
Kim and Kim ﻿Biochar            (2026) 8:73  
https://doi.org/10.1007/s42773-026-00584-1

ORIGINAL RESEARCH Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Biochar

Highly porous biochar from spent coffee 
ground for fully green thermal insulating 
composites with thermal conductivity of 0.04 W 
m−1 K−1

Sung Jin Kim1 and Seong Yun Kim1*    

Abstract 

Biomass materials offer the advantages of low cost, abundant availability, and renewability, making them sustainable 
and environmentally friendly alternatives to petroleum-based thermal insulation materials. Spent coffee ground (SCG), a type 
of biomass generated after brewing coffee, has been used as a filler for thermal insulation composites. However, developing 
SCG-based composites with superior thermal insulation performance remains a significant challenge due to the low porosity 
of SCG. Herein, a highly porous SCG biochar (SB) was fabricated by a simple carbonization process optimized for temperature 
and atmosphere. SB-based thermal insulation polymer composites were designed and fabricated for the first time, employing 
the SB as the filler and biodegradable ethyl cellulose (EC) as the matrix. Meanwhile, the SB was pre-mixed with environmen-
tally friendly solvents (water, ethanol, and propylene glycol) selected based on the chemical interaction within the material 
system to prevent the impregnation of SB pores with the EC. The chemical and morphological properties of the SB were dis-
cussed in terms of their influence on the thermal insulation properties of the fabricated composite. The thermal conductivity 
and heat transfer mechanism of the SB-based composites were systematically verified using steady-state heat transfer theory. 
The biodegradable SB-based composite demonstrated outstanding thermal insulation property (0.04 W m−1 K−1) compa-
rable to commercial expanded polystyrene. More importantly, the thermal insulation composites developed in this work 
consisted of environmentally friendly and sustainable materials, free from hazardous or toxic substances. These thermally 
insulating and biodegradable SB-based polymer composites are expected to be widely utilized in various thermal insulation 
applications.

Highlights 

•	 Fully green SB-based composites exhibited excellent insulation performance (0.04 W m−1  K−1), comparable 
to that of EPS.

•	 The effect of SB structure on thermal conductivity was validated by finite element simulation based on Fourier’s law.
•	 Biodegradable SB-based thermal insulators contribute to  the circular economy by upcycling large-scale coffee 

waste.
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Graphical Abstract

1  Introduction
Thermally insulating materials are used to improve 
energy efficiency and are applied in areas where precise 
temperature regulation is essential (Zhang et  al. 2024a; 
Zhang et al. 2023). The demand for thermal insulation is 
increasing exponentially due to the wide range of poten-
tial applications in the building, transportation, and 
food-packaging industries (Zhang et al. 2023; Chen et al. 
2023). Thermal insulation is a crucial element of global 
efforts to reduce energy demand and carbon emissions 
(De Rosa and Bianco 2023). Commonly used petroleum-
based thermal insulation materials (e.g., expanded poly-
styrene (EPS) and polyurethane foam) are harmful to 
both humans and the environment due to improper dis-
posal methods and the finite availability of fossil fuels 
(Zhang et  al. 2023; MacLeod et  al. 2021). Despite these 
constraints, petroleum-based thermal insulation mate-
rials are favored due to their low cost, low thermal con-
ductivity, and versatility (Mort et al. 2021; Varamesh et al. 

2024). However, recent regulations restricting the use 
of styrene in Europe have prompted an urgent need to 
replace styrene-based thermal insulation materials and 
develop more environmentally friendly alternatives (Des-
ole et al. 2024).

As the green transition accelerates, increasing atten-
tion has been directed toward thermal insulation 
materials that prioritize sustainability, environmental 
compatibility, and renewability (Tan et al. 2023). Several 
studies have reported green thermal insulation compos-
ites developed from a wide range of bio-based sources, 
such as cork (Qi et al. 2024), date palm wood (Abu-Jdayil 
et al. 2021; AlMallahi et al. 2024), banana peel (Di Canto 
et al. 2023), mycelium (Zhang et al. 2023), oil palm trunk 
(Mawardi et  al. 2022), wheat husk (Hýsek et  al. 2018; 
Muthuraj et al. 2019), hemp shiv (Viel et al. 2019), corn 
cob (Viel et al. 2019), and sunflower stalk (Mati-Baouche 
et  al. 2014). Abu-Jdayil et  al. reported a polylactic acid 
(PLA)-based biodegradable thermal insulation composite 
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incorporating date palm wood powder for building 
applications, which exhibited a thermal conductivity of 
about 0.07 W m−1 K−1. Zhang et  al. (2023) developed a 
mycelium-based thermal insulator using porous sawdust 
as a substrate, which exhibited superior thermal insula-
tion performance (0.04 W m−1 K−1) comparable to that 
of EPS. Qi et  al. (2024)  fabricated a rigid polyurethane 
foam with 24 wt% cork, reaching a thermal conductivity 
of approximately 0.04 W m−1 K−1. Although green ther-
mal insulation composites provide significant environ-
mental benefits, they still show limited performance and 
environmental challenges. Fabrication processes such as 
fungal cultivation are inherently complex, requiring con-
siderable time and energy. Meanwhile, biomass-based 
polymeric thermal insulators offer excellent thermal 
insulation performance but pose environmental concerns 
at the end of their life cycle. Moreover, thermal insulation 
composites utilizing biochar derived from various bio-
mass sources have been investigated. Zhang et al. (2025) 
reported a gypsum plaster composite incorporating bio-
char produced from tree-branch wood waste, exhibiting 
a thermal conductivity of approximately 0.27 W m−1 K−1. 
A sugarcane bagasse biochar/cement composite achieved 
about 0.23 W m−1 K−1 (Rodier et al. 2019), and mortars 
containing biochar derived from oilseed rape and mixed 
softwood exhibited around 0.70 W m−1 K−1 (Park et  al. 
2021). However, these biochar-based inorganic com-
posites suffer from clear performance limitations and 
environmental issues, such as poor biodegradability and 
the emission of hazardous substances during disposal 
(e.g., hydrogen sulfide gas (Xu et  al. 2011) and heavy 
metal (Dell’Orso et  al. 2012)). In addition, Kim et  al. 
(2025) developed PLA composites incorporating orange-
peel biochar coated with calcium and alginate through an 
additional complex process, achieving a thermal conduc-
tivity of 0.08 W m−1 K−1. Overall, the performance and 
environmental drawbacks of existing green composites 
underscore the need for developing more sustainable 
thermal insulation materials.

