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A B S T R A C T

Cellulose fiber reinforced aerogel (CFRA) composites are emerging as sustainable super-insulating materials by 
integrating bio-based cellulose fibers within a silica aerogel matrix, which enhances structural stability while 
maintaining low thermal conductivity (TC). This study presents a computational framework that predicts and 
optimizes the effective thermal conductivity (ETC) of CFRA composites using a combination of micromechanical 
modeling and statistical analysis. A three-dimensional periodic representative volume element (RVE) was 
developed to simulate steady-state heat conduction, and a Box–Behnken design (BBD) with Response Surface 
Methodology (RSM) was implemented to model the impact of microstructural parameters. The predictive model, 
validated against analytical and experimental data, demonstrated excellent accuracy, with a coefficient of 
determination R² = 0.9976, adjusted R² = 0.9948). Sensitivity analysis revealed that temperature and aerogel TC 
are the predominant factors influencing ETC, while fiber radius has minimal effect within the studied range (<
0.1% variation). An optimal configuration with a fiber radius of 7 µm, fiber volume fraction of 1.3%, and aerogel 
conductivity of 0.016 W⋅m-¹⋅K-¹, yielding an ETC of 0.0163 W⋅m⁻¹⋅K⁻¹ at room temperature, which is 37% lower 
than the TC of air (0.026 W⋅m⁻¹⋅K⁻¹). This integrated modeling-optimization framework offers an effective tool 
for designing and optimizing sustainable CFRA insulation materials.

1. Introduction

Thermal insulation materials play a critical role across multiple in
dustrial sectors, including building construction, refrigeration, aero
space, and cryogenic systems [1–4]. Their primary function is to limit 
heat transfer and preserve temperature gradients between different re
gions, thereby improving energy efficiency, reducing operational costs, 
and enhancing occupant comfort. As global concerns regarding energy 
consumption and environmental sustainability intensify, the demand for 
advanced, lightweight, and high-performance insulating materials has 

grown substantially. In this context, nanostructured materials, particu
larly aerogels and bio-based composites, have emerged as highly 
promising candidates for next-generation insulation systems. Recent 
studies have emphasized the integration of statistical optimization [5–7]
and sustainable processing routes to enhance the multifunctional per
formance of fiber-reinforced composites, reflecting the broader trend 
toward eco-efficient composite development [8,9].

Among these materials, cellulose fiber reinforced aerogel (CFRA) 
composites represent a particularly attractive class due to their combi
nation of biodegradability, mechanical flexibility, and low TC. CFs, 
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sourced from wood pulp, cotton, hemp, and other plant-based materials, 
are increasingly utilized in bio-composites thanks to their renewable 
nature, excellent mechanical properties, and environmental compati
bility [10]. Cellulose-based composites have already demonstrated their 
versatility across fields such as water purification, sustainable con
struction, agricultural technologies, and packaging applications 
[11–14].

Aerogels themselves are exceptional mesoporous materials charac
terized by ultra-low density, high porosity (often exceeding 90–99%), 
and TC values ranging from 0.012 to 0.03 W⋅m⁻¹ ⋅K⁻¹ [15,16]. These 
properties make them ideal for cutting-edge applications such as gas 
storage, energy storage devices, drug delivery, catalysis, aerospace 
structures, and thermal insulation systems [17–22]. However, the 
intrinsic brittleness associated with their highly porous framework 
severely restricts their mechanical reliability during handling or under 
load. Consequently, improving the mechanical performance of aerogels 
without sacrificing their thermal insulation capability remains a key 
challenge. To address this limitation, researchers have highlighted both 
the potential of hybrid reinforcement strategies combining cellulose 
nanofibers, bio-derived binders, and hierarchical pore tailoring to 
improve strength and thermal stability while maintaining ultra-low 
conductivity [23–26], as well as the critical importance of fiber-matrix 
interactions in determining overall composite performance [27].

Building on these concepts, researchers have explored reinforcing 
aerogels with nanofibrillated cellulose (NFC) or coagulated cellulose 
networks. Two main fabrication strategies exist: (i) dispersing NFC 
directly into a silica sol, and (ii) impregnating silica sols into pre- 
coagulated cellulose matrices. When NFC is dispersed in silica sol, the 
resulting composites exhibit thermal conductivities between 0.014 and 
0.015 W⋅m⁻¹⋅K⁻¹, comparable to traditional silica aerogels. In contrast, 
hydrophobized coagulated cellulose–silica aerogels can achieve thermal 
conductivities slightly lower than air (≈0.021–0.022 W⋅m⁻¹⋅K⁻¹) [28]. 
Despite these variations, the silica phase remains the dominant 
contributor to super-insulating behavior, while cellulose primarily en
hances structural resilience.

