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Supplementary methods
Density Measurement
The density of the materials was determined in accordance with GB/T 17657–2022. Specimens were cut into dimensions of 50 mm × 50 mm with a thickness of 5 mm. The mass and geometric dimensions (length, width, and thickness) were measured using an analytical balance and a digital caliper, respectively. The density was calculated according to formula (1):
                                                                (1)
where ρ is the density (g/cm³), m is the mass (g), and l, b, and t represent the length, width, and thickness of the specimen (mm), respectively.
Thermal Conductivity Measurement
The thermal conductivity of the materials was measured using a thermal conductivity analyzer (DRH-II, Hunan Xiangtan, China) in accordance with LY/T 3375–2024. Specimens with dimensions of 300 mm × 300 mm × 5 mm were tested under steady-state conditions, with the hot plate maintained at 45 °C and the cold plate at 10 °C. The thermal conductivity was calculated using Equation (2):
                                                                (2)
where λ is the thermal conductivity (W/(m·K)), W is the  steady-state heating power (W), d is the specimen thickness (m), A is the effective heat transfer area (m2), and t1, t2 are the temperatures of the hot and cold surfaces (°C), respectively.
Heat and Cold Source Testing
Heat-source and cold-source tests were conducted using an infrared thermal imaging system (DRH-II, Shanghai Biaozhuo, China). Specimens (50 mm x 50 mm x 4 mm) were placed on a heating plate maintained at 60°C or on a cooling plate set at -15°C, and the evolution of the surface temperature was recorded over a period of 0-10 minutes. All measurements were performed at an ambient temperature of 24°C.
Mechanical Properties and Resilience Testing
Mechanical properties, including compressive strength (CS), tensile strength (TS), internal bond strength (IBS), modulus of rupture (MOR), and modulus of elasticity (MOE), were measured using an electronic universal testing machine (UTM2502, SUNS, China) in accordance with ISO 7322:2014, LY/T 1657–2015, and GB/T 17657–2022. Specimen dimensions were 50 mm × 50 mm × 20 mm for CS tests; 100 mm × 50 mm × 4 mm for TS, MOR, and MOE tests; and 50 mm × 50 mm × 4 mm for IBS tests.
The buffer energy absorption ratio (BEAR) was defined as the ratio of the absorbed impact energy to the initial potential energy and was calculated as (drop height-rebound height)/drop height. BEAR measurements were conducted by freely dropping a 400g steel ball from a height of 40 cm onto specimens with a thickness of 4 mm. The residual compression ratio (RCR) was determined as the ratio of residual strain to the applied strain after 50 consecutive compression-unloading cycles at a compressive strain of 10%.
Surface Wear Resistance Test
The surface wear resistance of the materials was evaluated using a paint film abrasion tester (BGD-523, BIUGED, China) in accordance with GB/T 17657-2013. The specimens were subjected to 500 abrasion cycles under a load of 4.9 N at a rotational speed of 60 r/min. The specimen masses before and after abrasion were recorded, and the wear resistance (WR) was calculated using Equation (3):
                                                               (3)
where WR is the wear resistance (mg/100r), m1 and m2 are the specimen masses before and after abrasion (mg), respectively, and R is the number of revolutions (500 r).
Dimensional Stability (Under Water Absorption)
To evaluate dimensional stability, specimens (50 mm × 50 mm × 4 mm) were immersed in a water bath at 63 oC for 24 h. The dimensional changes before and after immersion were recorded.1 The thickness swelling ratio (TSR), width swelling ratio (WSR), and volume swelling ratio (VSR) were calculated using Equations (4)-(6):
                                                              (4)
                                                              (5)
                                                      (6)
where a, b, and c represent specimen length, width, and thickness (mm), respectively, and subscripts 1 and 2 denote the dry and water-saturated states. 
Scanning Electron Microscopy (SEM)
The surface and cross-sectional morphologies of the materials were examined using a scanning electron microscope (JSM-6610LV, JEOL, Japan) operated at an accelerating voltage of 5 kV. Prior to observation, all samples were sputter-coated with a thin gold layer at a current of 10 mA for 15 s.
Fourier Transform Infrared Spectroscopy (FTIR)
The chemical structures of the materials were analyzed using attenuated total reflectance FTIR (ATR-FTIR, NICOLET 5700, Thermo Nicolet Corporation, USA). The spectra were collected over the wavenumber range of 4000–400 cm⁻¹ with a resolution of 4 cm⁻¹, averaging 32 scans for each sample.
Spectral Performance Characterization
The solar reflectance of the specimens in the UV–Vis–NIR range (0.3–2.5 µm) was measured using a UV–Vis–NIR spectrophotometer (UV-3600 Plus, Shimadzu, Japan) equipped with an integrating sphere (ISR-603), at a spectral resolution of 0.1 nm. The mid-infrared emissivity (2.5–25 µm) was determined using an FTIR spectrometer (Invenio S, Bruker, Germany) equipped with a mid-infrared TGS detector, with a spectral resolution of 4 cm-1.
Spectral Averaging and Radiative Parameters
The average solar reflectance was defined over the wavelength range of 0.3–2.5 µm, while the visible reflectance was calculated over 0.4–0.76 µm. The atmospheric‑window emissivity was evaluated in two spectral regions: the first atmospheric window (8–13 µm) and the second atmospheric window (16–25 µm). The average solar reflectance and the average atmospheric-window emissivity were calculated using Equations (7) and (8), respectively:
                                            (7)
where λ is the wavelength, Rsolar(λ) is the measured spectral reflectance of the sample, and Isolar(λ) is the AM 1.5 standard solar spectral irradiance.
                                                  (8)
where ε(T,λ) is the measured spectral emissivity of the sample, T is the temperature, and IB(T,λ) is the spectral radiance of a blackbody at temperature T.
Laser Scattering Test
The laser scattering behaviour was qualitatively evaluated in a dark environment. A red laser beam with a wavelength of 650 nm was incident on the sample surface at an angle of 45°. The surface scattering capability was qualitatively assessed by observing the spatial distribution and relative intensity of the scattered light projected onto a white receiving screen.
Whiteness Measurement
The surface whiteness of the materials was directly measured using a whiteness meter (WSB-L, INESA, Shanghai, China). Measurements were conducted using a 45/0 illumination geometry with a blue-light center wavelength of 457 nm. The measurement range of the instrument was 0-120%.
Outdoor Radiative Cooling Performance
