Fig. 10 displays that the temperature rise curves can be divided
into three stages during the light-on period.

70
—=— CW300/OP44E/SEBS
— —s— CW500/OP44E/SEBS
60 - * —+— CW700/OP44E/SEBS
%) —=— CW900/OP44E/SEBS
3 36 4§
2 50
=
=
2
£ 40 |
o
—
30
20 |-
1 Il " 1 " 1 " 1

0 20 40

Time (min)

60 80

Fig. 10. Transient temperature curves of PCMs.

(1) The pre-phase change stage. It refers to the time zone before
PCMs reach the melting point. Temperatures of PCMs increase
significantly with the elapse of time, implying that light radiation
can be rapidly converted into thermal energy and stored as sen-
sible heat in PCMs. Higher carbonization temperature of CW
produces intense photothermal conversion ability and faster
temperature rise rate of PCMs.

(2) The phase change stage. It belongs to the approximate isothermal
period that is attributed to the typic phase transition of PCMs.
Absorbed thermal energy is stored in the form of latent heat. This
stage can store extensive thermal energy within a tiny tempera-
ture rise range.

(3) The post-phase change stage. It denotes to the time zone with
PCMs temperature larger than their melting points. The temper-
ature of PCMs returns to rise rapidly as the time elapses. CWs
convert light radiation into thermal energy that is then stored in
PCMs in sensible heat form. Before turning off the xenon lamp,
temperatures of CW300/0P44E/SEBS, CW500/0P44E/SEBS,
CW?700/0P44E/SEBS and CW900/0P44E/SEBS can climb up to
56.8 °C, 60.9 °C, 66.4 °C and 68.2 °C, respectively.

When the xenon lamp turns off, the light-off period can be divided
into three stages similar to the light-on period. The PCM temperatures
drop sharply with the elapse of time in the pre-phase change stage. PCMs
then experience an isothermal phase change stage, followed by a post-
phase change stage with temperature dropping rapidly. The photo-
thermal conversion capacity of PCMs can be measured by the photo-
thermal conversion efficiency (1p,7) which is calculated by Eq. (3).

mAH,,

Npr = PS(t 1) 3
where m is mass of the sample, g; AH, is melting enthalpy of the sample,
J/g; P is light radiation intensity of the xenon lamp, W/m?; S is surface
area of the sample subjected to the xenon lamp, m? t and t; are the
starting and ending time of PCM phase transition, respectively, s.

Based on definition of Eq. (3), Table 3 indicates that the #p,7 of
CW300/0P44E/is calculated as 88.1 %, and increases gradually to 89.5

Table 3

Photothermal conversion efficiency of PCMs.
PCMs /7 (%)
CW300/0OP44E/SEBS 88.1
CW500/0P44E/SEBS 89.5
CW700/0P44E/SEBS 91.0
CW900/0P44E/SEBS 89.4
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% and 91.0 % in the CW500/0P44E/SEBS and CW700/0P44E/SEBS, as
results of the remarkable photothermal conversion capacity of hierar-
chical and porous CWs. While, high carbonation temperature damages
the CW structure and related photothermal conversion capacity, causing
CW900/0P44E/SEBS has np,7 of 89.4 % that is lower than those of
CW500/0P44E/SEBS and CW700/0P44E/SEBS.

3.4.2. Temperature contour

Considering CW900/0P44E/SEBS has the highest temperature in
Fig. 10, this work chooses it as a representative to study the evolution of
temperature in the height direction of the composite PCM under the
xenon lamp. Fig. 11 (a) describes temperature contour of PCM at various
irradiation times under a xenon lamp, gathered by an infrared ther-
mographer. The PCM initial temperature is 22 °C before the xenon lamp
turns on. A localized hot zone on the top surface can be observed after 2
min of xenon lamp radiation, which is contributed to the photothermal
conversation performance of composite PCM. The hot zone gradually
spreads downward through thermal conduction with growth of the
irradiation time. The phase transition of PCM occurs accordingly when
its temperature is over the melting point. It is discovered that the lowest
temperature of the sample is 41.1 °C at 18 min, indicating that the PCM
has finished the phase change process.