Most cellulose-based aerogels reported in the literature are derived 
from cellulose I or cellulose II microstructures. While NFC aerogels can 
achieve exceptional thermal conductivities around 0.018 W.m⁻¹.K⁻¹, 
cellulose II-based aerogels generally show inferior insulation perfor
mance, with higher conductivity values and less favorable pore struc
tures [29,30]. Jaxel et al. [31] compared two classes of cellulose silica 
aerogels synthesized through different ambient pressure drying (APD) 
techniques. Freeze-dried TEOS-cellulose nanofibril composites exhibi
ted a high compressive modulus of 5.4 MPa and thermal conductivities 
between 0.016 and 0.018 W⋅m⁻¹⋅K⁻¹, significantly lower than previously 
reported values (≈0.023 W⋅m⁻¹⋅K⁻¹) [32]. Conversely, APD 
sodium-silicate aerogels reinforced with nonwoven silica fibers showed 
weaker mechanical performance (0.3–0.5 MPa) and displayed 
increasing TC with increasing fiber content (0.02–0.03 W⋅m⁻¹⋅K⁻¹), 
highlighting the sensitivity of aerogel performance to microstructural 
design.

Although substantial progress has been achieved in the development 
of cellulose-reinforced aerogels, most reported studies remain primarily 
experimental, concentrating on fabrication methods, structural charac
terization, and measured thermal conductivity values. While these 
works have significantly advanced the understanding of structure 
property relationships, they generally do not provide predictive frame
works capable of systematically assessing the influence of microstruc
tural parameters on ETC. As a result, the ability to quantitatively 
evaluate and optimize design variables remains limited.

The present study aims to fill this gap by combining experimental 
insights from the literature with advanced computational modeling. FEA 
offers the ability to evaluate the thermal response of unidirectional (UD) 
CFRA laminae under controlled conditions and to explicitly analyze the 
influence of parameters such as fiber diameter, volume fraction and 
aerogel conductivity.

Furthermore, optimization studies specifically targeting the thermo- 
mechanical performance of CFRA composites are notably scarce. 
Although statistical design and response surface methodologies have 
been widely applied in other classes of fiber-reinforced composites, their 
integration with micromechanical thermal modeling for cellulose aer
ogel systems has not been extensively explored. A combined computa
tional statistical approach could therefore provide a systematic means of 
quantifying parameter interactions and identifying optimal micro
structural configurations.

To address this need, a predictive regression model using RSM based 
on a BBD is developed. The developed regression model quantifies the 
interaction effects between key microstructural variables and enables 
reliable prediction of ETC across various CFRA configurations. By 
coupling micromechanical simulation with statistical optimization, the 
proposed approach provides a systematic basis for evaluating thermal 
transport and identifying parameter combinations that enhance insu
lation performance.

In summary, this study aims to investigate the thermal behavior of 
unidirectional CFRA composites through a microscale computational 
framework integrated with RSM-based optimization. This integrated 
framework not only enables systematic parameter exploration within 
conduction-dominated regimes but also provides predictive insights and 
actionable design guidelines for enhancing the thermal efficiency of 
CFRA materials.

2. Methodology

To ensure the reliability and accuracy of the micromechanical pre
dictions, a detailed three-dimensional RVE was developed using COM
SOL Multiphysics (Version 5.2a). The software was selected due to its 
robustness in solving heat conduction problems with periodic boundary 
conditions and its suitability for three-dimensional RVE-based homog
enization analysis. The RVE consists of a tetragonal unit cell of di
mensions 0.1088 × 0.1088 × 2 mm³, containing a single CF embedded 
within a silica aerogel matrix, as illustrated in Fig. 1.

The selection of cellulose fibers as reinforcement was motivated by 
three key factors: (1) their renewable and biodegradable nature, align
ing with sustainability objectives; (2) their low intrinsic thermal con
ductivity, which minimizes thermal penalty compared to synthetic 
fibers; and (3) their mechanical flexibility, which can enhance com
posite toughness without introducing brittleness. The silica aerogel 
matrix was chosen for its ultra-low thermal conductivity and high 
porosity, which are essential for achieving super-insulating perfor
mance. The fiber diameter of 14 μm was selected based on the 
morphological characterization reported by Jaxel et al. [31], who 
measured the actual dimensions of cellulose fibers used in experimen
tally fabricated composites, ensuring that our model dimensions corre
spond to physically realizable materials. This value corresponds to a 
fiber volume fraction Vfy of 1.3% within the modeled unit cell.