Coffee, one of the most consumed beverages world-
wide, is the second most traded product after oil (Li et al. 
2024; García-García et  al. 2015). Approximately 90% of 
coffee beans are wasted as spent coffee ground (SCG), 
generating about 8 million tons annually (Martinez et al. 
2021; Shi et  al. 2023). SCG mainly consists of cellulose, 
hemicellulose, and lignin, along with proteins, lipids, 
and small amounts of ash, phenolic compounds, caf-
feine, and tannins (McNutt and He 2019). SCG exhibits 
a high C/N ratio, high phenolic content, and strong acid-
ity, making it unsuitable for composting. In contrast, bio-
char obtained from the pyrolysis of SCG, in which most 
volatile and harmful components are removed, possesses 
a porous carbon structure that is environmentally more 

beneficial. Although SCG has a high utilization value as 
biomass due to its composition, it is generally disposed 
of  by landfilling or incineration, which adversely affects 
the environment (Li et al. 2024; García-García et al. 2015; 
Martinez et al. 2021; Shi et al. 2023; Seo et al. 2023; Kim 
et  al. 2020). According to the British recycling com-
pany Bio-bean, reusing SCG could reduce carbon diox-
ide emissions from landfills by approximately 80% (Woo 
et  al. 2021). Moreover, high-temperature incineration 
(> 1000  °C), adopted due to limited landfill capacity, not 
only contributes to air pollution but is also inefficient in 
terms of energy consumption (Seo et  al. 2023; Li et  al. 
2023; Kataya et al. 2023). Accordingly, recycling or upcy-
cling SCG into high-value-added materials (e.g., biochar, 
activated carbon, fertilizers, and CO₂ adsorbents) can 
reduce energy consumption and disposal costs while con-
tributing to a sustainable circular economy (Li et al. 2024; 
García-García et al. 2015; Martinez et al. 2021; Shi et al. 
2023; Seo et al. 2023; Kim et al. 2020; Woo et al. 2021). 
Attempts to recycle SCG as thermally insulating materi-
als by utilizing its porous structure have been reported 
(Lachheb et  al. 2019). However, SCG has a low poros-
ity (approximately ~ 40%) (Kim et  al. 2024), which may 
limit its thermal insulation efficiency. SCG biochar (SB), 
derived from the carbonization of SCG, exhibits a highly 
porous structure (~ 70%) (Kim et al. 2024). SB can be pro-
duced at lower temperatures than incineration, thereby 
reducing energy consumption and providing a sustain-
able and eco-friendly alternative to the conventional dis-
posal of SCG (Zhou et al. 2022). Due to its high porosity, 
SB can serve as a filler for thermal insulation composites; 
however, limited studies have investigated this potential.

To maximize the thermal insulation properties of pol-
ymer composites with a porous filler, it is important to 
prevent the pores of the filler from being impregnated 
with the polymer matrix during fabrication (Boonrawd 
et  al. 2022; Cho et  al. 2019; Kim et  al. 2018, 2015; Lee 
et al. 2019; Zhang et al. 2024b). An intact porous struc-
ture within the fillers is a dominant factor in achieving 
low thermal conductivity. Pore restoration and preserva-
tion methods to prevent impregnation of the filler pores 
with the matrix have been proposed (Boonrawd et  al. 
2022; Cho et  al. 2019; Kim et  al. 2015; Lee et  al. 2019; 
Zhang et  al. 2024b). In the pore restoration method, a 
solvent was pre-mixed with the porous filler to prevent 
impregnation of the polymer matrix, and the pores were 
subsequently restored by evaporation and diffusion of 
the solvent. Boonrawd et  al.  (2022) reported that pre-
mixing silica aerogel with a low-surface-energy organic 
solvent (n-hexane) enabled the restoration of its nano-
porous structure upon solvent evaporation, resulting in 
a silica aerogel/natural rubber composite with a thermal 
conductivity of 0.06 W m−1 K−1. In the pore preservation 
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method, a hydrophobic filler was applied to a hydro-
philic polymer matrix to prevent filler pore impregna-
tion by exploiting the affinity difference between the two 
materials. Zhang et  al.  (2024b) fabricated silica aerogel/
poly(vinyl alcohol) (PVA) composites containing over 
74 vol% silica aerogel using a hydrophilic PVA aqueous 
binder, which exhibited a low thermal conductivity of 
0.03 W m−1 K−1 due to the preserved nanopore of the 
silica aerogel. The pore restoration method has a broader 
applicability compared to the limited scope of the pore 
preservation method. However, the interactions between 
the solvent, filler, and matrix must be taken into account 
when selecting the optimal solvent for the pore restora-
tion method.