Fig. 11 (b) shows the axial temperature profiles of PCMs at selected
timepoints under xenon lamp radiation. The incident light is reflected
several times inside the shallow surface of CW and then is fully absorbed
by the porous carbon skeleton. Radiation is quickly transformed into
thermal energy, leading to the fact that top surface temperature of PCM
is higher than the bulk temperature. The maximal temperatures of PCMs
are respectively found as 54.5, 62.0, 70.3, 74.2 and 75.9 °C at 6, 12, 18,
24 and 30 min. As the time elapses, thermal energy accumulated in the
shallow layer is transferred downward to the bottom of PCM, by means
of thermal conduction. It is obtained in Fig. 6 that CW enables to

6 min (b)

(a)

4 min

" — -

-_—
20 min 24 min

26 min

28 min

: bt a
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improve thermal conductivity of PCM, which is conducive to heat con-
duction. Whereas, thermal conductivity of composite PCM still limits the
heat transfer from the top to the bottom. PCM temperature tends to be
more uneven with elapse of time. The difference between PCM minimal
and maximal temperature is determined as 16.8 °C at 6 min, and then
rises to approximately 25.0, 29.2 and 31.6 °C as time elapses to 12, 18
and 24 min. Continuing to extend time induces negative effect to the
difference between PCM minimal and maximal temperature (27 °C at 30
min). Fig. 11(b) presents that depths of the hot zones are about 0.323,
0.686, 1.103, 1.716 and 2.000 cm at timepoints of 6~30 min.

3.4.3. Greenhouse experiment

Greenhouse can be termed as a large building with specially designed
structure to maximize utilization of solar radiation. The solar radiation
passes through the plastic film to heat the indoor air. Considering the
low ambient temperature in winter, greenhouse usually suffers from
supercooling in winter that is adverse to the plant production. The above
investigation indicates that prepared composite PCM has remarkable
photothermal conversion and energy storage capacity, which enables to
improve the thermal performance of greenhouse theoretically. A small-
scale experiment is conducted to analyze effect of photothermal con-
version composite PCMs on thermal performance of greenhouse. The
xenon lamp (100 mW/cm?) is employed to simulate solar radiation as
shown in Fig. 12 (a). Plants are neglected in the greenhouse in order to
simple the experiment. The soil is covered by the plastic film with
several K-thermocouples installed inside the greenhouse. Brown wooden
board is surrounded outside of the greenhouse set-up to reduce the
impact of external light. OP44E/SEBS and CW500/0P44E/SEBS are
utilized as PCMs, lay on the soil surface.

Fig. 12 (b) compares the temperature change curves of two PCMs.
When the light is on, temperatures of PCMs increase obviously with the
elapse of time. The temperature rise rate of CW500/0P44E/SEBS is

t=6 mn: MIN: 37.2 °C, MAX: 54 5°C, AVG: 42.0°C

78.0 °C

70.0
t=12 min: MIN: 37.0 °C, MAX: 62.0°C; AVG: 459 °C

60.0

0.686

t=18 min: MIN: 41.1 °C; MAX: 70.3°C, AVG: 519°C

50.0

1.103
t=24 min: MIN: 42.6 °C; MAX: 742°C; AVG: 57.6 °C 40.0
1.716

30.0
=30 min: MIN: 48.9 °C; MAX: 75.9°C; AVG: 620 °C

20.0

0 0.5 1.0 1.5 2.0 cm

Fig. 11. Temperature variation in the vertical direction of CW900/0P44E/SEBS under xenon lamp. (a) Infrared thermal images at different times (b) Temperature

distribution in the height.
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Fig. 12. Greenhouse experiment with PCMs. (a) Experimental set-up; (b) Temperature change curve of PCMs; (c) Temperature change curve of indoor air.

larger than that of OP44E/SEBS, owing to its outstanding photothermal
conversion capacity. Light radiation through the plastic film is trans-
formed into thermal energy under the photothermal conversion of
CW500/0P44E/SEBS, leading to the rapid temperature increase.
Whereas, white surface of OP44E/SEBS has limited absorption and
photothermal conversion. OP44E/SEBS mainly relies on the conduction
of ambient temperature to gain thermal energy, which results in its low
temperature rise. It is specific that temperature of CW500/0P44E/SEBS
quickly climbs to its phase change zone, followed by a slow rising stage.
After then, its temperature can reach up to 71.5 °C at 70 min. On the
contrary, OP44E/SEBS takes longer time to melting and its temperature
is merely 40.3 °C at 70 min. When the light is off, temperatures of two
PCMs decrease sharply as time elapses. Stored thermal energy is released
to warm up the indoor environment of greenhouse. As temperature of
CW500/0P44E/SEBS is higher, which producing larger heat transfer
temperature difference between PCM and indoor air. Temperature
decline rate of CW500/0P44E/SEBS is more obvious than that of
OP44E/SEBS. Both temperatures of two PCMs are finally identical to
indoor air temperature.