Outdoor radiative cooling performance was evaluated using a custom-built testing apparatus (Fig. 4g) on clear days in summer (May 10, 2024) and winter (November 28, 2024) at an open-air parking area at Shandong Agricultural University (36°11′N, 117°6′E; elevation 138.1 m) (Fig. S8a,d). The testing device consisted of a thick-walled polystyrene foam box with an open-top to minimize conductive heat transfer. The top opening was covered with a transparent polyethylene (PE) film to suppress convective heat exchange. Both the inner and outer walls of the box were wrapped with aluminum foil to shield the system from environmental radiation and external thermal interference. K-type thermocouples were used to continuously monitor the surface temperature of the sample and the internal ambient air temperature. The radiative cooling performance was quantified by the temperature difference between the sample surface and the internal ambient air.
Thermal Management Performance Testing
The thermal management performance was evaluated using a method analogous to the outdoor radiative cooling test, employing a modified custom-built apparatus (Fig. 5a.). In this configuration, a cavity was incorporated beneath the sample placement area, enabling simultaneous monitoring of the specimen surface temperature, bottom temperature, and internal ambient air temperature using K-type thermocouples. The thermal management performance was assessed based on the temperature reduction at the sample bottom relative to the internal ambient temperature.
Sound Insulation Testing
Sound insulation performance was evaluated using a custom-designed open-top acoustic chamber (Fig. S13). A stable noise source with an average sound pressure level of approximately 100 dB was placed inside the chamber. An online digital sound level meter (AR844) was positioned 3 m away from the chamber opening to record sound pressure levels over a duration of 1 min. Measurements were first conducted with the chamber open and subsequently repeated with the opening sealed using different test panels.
The acoustic chamber had dimensions of 280 mm × 210 mm × 200 mm, with walls constructed from 30 mm thick polystyrene foam. To direct sound propagation through the opening, the inner walls were lined with aluminum foil and ethylene–vinyl acetate (EVA) foam. Test materials included poplar wood boards, PE foam, and Cork–PLA–C samples, each with dimensions of 250 mm × 200 mm × 10 mm.
The AR844 digital sound level meter featured a measurement range of 30–130 dBA, an accuracy of ±1.5 dB, and a frequency response of 31.5 Hz–8 kHz.
Life Cycle Assessment (LCA)
Following previously reported methods2, a life cycle assessment (LCA) was conducted using SimaPro software (version 9.0.0.48) with the ReCiPe 2016 Midpoint (H) V1.03/World (2010) H impact assessment method. Environmental impacts across 18 categories (e.g., climate change, fossil resource depletion, freshwater consumption, and terrestrial acidification) were systematically evaluated for 1 kg of B–Cork–PLA composite and expanded polystyrene (EPS) over their entire life cycle, including raw material preparation, material production, and recycling/degradation stages. Furthermore, following established literature procedures3, the environmental impact results were converted into unified monetary indicators to enable quantitative comparison and comprehensive evaluation of the overall environmental performance.
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Figure S1. SEM images of natural cork and Cork-PLA biocomposites with different cork contents (60%, 80%, and 90%) (The dashed lines indicate the PLA bonding interfaces). (a) Microstructure of cork particles, (b) 60% Cork-PLA-C, (c) 80% Cork-PLA-C, (d) 90% Cork-PLA-C.
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Figure S2. Tensile strength (TS) and wear resistance (WR) of Cork-PLA-C with different cork contents. (a) Tensile strength, (b) wear resistancee.
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Figure S3. Surface dent on EPS material after impact by a small sphere.
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Figure S4. Stress-strain curves of Cork-PLA-C with different cork contents during 50 cyclic of compression tests.
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Figure S5. Dimensional stability of Cork-PLA-C with different cork contents. (a) Water absorption width swelling ratio (WSR), (b) water absorption thickness swelling ratio (TSR).
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Figure S6. Optimization of H₂O₂ spraying dosage. (a) Surface whiteness, (b) thermal images at 0 min and 30 min of real outdoor exposure, (c) corresponding temperature difference, (d) temperature-time curves, and (e) thermal conductivity (TC) of B-Cork-PLA bleached with different H₂O₂ spray dosages.
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Figure S7. Surface SEM images of B-Cork-PLA-C.
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Figure S8. FTIR spectra of Cork and PLA before and after bleaching.
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Figure S9. Experimental environment for radiative cooling performance: (a) weather conditions, (b) corresponding wind speed and humidity, and (c) temperature difference during radiative cooling tests from 9:00 to 21:00 in summer; (d) weather conditions, (e) corresponding wind speed and humidity, and (f) temperature difference during radiative cooling tests from 9:00 to 21:00 in winter.
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Figure S10. Thermal imaging comparison of materials before and after bleaching treatment exposed to real outdoor exposure for 0 and 30 min in summer and winter.
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Figure S11. Thermal insulation performance of materials before and after bleaching. (a) Thermal conductivity, (b) thermal images at initial and final moments of heat/cold sources exposure, (c) temperature changes over time, and (d) temperature differences.
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Figure S12. Mechanical strength and dimensional stability of B-Cork-PLA-C. (a) Compressive strength (CS), (b) modulus of rupture (MOR) and modulus of elasticity (MOE), (c) wear resistance (WR), (d) internal bond strength (IBS), (e) volume swelling ratio after water absorption (VSR).
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Figure S13. Schematic diagram of the sound insulation test setup.
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Figure S14. Fabrication of BM-Cork-PLA-C. (a) SEM image of cellulose nanofibers (CNF), (b) SEM image of hydrophobic nano-SiO₂, (c) schematic illustration of surface modification via spraying CNF and hydrophobic nano-SiO₂, and (d) SEM image of the surface structure of BM-Cork-PLA-C after spraying CNF and hydrophobic nano-SiO₂.
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Figure S15. Comparative assessment of environmental impact between B-Cork-PLA-C and EPS.
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Figure S16. Monetization of the environmental impacts of B-Cork-PLA-C and EPS.
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Figure S17. Environmental impact of B-Cork-PLA-C components.