Herein, we propose a novel approach to the fabrica-
tion of environmentally friendly thermal insulation com-
posites with an SB filler. Naturally derived ethyl cellulose 
(EC) was adopted as the matrix for SB-based thermal 
insulation composites (Oprea and Voicu 2020), impart-
ing biodegradability. The chemical and morphological 
properties of the SB according to carbonization tem-
perature and atmosphere determined the thermal insula-
tion performance of SB-based composites. Based on the 
interaction between SB and EC, environmentally friendly 
solvents (water, ethanol (EtOH), and propylene glycol 
(PG)) for pore restoration were selected (Shakeel et  al. 
2014), and the solvent type and content were optimized. 
An in-depth theoretical analysis based on finite element 
simulations using COMSOL Multiphysics was performed 
to elucidate the heat transfer mechanism of SB-based 
composites, and the effect of SB on their thermal con-
ductivity was systematically investigated. Finally, the bio-
degradable SB-based composite demonstrated thermal 
insulation performance comparable to commercial EPS, 
highlighting its practical potential as a sustainable and 
environmentally friendly thermal insulator.

2 � Materials and methods
2.1 � Materials
SCG from the discarded coffee capsules was utilized as a 
raw material for thermal insulation filler. After washing 
with water, the SCG was oven-dried at 80 °C for 1 week. 
EC, a naturally derived polymer based on cellulose, 
was used as a raw material without chemical treatment 
(Oprea and Voicu 2020). Water, EtOH, and PG were used 
as solvents. EPS was used to compare the thermal insu-
lation performance of the composites, and its properties 
are presented in Table S1 and Fig. S1. Specific informa-
tion on the materials can be found in Section  S1 of the 
Supplementary Information.

2.2 � Fabrication of SB
Carbonization of SCG was performed using a tube fur-
nace under an ambient atmosphere without gas flow. 3 g 
of SCG placed in an alumina mold was carbonized at dif-
ferent temperatures (500, 700, and 900  °C) for 1  h at a 
heating rate of 5 °C min−1, as shown in Fig. 1 and Table S2 
(the “x” of the sample label SBx denotes the applied car-
bonization temperature). To investigate the effect of the 
carbonization atmosphere on the filler, NSB700 was pre-
pared at 700 °C under a nitrogen atmosphere with a flow 
rate of 200 mL min−1, following the same procedure.

2.3 � Fabrication of SB‑based composites
As summarized in Table  S3, EC and SB were weighed 
according to the target content. SB was pre-mixed with 
PG (2 g of PG per 1 g of SB) using a Thinky mixer. The 
pre-treated SB and EC were mixed at 200 rpm for 2 min. 
The powder mixture was placed in a 25 × 25  mm mold 
and compressed at 150 °C and 15 MPa for 10 min using 
a heating press. The residual solvent in the composite 
was then removed in a vacuum oven at 80 °C for 1 h. The 
composites applied to the pore restoration method with 
PG were labeled EC/X/PG-Y (X and Y represent the type 
and weight fraction of the filler, respectively). Control 
samples (Table  S4) were prepared by the same method 
using different types of solvents. Details of the sample 
characterization are presented in Section S2.

2.4 � Quantitative evaluation of solvent affinity
The Hansen solubility parameter (HSP) was used to 
quantitatively evaluate the solubility and chemical affinity 
between the substances (Hansen 1967). The Ra , defined 
as the HSP distance, was calculated to assess the solubil-
ity between the matrix and the solvent according to the 
following equation (Li et al. 2022):

where δd , δp , and δh are the dispersion, polar, and hydro-
gen-bonding force terms of HSP, and the subscripts 1 and 
2 denote two different materials. The relative energy dif-
ference (RED) is calculated according to Li et al. (2022):

where R0 is the radius of interaction, defined as the 
maximum distance used to determine a good solvent 
(Li et al. 2022; Brown et al. 2024). The wettability of the 
SB filler with the solvent was evaluated using the sessile 
drop method with 5 μL of the solvent by a contact angle 
goniometer.

(1)

Ra =

{

4(δd1 − δd2)
2
+

(

δp1 − δp2
)2

+ (δh1 − δh2)
2
}1/2

(2)RED = Ra/R0
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2.5 � Theoretical simulation
A finite element method (FEM) simulation using COM-
SOL software (COMSOL Inc., Burlington, MA, USA) 
was performed to theoretically evaluate the thermal con-
ductivity of SB-based composites. The objective was to 
identify the factors influencing the heat transfer mecha-
nism in the composites and to explore the effect of SB on 
their thermal conductivity. A parametric study on inter-
facial thermal resistance (ITR) between the SB and the 
EC matrix was also conducted.

2.5.1 � Simulation framework
A theoretical simulation for a 3D geometry was con-
ducted using the steady-state heat transfer mode. 
Detailed information on the governing equations used 
in the FEM simulations is provided in Section S3. The 
simulation model and boundary conditions are shown 
in Fig. 2a. The geometries of SB-based composites were 
built according to the volume fraction calculated from 

the apparent density. A two-component unit cell was 
used to simplify the geometric complexity caused by the 
numerous fillers dispersed in the matrix. The porous filler 
was modeled with a spherical geometry, and the material 
properties of SB and EC were set as shown in Table S5. 
The top and bottom surfaces of the geometry were 
assigned temperatures of 20  °C and 70  °C, respectively. 
All other surfaces were insulated, allowing heat to flow 
only in the z direction. To consider the interface effect 
of SB encapsulated by EC, it was assumed that SB was 
coated with a thin interfacial layer. In the ITR, defined 
as 10−α , α was the model parameter at the SB interface. 
All simulation models adopted the same boundary condi-
tions and procedures. The simulated thermal conductiv-
ity ( � ) of the composites was calculated by the following 
equation (Xu et al. 2020):