A square array configuration was adopted for the fiber arrangement, 
providing a periodic and geometrically consistent representation of UD 
fiber-reinforced composites while allowing flexible variation of geo
metric parameters. Thermal properties of both constituents are reported 
in Table 1. Although the intrinsic thermal conductivity of cellulose and 
silica aerogels is known to vary with temperature, the present analysis 
assumes constant material properties within the investigated range 
(ambient to 200 ◦C). In this temperature interval, conductivity varia
tions are generally gradual prior to degradation. Given the comparative 
and parametric nature of the study, this assumption enables isolation of 
microstructural effects on effective thermal conductivity (ETC). The 
potential influence of temperature-dependent properties may be 
addressed in future extensions of the model.

Due to the strong contrast between the thermal conductivities of 
cellulose fibers and silica aerogel, and the unidirectional alignment of 
the reinforcement, the resulting composite exhibits anisotropic thermal 
behavior. This anisotropy naturally arises from the heterogeneous 
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microscale architecture and is reflected in the distinct ETC components 
obtained along the three local coordinate directions of the RVE. The RVE 
was periodically translated to represent the full UD lamina, enabling the 
computation of homogenized composite properties. This approach en
sures that the predicted macroscopic behavior accurately captures the 
influence of fiber geometry, volume fraction and directional heat 
transfer mechanisms present at the microscale.

The present microscale model considers steady-state conductive heat 
transfer within the composite RVE. All simulations were conducted 
under steady-state conditions with the following ambient parameters: 
relative humidity was assumed to be 0% (dry conditions) as moisture 
effects were not considered in this study; ambient pressure was 1 atm; 
and initial temperature was set to 293.15 K, which served as the refer
ence baseline for the parametric studies. The convergence criterion for 
the iterative solver was set to 10⁻⁶ for the temperature field.

Radiative heat transfer and gas-phase Knudsen effects inside aerogel 
nanopores are not explicitly modeled because within the investigated 
temperature range (30–200 ◦C), conduction remains the dominant 
transport mechanism in silica aerogels as reported in previous studies 
[33]. Radiative effects become increasingly relevant at substantially 
higher temperatures. This assumption is consistent with 
conduction-dominated homogenization approaches commonly adopted 
in finite-element modeling of composite insulation materials.

Additionally, perfect thermal contact between fiber and aerogel 
matrix is assumed, and interfacial thermal resistance is neglected. In 
fact, interfacial thermal resistance between cellulose fibers and the 
aerogel matrix is neglected due to the absence of experimentally 
measured interfacial parameters. Perfect thermal continuity is assumed, 
consistent with conventional homogenization-based finite element 
modeling approaches for composite materials.

While these effects may influence total TC under extreme thermal 
conditions or nanoscale interface analyses, they are beyond the scope of 
the present microscale structural optimization framework. The objective 

of this work is therefore not to predict the absolute total thermal con
ductivity including all nanoscale mechanisms, but rather to provide a 
comparative microscale parametric and optimization framework for 
structural design guidance.

3. Numerical model

3.1. Governing equations

Heat conduction finite element analyses (FEA) were performed using 
the commercially available finite element software COMSOL Multi
physics to study micro-scale model under steady-state conditions. The 
governing equation describing the heat conduction is given by Eq. (1)
[34]: 

λxx
∂2 T
∂x2 + λyy

∂2 T
∂y2 + λzz

∂2 T
∂z2 + (λxy + λyx)

∂2 T
∂x ∂y

+ (λxz + λzx)
∂2 T

∂x ∂z

+ (λyz + λzy)
∂2 T

∂y ∂z
= 0 (1) 

Where T is the temperature and λxi, λyi and λzi are the directional con
ductivities in the x, y, and z directions, respectively. The constitutive 
relation used in the heat conduction model follows Fourier’s law, which 
defines the heat flux vector q as: 

q = − λ ∇T (2) 

Eqs. (1) and (2) form the basis of the finite-element formulation used 
to compute the temperature distribution and heat flux within the 
microscale RVE. These results are then used to determine the ETC 
components of the CFRA composite along the principal material 
directions.

3.2. Boundary conditions

To accurately represent the periodic nature of the composite 
microstructure and ensure continuity of the temperature field across 
adjacent RVEs, Periodic Boundary Conditions (PBCs) were applied to all 
opposite faces of the unit cell. These PBCs enforce pointwise tempera
ture compatibility between corresponding nodes on opposing bound
aries, thereby preventing artificial discontinuities, fiber separation, or 
overlap in the periodically repeated microstructure. For each principal 
direction (x, y and z), a temperature difference of 1 K was imposed be
tween opposite faces while maintaining periodic temperature 

Fig. 1. Schematic configuration.

Table 1 
Physical properties at room temperature (T = 25 ◦C).

Property Cellulose 
fiber

Aerogel Unit

Thermal conductivity 0.04 [40] [0.014–0.023] W.m− 1. 
K− 1

Density 1500 [40] 100 Kg.m-³
Heat capacity at constant 

pressure
1600 [41] 1000 J.kg− 1. 