Table S1 Monetization factors for 18 LCA midpoint impact indicators
	LCA midpoint indicators of ReCiPe 2016
	Unit
	Monetization factors

	Global warming
	€/kg CO2 eq
	0.0521498

	Stratospheric ozone depletion
	€/kg CFC-11 eq
	3.2325311

	Ionizing radiation
	€/kBq Co-60 eq
	0.0012067

	Ozone formation, Human health
	€/kg NOx eq
	0.5031554

	Fine particulate matter formation
	€/kg PM2.5 eq
	0.4676641

	Ozone formation, Terrestrial ecosystems
	€/kg NOx eq
	0.3072659

	Terrestrial acidification
	€/kg SO2 eq
	0.5331038

	Freshwater eutrophication
	€/kg P eq
	0.9843395

	Marine eutrophication
	€/kg N eq
	0.1520894

	Terrestrial ecotoxicity
	€/kg 1,4-DCB
	0.4691846

	Freshwater ecotoxicity
	€/kg 1,4-DCB
	25.575497

	Marine ecotoxicity
	€/kg 1,4-DCB
	0.0169445

	Human carcinogenic toxicity
	€/kg 1,4-DCB
	0.1840862

	Human non-carcinogenic toxicity
	€/kg 1,4-DCB
	0.0126421

	Land use
	€/m2a crop eq
	0.1131409

	Mineral resource scarcity
	€/kg Cu eq
	0.506521

	Fossil resource scarcity
	€/kg oil eq
	0.0269353

	Water consumption
	€/m3
	0.0484697
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