(3)� =
�d

△ T

Fig. 1  Schematic illustration of the fabrication for SB and SB-based composites with pore restoration
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where � , d , and △ T  are heat flux density along the z 
direction, thickness in the z direction, and the tempera-
ture difference between the upper and lower surfaces, 
respectively. The results of the parametric simulation 
for SB700- and SB900-based composites are shown in 
Fig. 2b–d. The simulated thermal conductivity decreased 
as α decreased (Fig.  2b, c). These simulation results 
revealed that the smaller the α , the greater the influence 
on the interface effect.

2.6 � Biodegradability test
Cellulose-based polymers were degraded by the hydro-
lytic actions of the cellulase enzyme (Xu et  al. 2023). 
To evaluate the biodegradability of SB-based thermal 
insulation composites, a degradation test was per-
formed using a cellulase enzyme produced by cellulo-
lytic bacteria and fungi. A solution was prepared by 
adding cellulase to a 0.1 M acetate buffer at pH 5. Sam-
ples immersed in the solution were incubated at 50  °C 
for 3 weeks. After enzyme treatment, the samples were 
rinsed and dried at 80 °C for 24 h. Biodegradability was 
evaluated based on weight loss, as follows:

3 � Results and discussion
3.1 � Structural characterization of SB
The variation in the chemical structure of the SCG 
according to carbonization was identified by FT-IR and 
XPS spectra. The FT-IR spectra of SCG and SB are pre-
sented in Fig. 3a. The broad peak at 3344 cm−1 for SCG 
is related to O–H stretching of the hydroxyl group in 
cellulose, hemicellulose, and lignin (Batista et  al. 2020). 
Aliphatic C–H stretching (2925 and 2855  cm−1), C=O 
stretching (1739  cm−1), and aliphatic C = C bending 
(1631  cm−1) were also evident (Batista et  al. 2020; Lee 
et  al. 2022; Bejenari et  al. 2021; Liu and Huang 2018). 
Most of the functional groups in SCG, except for N–H 
(1530 cm−1) and C–O stretching (1130–995 cm−1) peaks, 
were eliminated by carbonization (Batista et al. 2020; Liu 
and Huang 2018). The removal of the functional groups 
in SB increased with the high carbonization temperature 
and showed the highest level of elimination in SB900. 
Thus, it was identified that the carbonization tempera-
ture was the major factor inducing chemical structural 
change. The deconvoluted XPS spectra of the SB are 
represented in Fig.  3b–d. The C1s spectra were sepa-
rated into C–O (288.9–288.5 eV), C–N (286.5–286.3 eV), 
C–C (285.5–285.3 eV), and C=C (284.7–284.6 eV) peaks 

(4)
Weightloss(%)

=

(

Initialweight − Finalweight

Initialweight

)

× 100

(Kim et al. 2024; Mengesha et al. 2022). The O1s spectra 
were deconvoluted into C–O (534.4–533.2 and 532.6–
531.8 eV) and C–O–C (533.2–532.9 eV) peaks (Kim et al. 
2024; Chan et al. 2022). These deconvoluted peaks in the 
C1s and O1s were typically observed in the biochar (Kim 
et al. 2024; Ghorbani et al. 2024). In the N1s spectra, the 
peaks were divided into graphitic N (401.1 eV), pyrrolic 
N (399.8–399.6  eV), and pyridinic N (398.2–397.6  eV) 
(Kim et  al. 2024; Mengesha et  al. 2022; Oh et  al. 2019). 
During heat treatment, nitrogen-containing SCG could 
be converted to the nitrogen-doped carbon structure 
after dehydration, condensation, and aromatization 
(Mengesha et  al. 2022; Wan et  al. 2020). The nitrogen 
atoms in SCG were successfully incorporated into the 
carbon units, generating a nitrogen-doped carbon struc-
ture in the prepared SB. The peak of graphitic N, which is 
an sp2 hybridized graphitic structure with nitrogen, was 
observed only in SB900 (Wan et al. 2020). These results 
indicated that the carbonization temperature influenced 
not only the chemical structure but also the formation of 
nitrogen-doped graphitic structure.

The XRD spectra of SCG and SB are represented in 
Fig.  3e. In the SCG, peaks at 16° and 20° indicate the 
(110) and (200) crystal planes of cellulose, respectively 
(Lee et  al. 2022). After carbonization, the crystal struc-
ture transformed, and peaks at 23° and 43° emerged. 
The peaks at 24° and 43° were the (002) and (100) crys-
tal planes of the graphitic carbon, indicating that SB was 
composed of sp2 hybridized carbon structures (Andrade 
et  al. 2020). The (100) crystal plane intensity increased 
with increasing carbonization temperature, indicating 
enhanced graphitic structure development at higher tem-
peratures. Raman analysis was conducted to verify the 
development of the graphitic structure (Fig. 3f ). In carbo-
naceous materials, the D (1350 cm−1) and G (1580 cm−1) 
bands generally appear, corresponding to defects and gra-
phitic structures, respectively (Kim et al. 2024; Mengesha 
et al. 2022). The intensity ratio of the D and G bands (ID/
IG) can be used to evaluate the degree of graphitic struc-
ture development (Kim et al. 2024; Mengesha et al. 2022). 
As the carbonization temperature increased, the ID/IG 
ratio decreased from 1.04 to 0.96, indicating enhanced 
graphitic structures. Therefore, the carbonization tem-
perature was a major factor in the formation of the gra-
phitic structure.