K− 1
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fluctuations. In other words, the temperature distributions on opposing 
faces are identical up to a constant offset. This approach enables the 
evaluation of the ETC in each principal direction without constraining 
the natural microscopic temperature variations within the RVE.

The PBC formulation used in this study follows the methodology 
proposed by Xia et al. [35] and subsequently improved by Li et al. [36]. 
The implementation of these boundary conditions in COMSOL Multi
physics is illustrated in Fig. 2, showing the applied periodic temperature 
constraints for the RVE model.

3.3. Meshing

In this study, COMSOL Multiphysics was employed to create a free 
tetrahedral mesh for the RVE. The process of mesh selection underwent 
rigorous evaluation, incorporating a series of pre-tests encompassing 
various mesh sizes to pinpoint the most appropriate configuration. Ul
timately, a "finer" mesh structure was identified as the optimal choice. 
Subsequently, further refinements were scrutinized, culminating in the 
determination that the mesh density best suited for achieving precise 
and reliable results comprised a total of 67573 individual elements, as 
precisely outlined in Table S1 of the Supplementary Material. The 
spatial distribution of this selected mesh configuration for the micro- 
scale unit cell model is visually depicted in Fig. 3.

4. Results and discussion

4.1. Model validation

To validate the precision of the micro-scale TC calculations, specific 
mathematical models tailored for UD fiber-reinforced composites were 
employed, incorporating the fundamental thermal properties of both the 
fiber and matrix materials. These models facilitated the determination of 
the thermal conductivities of the yarns under standard ambient condi
tions, with a temperature denoted as T = 25◦C.

The expression governing the axial TC (λya) of the yarn within the 
parallel model [34], which aligns closely with the Rule of Mixture 
(ROM) concept, is articulated as follows: 

λya = λf ‖ Vfy + λm (1 − Vfy) (3) 

Similarly, the transverse TC λyt was predicted using the Pilling model 
[37]: 

λyt = λm

⎡

⎢
⎢
⎢
⎢
⎣

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
1 − Vfy

)2
(

λf⊥
λm

− 1
)2

+ 4 λf⊥
λm

√

−

⎛

⎝1 − Vfy

⎞

⎠

(
λf⊥
λm

− 1
)

2

⎤

⎥
⎥
⎥
⎥
⎦

2

(4) 

The axial and transverse thermal conductivities were also obtained 
using the Kulkarni and Brady model [38], given by: 

λya = λf‖ Vfy + λm (1 − Vfy) (5) 

λyt = λm

[
λf⊥

(
1 + Vfy

)
+ λm

(
1 − Vfy

)

λf⊥
(
1 − Vfy

)
+ λm

(
1 + Vfy

)

]

(6) 

Where λf‖,λf⊥,λm are respectively the longitudinal and transverse TCs of 
the fiber and the TC of the matrix. Vfy is the fiber volume fraction in the 
yarn.

The efficacy of the micromechanical model utilized in this research 
has been substantiated through prior validation efforts in a study con
ducted by Wiem et al., specifically addressing aramid fiber-reinforced 
aerogel composites [39], and the same validation methodology is 
adopted here.

Table 2 presents a complete comparison between the numerical 
predictions, experimental results from Jaxel et al. [31], and the 
analytical models for Vfy= 1.3%.

The parallel model (or ROM) [34] was the most accurate of the 
models tested, with an error of 0% when compared to the simulation 
result, proving its reliability in forecasting TC under these conditions. 
Furthermore, the Pilling model [37] and the Kulkarni and Brady model 
[38] both produced similar forecasts with 0.006% errors, demonstrating 
their consistency and precision. However, the experimental data 
exhibited the largest error of 2.32% when compared to the obtained 
simulation results. In other words, the predictions of models were closer 
to the simulated values than to the experimental measurements. When 
choosing the best strategy for particular applications within the field of 
TC modeling, it is essential to take into account the assumptions and 
restrictions imposed by each model. It should be noted that compre
hensive experimental datasets covering wide ranges of fiber volume 
fractions and temperature for CFRA systems are currently scarce in the 
literature. The validation performed in this study is therefore limited to 
the available experimental reference at low fiber content. While broader 
validation would be desirable, the present model aims primarily to 
provide a comparative parametric and optimization framework rather 
than an exhaustive predictive tool across all operating regimes.

The slightly closer agreement between numerical results and 
analytical bounds compared to experimental values may be attributed to 
idealized assumptions in the RVE geometry (uniform fiber distribution 
and perfect interfacial bonding), whereas experimental samples may 
exhibit microstructural heterogeneities and imperfect fiber dispersion.