Fig. 12 (c) profiles indoor air temperature change curves of three
greenhouses. (empty GH, OP44E/SEBS GH and CW500/0P44E/SEBS
GH). It can be seen that the temperatures inside the plastic greenhouses
rise substantially with the elapse of time during the light-on period. The
empty GH has highest indoor temperature of 46.2 °C after 70 min of the
light radiation. The maximal temperatures of CW500/0P44E/SEBS GH
and OP44E/SEBS GH are 43.2 and 41.7 °C, which are approximately 3
and 4.5 °C lower in contrast to that of empty GH. The thermal energy
storage capacity of PCMs enables to reserve thermal energy transmitted
through the greenhouse, producing effective thermal buffering effect.
The peak temperature of indoor air is then shaved by the thermal
buffering effect. Highlighted photothermal conversion capacity of
CW500/0P44E/SEBS rapidly increases its temperature that is signifi-
cantly higher than the indoor temperature of greenhouse. CW500/
OP44E/SEBS starts to heat the air earlier, leading to a higher air tem-
perature inside the greenhouse than the OP44E/SEBS GH. The inter-
section of indoor temperatures for OP44E/SEBS GH and CW500/

10

OP44E/SEBS GH appeared at around 33 min implies that CW500/
OP44E/SEBS has accomplished the phase transition during the light-on
period of 70 min.

The light-off period witnesses indoor temperatures of greenhouses
sharply drop with elapse of time, as stored thermal energy is released
under indoor temperature below the melting point of PCMs. The empty
GH and OP44E/SEBS GH reveal slight inconsistency of indoor temper-
ature curves, meaning that OP44E/SEBS stores limited thermal energy
restricted by the poor photothermal conversation capacity. This result
well matches with the temperature variation of OP44E/SEBS in Fig. 12
(b). When the light is turned off, indoor temperature of CW500/0P44E/
SEBS GH firstly declines to its phase change temperature at the cooling
rate identical to those of empty GH and OP44E/SEBS GH. The CW500/
OP44E/SEBS then heats the indoor environment through thermal en-
ergy released from solidification process, which serves as thermal
buffering to slow down the temperature drop of indoor air. The indoor
temperature can be shifted via the thermal buffering effect. The duration
of maintaining indoor temperature over 20 °C is found to be prolonged
by about 15.3 min, in comparison to empty GH and OP44E/SEBS GH
cases. This experiment practically confirms the availability of green-
house temperature controlled by photothermal conversation PCMs,
which can provide theoretical support for usage of photothermal con-
versation PCMs in agriculture.

4. Conclusions

In this work, a series of CWs were prepared by carbonization treat-
ment at different temperatures firstly. And the shape-stable PCMs with
photothermal conversion functional were developed by the CWs as
supporting material and photothermal conversion media, and OP44E
with 5 wt% of SEBS as PCM.

Results indicate that CW has hierarchical and porous structure with
the carbon content increasing with augment of carbonization tempera-
ture, reaching 94.84 % in terms of CW900. Adsorption of CWs on
OP44E/SEBS is over 85 wt% based on vacuum impregnation. Thermal
conductivity of composite PCMs can be influenced by CW. Latent heat of
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PCMs decreases as the addition of CW that has no phase transition.
Composite PCMs have excellent shaping stability and leakage rates of
samples are all lower than 0.2 % after 160 h test owing to OP44E/SEBS
adhered tightly to the cell wall of CW. Merely 4.6 J/g reduction in
enthalpy is observed after 200 endothermic and exothermic cycles.
Admirable photothermal conversion of composite PCMs is testified,
which is larger than 88 % under a xenon lamp radiation. Temperature
contour of composite PCMs indicates that temperature on the shallow
layer of PCMs is higher as result of its photothermal conversion capacity.
Greenhouse experiment exhibits that CW500/0P44E/SEBS GH gains
much higher PCM temperature of 71.5 °C at 70 min, compared to that of
40.3 °C in OP44E/SEBS GH. PCMs enable to exert peak shaving and
valley shifting effect on indoor temperature. Maximal indoor tempera-
tures of OP44E/SEBS GH and CW500/0P44E/SEBS GH are reduced by 3
and 4.5 °C compared to the empty GH. Duration of maintaining indoor
temperature over 20 °C in CW500/0P44E/SEBS GH is about 15.3 min
longer than empty GH and OP44E/SEBS GH cases.

In conclusion, the prepared composite PCMs have improved shaping
stability and photothermal conversation capacity, with promising po-
tential to substantial application in the temperature control of agricul-
tural buildings.
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