Morphological data of the SCG and SB are illustrated in 
Fig. 4. The quantitative pore characteristics are summa-
rized in Table S2. The surface structure of SB was trans-
formed into open pores by carbonization (Fig. 4a–h). The 
porous structure became evident as the carbonization 
temperature increased from 500 °C to 700 °C. As shown 
in Fig. 4i, the total porosities of SCG, SB500, SB700, and 
SB900 were 46%, 57%, 71%, and 83%, respectively. The 
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total porosity of SB was superior to that of SCG and 
enhanced at higher carbonization temperatures, while 
SB carbonized above 700  °C exhibited a similar level of 
macroporosity. The effect of carbonization temperature 
on the macroporosity of SB was insignificant at tem-
peratures above 700 °C. The macropore size distribution 
of SB was broad due to the heterogeneous composition 
of the biomass waste (Adam et  al. 2023), as shown in 
Fig. S2. The nitrogen adsorption–desorption isotherms 
revealed a progressive development of the porous struc-
ture with increasing carbonization temperature (Fig. S3). 
As the carbonization temperature increased, both the 
specific surface area and the micro-/mesopore volume 
increased, indicating that the development of micro- and 
mesopores is dependent on the carbonization tempera-
ture (Table S2). Meanwhile, micro- and mesopores were 
present only in limited proportions, whereas macropo-
res accounted for most of the total pore volume (Fig. S4). 

Carbonization at 700  °C was not only more energy-effi-
cient and environmentally friendly than high-tempera-
ture incineration but also optimal for producing SB with 
high macroporosity.

To determine the optimal atmosphere for the fabrica-
tion of SB, the chemical and morphological structures 
of NSB700 and SB700 were compared (Fig. 5). Although 
the chemical structure of NSB700 (Fig. 5a–d) was simi-
lar to that of SB700, graphitic N observed only in SB900 
appeared with high intensity. The (002) and (100) crystal 
planes of graphitic carbon were also observed in NSB700 
(Fig.  5e), indicating the formation of an sp2 hybridized 
carbon structure. The ID/IG ratio of NSB700 (Fig.  5f ) 
was 14% lower than that of SB700, which implied that 
carbonization under a nitrogen atmosphere improved 
the development of the graphitic structure. NSB700 
exhibited a porous structure with a total porosity of 
61%, which was approximately 10% lower than SB700 

Fig. 2  FEM heat transfer analysis of SB-based composites. a Schematic of the FEM simulation process of SB-based composites. Effect of α 
on the simulated thermal conductivities of b SB700- and c SB900-based composites. d Heat flux distribution of SB-based composites



Page 8 of 18Kim and Kim ﻿Biochar            (2026) 8:73 

(Fig.  5g–i). NSB700 showed a restricted formation of 
micro- and mesopores (Atinafu et al. 2025), resulting in 
a pore structure predominantly governed by macropo-
res (Fig. S4). Carbonization under a nitrogen atmosphere 
promoted the development of graphitic carbon while 
simultaneously reducing porosity. As biomass undergoes 
pyrolysis, various gaseous byproducts are generated, with 
CO2 accounting for the largest portion at approximately 
60% (Yin et al. 2018). Biochar produced under an ambi-
ent atmosphere promotes surface oxidation of biomass 
through CO2 released during pyrolysis and atmospheric 
oxygen, which together facilitate pore formation and 
expansion (Sun et al. 2022; Xia and Shi 2016). In contrast, 
continuous nitrogen flow removes gaseous byproducts 
and maintains an inert atmosphere, limiting the develop-
ment of a porous structure. Notably, these results indi-
cated that SB700 was more advantageous than NSB700 
as a thermally insulating filler, in terms of porosity and 
graphitic structure.

3.2 � Optimization for pore restoration
To maximize the restoration of SB pores in the compos-
ite, the solvent type and content of the pore restoration 
method were optimized, as shown in Fig.  6. Environ-
mentally friendly solvents were selected based on their 

solubility with EC and wettability with SB. The HSP is 
used to determine the solubility between materials in a 
simple, accurate, and quantitative manner (Li et al. 2022; 
Kato et al. 2020). The HSP values of the materials used for 
thermal insulation composites are presented in Table S6. 
The Ra and RED were calculated using HSP to directly 
evaluate the solubility. (Details of the RED results are 
provided in Section S4.) The smaller the Ra , the stronger 
the solubility between the materials (Li et al. 2022; Kato 
et  al. 2020). The Ra for EtOH was lower than that for 
water and PG (Fig. 6a), indicating its higher solubility in 
the matrix. In addition, EC has been reported to be solu-
ble in EtOH but insoluble in water and PG (Wasilewska 
and Winnicka 2019). PG and EtOH exhibited low con-
tact angles on SB (Fig.  6b), indicating excellent wetta-
bility. However, the contact angle of water with SB was 
the highest, resulting in low wettability. This could be 
attributed to the hydrophobicity induced by the carbon 
structure of SB (Kim et  al. 2024). Therefore, SB-based 
composites were fabricated using three environmentally 
friendly solvents: (1) water, which is insoluble for EC with 
low wettability to SB, (2) EtOH, which is soluble for EC 
with good wettability to SB, and (3) PG, which is insolu-
ble for EC but with good wettability to SB.