Generally, the comparisons reveal a favorable agreement between 
our numerical simulations and the experimental data. This level of 
agreement demonstrates the validity and accuracy of our numerical 
model in predicting the thermal behavior of the composite material, 
particularly at lower volume fractions. The axial and transverse TC 
values differ by only 0.81%, indicating weak anisotropy at this low fiber 
volume fraction, which is expected since heat transfer is dominated by 
the aerogel matrix. The distribution of the temperature within the 
micro-scale unit cell in three local directions is shown in Fig. 4. The data 
visualization provides an exhaustive understanding of how temperature 
is distributed inside the RVE.

Fig. 2. Periodic boundary conditions.
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4.2. Parametric analysis of the effective thermal conductivity

A systematic parametric analysis was conducted to evaluate the in
fluence of the main governing variables on the ETC of CFRA composites. 
The investigated parameters include fiber volume fraction, temperature, 
aerogel thermal conductivity, and fiber radius. The corresponding re
sults are summarized in Fig. 5(a–e), where the effect of each parameter 
is examined while keeping the remaining variables fixed.

The investigated parameter ranges were selected to cover experi
mentally realistic intervals reported in the literature for CFRAs. Fiber 
volume fractions between 5% and 40% represent typical reinforcement 
ranges, while the aerogel conductivity range (0.014–0.023 W⋅m⁻¹⋅K⁻¹) 
corresponds to commonly reported silica aerogel systems. The temper
ature interval (30–200 ◦C) was selected to examine performance sta
bility under moderate to elevated thermal conditions relevant to 
insulation applications.

4.2.1. Impact of the fiber content
It is well known that the fiber content has an immense impact on the 

thermal properties of the composite [42]. Indeed, the influence of fiber 
volume fraction on λeff is illustrated in Fig. 5(a) for different aerogel 
thermal conductivities at a fixed radius of 13.5 µm. As expected, the ETC 
increases with increasing fiber content. This can be explained with the 
increase of the fiber volume fraction and decreasing of the aerogel 

volume fraction resulting the increasing of the TC of composite. By 
increasing or decreasing the amount of CFs incorporated into the com
posite structure during fabrication processes, it becomes possible to 
control key factors such as TC and specific heat capacity [43]. There is a 
critical point where high fiber content may negatively affect the thermal 
properties and degrade insulation performance, especially when radia
tive and conductive paths become more continuous within the com
posite [44], no matter how promising they may seem in terms of 
insulation enhancement aspect. Maintaining an optimal fiber proportion 
is therefore essential. Furthermore, even with volume fractions of CF 
that can reach 35% and TCs of aerogel not exceeding 0.021 W.m− 1.K− 1, 
it’s noteworthy that the ETC of the CFRA remains below that of air at 
ambient temperature, which stands at 0.026 W.m− 1.K− 1 [31]. This 
outcome holds significant promise for its insulation properties. The 
ability to achieve values lower than that of air underscores the excep
tional insulating potential of CFRA for a wide range of applications, 
offering the advantage of energy conservation and enhanced thermal 
comfort. It also boosts the viability of CFRA as eco-friendly, sustainable 
materials, aligning with the growing demand for green and energy 
efficient solutions in various industries [45].

4.2.2. Impact of the temperature
Temperature plays a significant role in governing the global heat- 

transfer response of CFRA composites through the imposed thermal 
gradient across the RVE. In the present simulations, the intrinsic thermal 
conductivities of both the aerogel matrix and the CFs were assumed 
constant over the investigated temperature range in order to isolate 
parametric effects and ensure numerical stability. Consequently, tem
perature in this model acts primarily as an external loading parameter 
influencing the overall heat flux rather than introducing nonlinear ma
terial property variation.

Figs. 5(b) and 5(c) present the variation of the ETC with temperature 
for different aerogel intrinsic conductivities and fiber volume fractions, 
respectively. In both cases, the ETC exhibits a clear increasing trend with 
temperature, with a slightly nonlinear response at higher temperature 
levels. Within the framework of constant material properties, this 
behavior reflects the amplified heat flux associated with higher applied 

Fig. 3. Meshing with hidden boundaries: (a) extra coarse; (b) normal; (c) finer; (d) extra fine; (e) extremely fine.

Table 2 
Model validation: Comparison of thermal conductivities at room temperature 
between numerical, experimental and analytical models at Vfy= 1.3%.

Models λya (W.m− 1. 
K− 1)

λyt (W.m− 1. 
K− 1)

λeff (W.m− 1. 
K− 1)

Error 
(%)

Parallel model 0.016312 - - 0
Pilling model - 0.016180 - 0.006
Kulkarni and Brady 

model
- 0.016180 - 0.006

Experimental - - 0.0167 
± 0.0002

2.32

Our simulation 0.016312 0.016179 0.016312 ​
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thermal gradients and the interaction between temperature and other 
microstructural parameters captured by the quadratic response surface 
model.