Fig. 3  Chemical characterization of SCG and as-prepared SB. a FT-IR spectra. Deconvoluted b C1s, c O1s, and d N1s XPS spectra. e XRD and f Raman 
spectra
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In Fig. 6c–j, the fracture surfaces and thermal conduc-
tivities of composites fabricated with different solvent 
types and content were examined to identify the optimal 
conditions for pore restoration. The composite without 
a solvent exhibited SB pores impregnated with EC. EC/
SB700/water-25 and EC/SB700/none-25 exhibited simi-
lar impregnation behaviors (Fig.  6c, d). It was difficult 
for water to penetrate the SB pores due to its low wet-
tability to SB, making pore restoration ineffective. The SB 
pores in EC/SB700/EtOH-25 were partially restored and 
impregnated with the dissolved EC due to the interac-
tion of EtOH with EC and SB (Fig. 6e). EC/SB700/PG-25 
exhibited well-restored pores, without impregnation of 
SB pores by EC (Fig. 6f ). The selective affinity of PG for 
SB enabled the restoration of the pores without affect-
ing the matrix. As shown in Fig. 6i, the composites with 

the pore restoration exhibited lower thermal conductiv-
ity due to the restoration of the pores by the solvent, as 
influenced by the pore restoration effect of different sol-
vent types. EC/SB700/PG-25 exhibited the lowest ther-
mal conductivity owing to its effective pore restoration, 
as observed on its fracture surface (Fig. 6f ). These results 
suggested that the restored pores within the composite 
played an important role in determining thermal con-
ductivity and that pore restoration with PG was the most 
effective. To determine the optimal PG content for the 
pore restoration method, the effect of pore restoration 
according to PG content was confirmed. With increasing 
PG content, the restored pores became more distinct, as 
shown in Figs. 6f–h and S5. Moreover, the thermal con-
ductivity of the composites fabricated with PG decreased 
with increasing PG content (Fig. 6j). The composite with 

Fig. 4  Morphological characterization of SCG and as-prepared SB. FE-SEM images of a SCG, b SB500, c SB700, and d SB900. Cs-TEM images of e 
SCG, f SB500, g SB700, and h SB900. i Total porosity of SCG and SB
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PG content (2.0  g of PG per 1.0  g of SB) exhibited the 
highest level of pore restoration, resulting in the lowest 
thermal conductivity. Therefore, optimal condition (2.0 g 
of PG per 1.0 g of SB) was selected to fabricate SB-based 
thermal insulation composites with the pore restoration.

3.3 � Structure of EC/SB/PG composites
To identify the restored pores in composites fabricated 
under the optimized condition of the pore restoration 
method, FE-SEM images of the fracture surfaces were 
observed (Figs.  6f and 7a–h). The SB pores were main-
tained in the composites applied with the pore restora-
tion method, regardless of the type and content of the 
filler. The morphology of SB was similarly observed as 

confirmed in Figs.  4a–d and 5g. The porous structure 
was more evident in SB with higher porosity. However, 
FE-SEM fracture surface images could only identify the 
local area in the fabricated composite, making it difficult 
to observe the restored pore over a wider area. Conse-
quently, a 3D non-destructive internal structural analysis 
using micro-CT was conducted to visualize the restored 
pores in 3D (Figs. 7i–p and S6 and Supplementary Video 
1). The overlap between the filler area (colored) and the 
pore area (white) indicated that the pores of SB were 
restored, regardless of the type and content of the filler. 
These results suggested that the pore restoration method 
with PG effectively prevented EC impregnation into the 
SB pores during composite fabrication.

Fig. 5  Chemical and morphological characterization of NSB700. a FT-IR spectra. Deconvoluted b C1s, c O1s, and d N1s XPS spectra. e XRD and f 
Raman spectra. g FE-SEM and h Cs-TEM images. i Total porosity of NSB700 compared to SB700
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Fig. 6  Optimization of solvent type and content for the pore restoration. a Ra value and b contact angle of solvents with SB700. FE-SEM fracture 
surface images of SB700-based composites (25 wt%) fabricated with c no solvent, d 2.0 g of water per 1.0 g of SB700, e 2.0 g of EtOH per 1.0 g 
of SB700, f 2.0 g of PG per 1.0 g of SB700, g 1.0 g of PG per 1.0 g of SB700, and h 0.5 g of PG per 1.0 g of SB700. Thermal conductivity of SB700-based 
composites (25 wt%) fabricated with different i solvent types (2.0 g of solvent per 1.0 g of SB700) and j PG content
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3.4 � Thermal insulation properties of EC/SB/PG composites
The thermal insulation properties of the EC/SB/PG 
composites are presented in Fig.  8. The SB-based com-
posites exhibited lower thermal conductivity than the 
SCG-based composites (Fig.  8a). As the filler content 
increased, the thermal conductivity of the composites 
decreased gradually regardless of filler type. The com-
posite with SB700 demonstrated the lowest thermal 
conductivity, and EC/SB900/PG exhibited an intermedi-
ate value between EC/SB700/PG and EC/SB500/PG. SB 
exhibited higher porosity than SCG, with the macropo-
rosity of SB700 being comparable to that of SB900 and 
approximately 11% higher than that of SB500 (Fig.  4i). 
Micro- and mesoporosity of SB increased at elevated car-
bonization temperatures. The low thermal conductivity 
of the SB-based composites was ascribed to the porous 
structure of SB. The restored SB pores in the composite 
confined a significant amount of air with ultra-low ther-
mal conductivity (0.03 W m−1 K−1), hindering heat trans-
fer (Zhang et  al. 2023; Lee et  al. 2019). Despite SB900 

exhibiting comparable macropore levels and even more 
developed micro-/mesopores than SB700, EC/SB900/
PG showed higher thermal conductivity than EC/SB700/
PG. This result was attributed to the well-developed gra-
phitic structures in SB. The graphitic structure with fewer 
defects minimized phonon scattering, enabling efficient 
heat transfer (Feng et  al. 2016). The limited fraction of 
micro-/mesopores in SB900 is insufficient to counteract 
the thermal conductivity enhancement induced by its 
graphitic structure (Fig. S4). In addition, EC/NSB700/
PG-25 exhibited a thermal conductivity that was about 
4 times higher than that of EC/SB700/PG-25. This was 
also explained by the less developed pore structures and 
the more highly developed graphitic structure of NSB700 
compared to SB700. Therefore, the highly porous struc-
ture of SB was advantageous for its thermal insulation 
properties, whereas the development of the graphitic 
structure increased thermal conductivity, leading to 
an adverse effect. Figure  8b illustrates the thermal con-
duction mechanism of SB-based composites, which is 

Fig. 7  Morphological characterization of composites fabricated with optimized pore restoration method. FE-SEM fracture surface images of a EC/
SB700/PG-5, b EC/SB700/PG-10, c EC/SB700/PG-15, d EC/SB700/PG-20, e EC/SCG/PG-25, f EC/SB500/PG-25, g EC/SB900/PG-25, and h EC/NSB700/
PG-25. Micro-CT images of i EC/SB700/PG-5, j EC/SB700/PG-10, k EC/SB700/PG-15, l EC/SB700/PG-25, m EC/SCG/PG-25, n EC/SB500/PG-25, o EC/
SB900/PG-25, and p EC/NSB700/PG-25
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determined by the porous and graphitic structure of SB, 
contributing to thermal insulation performance. The 
thermal conductivity of EC/SB700/PG-25 was 0.04 W 
m−1 K−1 and exhibited about one-sixth of the thermal 
conductivity of EC (0.24 W m−1 K−1), and comparable to 
that of EPS (0.04 W m−1 K−1) (Dixit et al. 2019). In gen-
eral, materials with a thermal conductivity below 0.07 W 
m−1 K−1 are regarded as thermally insulating materials 
(Zhang et al. 2023). Therefore, EC/SB700/PG-25 met the 
requirements as a thermal insulation material and out-
performed previously reported biomass-based thermal 
insulation composites in terms of thermal conductivity 
(Fig.  8c) (Choi et  al. 2022; Hýsek et  al. 2018; Mawardi 
et  al. 2021, 2022; Viel et  al. 2019; Muthuraj et  al. 2019; 
Lacoste et  al. 2018; Mati-Baouche et  al. 2014; Buratti 
et  al. 2018; AlMallahi et  al. 2024). Consequently, SB700 
prepared by carbonization in an ambient atmosphere was 
the optimal filler that could both maximize porosity and 
achieve a moderately developed graphitic structure.

An FEM simulation was conducted to understand the 
heat transfer mechanism of SB-based composites. Since 
obtaining the model parameter for the simulation experi-
mentally was challenging, α was estimated by comparing 
the simulated thermal conductivity with experimental 
data. When a perfect interface between a matrix and a 
filler was assumed, the simulated thermal conductivities 
of composites using SB700 and SB900 demonstrated a 
discrepancy with the experimental thermal conductiv-
ity. The fitted α values for the composites with SB700 
and SB900 were α = 1 and α = 3 , respectively, and var-
ied depending on the filler type. As shown in Fig. 8a, the 
FEM simulation results were in good agreement with the 
experimental data when the fitted α values were applied. 
A low α value signified a high ITR between the filler and 
the matrix. Within the fabricated composite, the filler 
exhibited a broad pore size distribution and interfaces 
between dissimilar materials, which induced phonon 
scattering and increased ITR (Lee et al. 2019; Cho et al. 
2019; Qiu et  al. 2018). These results indicated that the 

Fig. 8  Thermal insulation properties of EC/SB/PG composites. a Thermal conductivity and b heat transfer mechanism of the EC/SB/PG composites. 
c Comparison of thermal conductivity of EC/SB700/PG-25 with previously reported biomass-based thermal insulation polymer composites (Note: 
PLA, PBAT, and PS indicate poly(lactic acid), poly(butylene adipate-co-terephthalate), and polystyrene, respectively). d Temperature versus time 
curves and e thermal IR images of EC/SB/PG-25 composites
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thermal conductivity of the SB-based composites was 
influenced not solely by the thermal conductivity of the 
filler but also by the pore structure of the highly porous 
SB. This intricate pore arrangement of SB enhanced the 
ITR between the SB and the EC matrix, impeding heat 
flow and consequently reducing thermal conductiv-
ity. Nonetheless, a high α value was observed in SB900, 
which was the result of the enhanced phonon transport 
due to its well-developed graphitic structure. Therefore, 
it was confirmed that the thermal conductivity of SB-
based composites was determined by the porous and gra-
phitic structures of SB, as well as the ITR associated with 
its structure.

To confirm the thermal insulation performance, ther-
mal IR images of SB-based composites and EPS were 
evaluated (Fig. 8d, e). The temperature profiles of 2 mm 
samples using a heat source of 45 °C were observed. The 
temperature of commercial EPS increased rapidly to the 
saturation temperature of 41.6  °C due to its thin thick-
ness. EC/SB700/PG-25 exhibited the lowest saturation 
temperature of 41.3  °C and the highest thermal insula-
tion performance. The thermal insulation performance 
of the composites was consistent with the trend of the 

experimental thermal conductivity, confirming that lower 
thermal conductivity resulted in superior performance. 
Therefore, EC/SB700/PG-25 demonstrated promising 
potential as an environmentally friendly and viable alter-
native to petroleum-based thermal insulation materials.