From a physical standpoint, real CFRA systems exhibit temperature- 
dependent thermal transport mechanisms. For CFs and silica aerogels, 
heat transfer within the solid phase is largely governed by phonon- 
mediated conduction. As temperature increases, enhanced lattice vi
brations promote more efficient energy transfer through the solid skel
eton of both the aerogel network and the cellulose fibers. In highly 
porous aerogels, temperature may also influence gas-phase conduction 
within pores and modify phonon–gas scattering effects, contributing to a 
gradual increase in ETC. Experimental studies on cellulose-based aero
gels and hygroscopic fibrous materials report similar temperature- 
dependent trends in TC [46]. Although such intrinsic temperature 
dependence was not explicitly modeled in the present work, the 
observed increase in ETC remains consistent with established thermo
physical behavior reported for bio-based aerogel composites [46].

Despite the increase in ETC with temperature, the computed values 
remain within the low-conductivity domain characteristic of super- 
insulating materials over the entire examined range. This confirms the 
robustness of CFRA composites for thermal insulation and thermal 
management applications under variable thermal environments, 
particularly when low-conductivity aerogels and moderate fiber volume 
fractions are employed.

4.2.3. Impact of the thermal conductivity of aerogel
A range of aerogel TC values was considered in this study, varying 

between 0.014 and 0.023 W⋅m⁻¹ ⋅K⁻¹ , to evaluate their influence on the 
global thermal performance of the CFRA composite. As illustrated in 
Fig. 5(d), the ETC of the composite increases steadily as the conductivity 
of the aerogel matrix increases, regardless of the fiber volume fraction. 
This behavior is expected, since the aerogel constitutes the continuous 
phase of the composite and therefore provides the primary pathway for 
heat transfer [31]. When the aerogel exhibits a lower intrinsic TC, heat 
propagation through the matrix is more strongly impeded, enabling the 
composite to retain its super-insulating characteristics. Conversely, as 
the aerogel conductivity increases, the solid backbone of the matrix 
becomes more conductive, which directly elevates the ETC of the com
posite. The nearly linear relationship observed in Fig. 5(d) confirms that 
the aerogel matrix dominates the heat-transfer mechanism, while the 

contribution of cellulose fibers remains secondary within the studied 
range. This finding highlights the critical importance of selecting or 
engineering aerogels with ultra-low conductivity values when designing 
CFRA composites for high-performance thermal insulation applications.

4.2.4. Impact of the fiber radius
The radius of CFs can vary significantly depending on the botanical 

source and the processing techniques employed during their extraction, 
typically falling within the range of 10–50 μm [10]. Fig. 5(e) illustrates 
the influence of fiber radius on the ETC of the CFRA composite within 
the investigated domain. The results show that increasing the fiber 
radius from 10 μm to 17 μm produces only a very slight decrease 
approximately 0.08% in the ETC. This minimal change indicates that, 
within this radius interval, the fiber size has a negligible effect on overall 
heat transfer in the composite [47].

This weak sensitivity can be attributed to the fact that the aerogel 
matrix, rather than the fibers, governs the primary thermal transport 
mechanism in CFRA composites [44]. Because the matrix possesses an 
intrinsically ultra-low TC and occupies the majority of the composite 
volume at low fiber fractions, modifications in fiber dimensions do not 
significantly perturb the global heat-transfer pathways [47]. As a result, 
other parameters such as temperature, fiber volume fraction, and aer
ogel thermal conductivity exert a much stronger influence on ETC 
compared to fiber radius. These findings suggest that modest variations 
in CF dimensions during manufacturing are unlikely to compromise the 
thermal insulation performance of CFRA composites [43].

4.3. DOE using response surfaces method

Response Surface Methodology (RSM), a collection of statistical and 
mathematical techniques for process optimization, provides a structured 
framework for analyzing how multiple input parameters influence a 
response of interest. When coupled with a Design of Experiments (DOE) 
approach, RSM enables the development of predictive models, identi
fication of key factors, and optimization of complex engineering systems 
with a reduced number of simulations or experiments. In this work, RSM 
served three specific purposes: to identify which parameters signifi
cantly influence the effective thermal conductivity, to quantify inter
action effects between parameters, and to establish a predictive model 
for optimization without running additional computationally expensive 