3.5 � Biodegradability of EC/SB/PG composites
The weight loss of the composite during enzymatic deg-
radation can serve as an indicator of biodegradability 
(She et al. 2019). As illustrated in Fig. 9a, the experimen-
tal setup for cellulase-based degradation was designed 
to investigate the biodegradability of the SB-based ther-
mal insulation composite. The weight loss of EC and EC/
SB700/PG-25 over 3 weeks was examined (Fig. 9b). Pure 
EC exhibited a weight loss of 2.6% after 3  weeks, while 
the SB-based composite exhibited a faster degradation. 
Interestingly, SB-based composites revealed distinc-
tive biodegradation behavior, suggesting the effect of SB 
incorporation. This might be due to the morphology of 
composites in which SB is incorporated as a filler. The 
incorporation of SB resulted in an imperfect interface 
between SB and the EC matrix, which facilitated both 
the enzyme and water penetration, thereby accelerating 
decomposition (She et  al. 2019; Kadhim et  al. 2025). In 
addition, an incompact interface between SB and EC was 
confirmed in the FE-SEM fracture surface image (Fig. 6f ). 
These findings demonstrated that SB-based composites 
exhibited excellent biodegradability, suggesting their 
potential as an alternative to address the non-biodegra-
dability issues of petroleum-based thermal insulation 
materials.

3.6 � Application
Building integrated photovoltaic (BIPV) system con-
sists of photovoltaic (PV) modules integrated into a 
building roof for the dual purposes of generating elec-
tricity and functioning as a building envelope (Boafo 
et al. 2022). A BIPV system effectively blocks heat from 
the solar source outside the building, providing ther-
mal comfort (Martín-Chivelet et al. 2022). However, it 
also leads to an increase in building temperature due 
to the heat generated by the PV modules (Singh and 
Chaudhary 2022). To alleviate the temperature prob-
lem of the BIPV system, thermally insulating materials 
are required behind the PV module (Singh and Chaud-
hary 2022). Although conventional petroleum-based 
thermal insulation materials have been used in BIPV 
systems (Boafo et al. 2022; Singh and Chaudhary 2022), 
there is an urgent need to consider the environmental 
issues that arise during disposal. Therefore, an envi-
ronmentally friendly SB-based composite was applied 
as a thermal insulation material to block heat gener-
ated by the PV module. As represented in Figs.  10a 

Fig. 9  Biodegradability test using cellulase enzyme. a Digital images 
of the experimental setup for the biodegradability test. b Weight loss 
of EC, EC/SB700/PG-25, and EPS during the degradation process
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and S7 and Supplementary Video 2, the experimental 
setup was designed to evaluate the thermal insulation 
performance of materials integrated into the operating 
PV cell. The effect of the thermally insulating material 
was verified based on the interior temperature profile 
and the state of ice in the chamber (Figs.  10b, c and 
S8 and Supplementary Videos 3 and 4). When the EPS 
and EC/SB700/PG-25 were applied to the PV cell, the 
temperature variations in the chamber were signifi-
cantly reduced, and the change from ice to liquid was 
delayed. A similar temperature trend was observed 

in the chamber when the PV cell integrated with EPS 
and EC/SB700/PG-25 was applied, demonstrating 
comparable insulation performance against the heat 
generated by the PV cell. Therefore, it is suggested 
that integrating SB-based composite into a BIPV sys-
tem could effectively regulate the heat generated from 
the PV modules and prevent the temperature increase 
inside the building. More importantly, SB-based ther-
mal insulation materials have the potential to replace 
conventional petroleum-based insulation materials, 
not only in BIPV systems but in various fields as well.

Fig. 10  Thermal insulation ability of SB-based composite in BIPV system. a Schematic diagram and digital image of the experimental setup 
in the scaled-down BIPV system. b Temperature versus time curve and c thermal IR images of the chamber during the scaled-down BIPV system 
experiment
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4 � Conclusion
In summary, we developed biodegradable SB-based 
thermal insulation composites for the first time, using 
SB and EC as raw materials. SB was fabricated by a sim-
ple carbonization process of SCG, and the chemical 
and morphological properties of SB were significantly 
affected by carbonization temperature and atmosphere. 
SB700, carbonized at 700 °C in an ambient atmosphere, 
was the optimal filler with a porosity of 71% and a mod-
erately developed graphitic structure. Environmentally 
friendly PG, used as a solvent for the pore restoration, 
ensured that the SB pores were not impregnated with 
the matrix during composite fabrication. The SB-based 
thermal insulation composite exhibited a low thermal 
conductivity of 0.04 W m−1 K−1, which is superior to 
that of biomass-based thermal insulation composites 
and comparable to that of commercial EPS. In addi-
tion, our work suggests that the porosity and graphitic 
structure of SB played a crucial role in the thermal con-
ductivity of the SB-based thermal insulation compos-
ite. The porous and graphitic structures of SB induced 
phonon scattering and transport, respectively, thereby 
determining the thermal conduction mechanisms in 
SB-based composites. Furthermore, the heat trans-
fer mechanism of SB-based composites was theoreti-
cally verified through FEM simulations. These findings 
demonstrate that SB-based composites with superior 
thermal insulation performance, sustainability, and bio-
degradability have great potential for practical applica-
tions in thermal insulation industries.
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