Fig. 4. Temperature distributions with hidden boundaries in the three local coordinate directions: (a) Tx; (b) Ty; (c) Tz.
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Fig. 5. Parametric influence on the ETC of CFRA composites: (a) effect of fiber volume fraction for different aerogel conductivities (R = 13.5 µm); (b) temperature 
effect for varying aerogel conductivities (R = 13.5 µm, Vfy = 35.75%); (c) temperature effect for varying fiber volume fractions (R = 13.5 µm, λa = 0.017 W.m− 1. 
K− 1); (d) effect of aerogel thermal conductivity for different fiber volume fractions (R = 13.5 µm); (e) effect of fiber radius (Vfy = 1.3%, λa = 0.017 W.m− 1.K− 1).
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simulations. To this end, the combined effects of four governing pa
rameters; temperature, fiber volume fraction, fiber radius, and aerogel 
TC on the ETC of CFRA composites were quantified and optimized. A 
Box Behnken design (BBD) was selected over other designs (e.g., central 
composite design (CCD)) because it requires fewer runs for four factors 
(27 runs versus 30 for CCD) while still providing sufficient information 
for fitting a quadratic model. BBD also avoids extreme factor combina
tions where all factors are simultaneously at their highest or lowest 
levels, which may correspond to physically unrealistic material config
urations. Accordingly, each factor was varied over three equally spaced 
levels (coded as − 1, 0, +1), as shown in Table 3, enabling efficient 
estimation of linear, quadratic, and two-way interaction effects while 
ensuring a thorough exploration of the design space.

The quadratic regression equation linking those parameters to the 
desired ETC is given as:  

The resulting quadratic regression model captures the combined 
influence of the four input parameters on the ETC of the composite. The 
coefficients were obtained through least-squares fitting of the simulation 
data generated using the Box–Behnken design. Table S2 of the Supple
mentary Material summarizes all DOE runs, showing the combinations 
of the four continuous factors and the corresponding ETC values 
computed for each case. This structured design ensures an efficient and 
balanced exploration of the design space while minimizing the number 
of required simulations.

The regression model was evaluated using analysis of variance 
(ANOVA) based on the 27-run Box–Behnken design. The statistical 
analysis demonstrated excellent model performance, with a coefficient 
of determination R2= 0.9976 and an adjusted coefficient Radj

2 = 0.9948. 
The high R2 value indicates that 99.76% of the variability in ETC is 
explained by the proposed quadratic model, while the close agreement 
between R2 and adjusted R2 confirms that the model maintains strong 
predictive capability without evidence of overfitting. Furthermore, the 
model F-value of 356.47, combined with an extremely small p-value 
(p < 0.0001), demonstrates that the regression is statistically significant 
and that the relationship between the selected design variables and ETC 
is highly reliable within the investigated parameter space.

It should be noted that, since the finite element simulations are 
deterministic in nature, replicated center-point runs produced identical 
responses, resulting in zero pure error variance. Consequently, the 
classical lack-of-fit test cannot be computed because the denominator of 
the test statistic becomes mathematically undefined. This outcome is 
expected in simulation-based design studies and does not reflect any 
inadequacy of the regression model, but rather the absence of experi
mental noise in numerically generated data.

In this model, temperature T was observed to vary between 30◦C and 
200◦C, demonstrating a significant influence on λeff. When all other 

factors were held constant, increasing the temperature from 30 ◦C to 200 
◦C lead to a noticeable increase in λeff, as seen in rows 1 and 2 (from 
0.03094 W.m− 1.K− 1 to 0.08074 W.m− 1.K− 1) and rows 9 and 10 (from 
0.03453 W.m− 1.K− 1 to 0.08473 W.m− 1.K− 1). While, the fiber volume 
fraction Vfy values ranged from 0.05 to 0.4, its impact is moderate as 
showing in rows 1 and 3 and it has less effect on λeff than temperature. 
The values of aerogel thermal conductivity λa, at 0.014 and 0.023, dis
played varying effects on λeff across different runs. Rows 5 and 6 indi
cated that increasing λa resulted in higher λeff, but this effect was not 
consistent. Lastly, the radius of cellulose fiber R, ranging from 10 µm to 
17 µm, had a relatively minor impact on λeff, with only slight variations 
observed in rows 5 and 7 (0.05770 W.m− 1.K− 1 and 0.05796 W.m− 1. 
K− 1).

The relative contributions of the investigated parameters to the ETC 
were quantified from the ANOVA results. Temperature was identified as 
the dominant factor, accounting for approximately 40–45% of the total 

variation in ETC, followed by the intrinsic thermal conductivity of the 
aerogel matrix, which contributed roughly 35–40%. The fiber volume 
fraction exhibited a moderate influence, representing about 10–15% of 
the variability, whereas the fiber radius had a comparatively minor ef
fect, contributing less than 5%. Interaction effects between variables 
collectively accounted for approximately 10–15% of the total response 
variation.

These results confirm that the thermal behavior of the composite is 
primarily governed by matrix-controlled conduction mechanisms, with 
geometric parameters playing a secondary role. The strong influence of 
temperature observed in the statistical analysis reflects the imposed 
thermal loading conditions and the dominant contribution of the aerogel 
matrix as the continuous phase within the RVE. Since the aerogel con
stitutes the majority of the composite volume, variations in the applied 
temperature field directly affect the overall heat flux distribution and, 
consequently, the ETC response.

In contrast, the influence of fiber radius within the investigated range 
(10–17 μm) remains limited because the fiber volume fraction was 
varied independently, and the selected radius interval does not signifi
cantly alter the overall conductive path geometry at the microscale. 
Classical effective medium theories, such as Maxwell–Eucken-type for
mulations, indicate that inclusion size does not explicitly affect effective 
conductivity in the absence of interfacial thermal resistance [48]. This 
theoretical prediction explains the weak sensitivity observed in the 
present simulations. Since heat transfer is assumed to be 
conduction-dominated and perfect interfacial bonding is considered, 
geometric scaling effects associated with fiber curvature remain 
secondary.

Overall, the observed trends are consistent with micromechanical 
scaling principles, whereby effective conductivity is primarily governed 
by intrinsic phase conductivity and phase volume fraction rather than 
moderate variations in inclusion radius under ideal interfacial 
conditions.

The obtained regression model provides a practical tool for pre
dicting and optimizing the ETC of CFRA composites within the studied 
design space. In addition, the model can be directly used as an input 
parameter for macroscale thermal simulations, offering an efficient link 
between microscale modeling and engineering-scale applications

5. Conclusion

This work established a rigorous microscale computational statistical 

Table 3 
Levels of process parameters.

Parameters Levels

-1 0 1

Temperature (◦C) 30 115 200
Fiber volume fraction 0.05 0.225 0.4
Thermal conductivity of Aerogel (W.m− 1.K− 1) 0.014 0.0185 0.023
Radius of Cellulose fiber (μm) 10 13.5 17

λeff = − 0.026 + 0.000454 T + 0.02781 Vfy + 2.1897 λa − 0.000113 R − 0.000002 T2 + 0.000029 Vfy
2 + 0.01546 λa

2

+0.00872 R2 − 0.05749 T Vfy − 0.014 T λa − 0.000139 T R − 1.3957 Vfy λa + 0.00148 Vfy R − 0.00013 λa R (7) 
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framework for predicting and optimizing the ETC of CFRA composites. 
Through three-dimensional periodic homogenization and systematic 
design of experiments (BBD with 27 simulations), the study quantita
tively clarified the relative contributions of microstructural and thermal 
parameters across a design space defined by fiber volume fraction, fiber 
radius, aerogel thermal conductivity, and temperature

The results confirm that heat transfer in CFRA systems is primarily 
governed by matrix-controlled conduction mechanisms. Within the 
investigated range, temperature exhibited the strongest influence on 
ETC, leading to a substantial increase in ETC as thermal loading 
increased. Aerogel intrinsic conductivity contributed 35–40% of the 
total response variability, while fiber volume fraction exhibited a 
moderate influence (10–15% contribution). Notably, fiber radius vari
ations within manufacturing-relevant ranges (10–17 μm) remained 
thermally insignificant (< 0.1% variation) under ideal interfacial con
ditions, a finding consistent with effective medium theory that enables 
relaxed manufacturing tolerances and cost-effective production using 
commercially available cellulose fibers.

Optimization identified the ideal microstructural configuration; 
1.3% fiber volume fraction, 7 μm fiber radius, and 0.016 W.m− 1.K− 1 

aerogel conductivity, yielding an ETC of 0.0163 W.m− 1.K− 1 at room 
temperature. This value is 37% lower than the thermal conductivity of 
air (0.026 W.m− 1.K− 1) and well within the super-insulating material 
range, demonstrating that minimal cellulose fiber reinforcement can 
enhance structural integrity without compromising exceptional insu
lation performance.

The quadratic regression model demonstrated excellent statistical 
performance (R² = 0.9976, adjusted R² = 0.9948, F-value = 356.47, 
p < 0.0001), confirming the effectiveness of coupling finite-element 
micromechanics with RSM for design-oriented analysis. Beyond para
metric interpretation, the developed predictive model provides a prac
tical tool for guiding material selection and microstructural tailoring. 
The findings suggest that maintaining low fiber contents, prioritizing 
ultra-low conductivity aerogels, and allowing reasonable variability in 
fiber dimensions can collectively support high-performance and cost- 
effective CFRA insulation designs.

This integrated methodology serves as a bridge between predictive 
design and experimental characterization, establishing a scalable plat
form for advancing sustainable bio-based thermal insulation systems. 
Future work should extend this framework to incorporate interfacial 
thermal resistance, temperature-dependent material properties, and 
coupled heat-moisture transport for comprehensive multi-physics opti
mization of CFRA composites for energy-efficient buildings and thermal 
management applications.
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