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ARTICLE INFO ABSTRACT

Dataset link: 10.5281/zenodo.18061591 The widespread adoption of sustainable, bio-based insulation is hindered by the inherent
variability of its properties, making reliable performance prediction a significant challenge

Keywords:

aw . for engineers. To address this problem, this study develops a robust probabilistic framework
Bio-based materials X . . ) 1 X N
Building insulation to predict performance while explicitly accounting for this uncertainty. The methodology is
Thermal performance based on a comprehensive literature review of 266 studies to establish a performance database
Sound absorption for thermal conductivity (4), Noise Reduction Coefficient (N RC), and carbon footprint (CF).
Carbon footprint Bayesian statistical methods were then applied to derive generalized predictive models from this
Probabilistic model data. The findings reveal that 4 correlates non-linearly with mass density (p), while NRC is
Bayesian analysis a nonlinear function of both p and thickness (7). The carbon footprint is characterized using

Sustainable construction material-specific uniform and normal distributions, confirming the net carbon sequestration

potential of key bio-based options. The main conclusion is that performance can be reliably
predicted when variability is statistically quantified. The key contribution of this work is a
practical framework that enables designers to make informed material selections, accounting
for performance variability and environmental impact. The novelty lies in the creation of
generalized, data-driven models applicable across a wide range of bio-based materials, providing
a valuable tool to streamline the design of sustainable buildings and support the transition to
a low-carbon built environment.

1. Introduction

The global construction sector is a major contributor to carbon emissions, stemming from both the operational energy demands
of buildings and the energy-intensive production and transportation of construction materials [1,2]. These emissions contribute
significantly to climate change and its associated detrimental impacts [3]. Consequently, achieving carbon reduction targets and
advancing sustainable development goals necessitates transformative changes within the building and construction industry. Key
strategies include adopting low-carbon materials, optimizing building designs for energy efficiency, and integrating renewable
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Nomenclature and abbreviations

Symbols

A Thermal conductivity [W/(m K)] (Eq. (1)).

(0] Heat transfer rate [W] (Eq. (1)).

A Area normal to heat flow [m2] (Eq. (1)).

AT Temperature difference across the thermal plates [K] (Eq. (1)).

R, Total thermal resistance of the assembly excluding surface resistances [m? K/W] (Eq. (2)).

R,, Upper-bound (parallel-path) thermal resistance [m?> K/W] (Eq. (3)).

R, Lower-bound (series-path) thermal resistance [m? K/W] (Eq. (3)).

R,,; Thermal resistance of layer j in section m [m? K/W] (Eq. (3)).

S Area fraction of section m [-] (Eq. (3)).

U Thermal transmittance (U-value) [W/(m? K)] (Eq. (4)).

Ry, R, Internal/external surface thermal resistances [m? K/W] (Eq. (4)).

C Envelope thermal conductance (sum of U;A;) [W/K] (Eq. (5)).

N Number of envelope components/surfaces considered [-] (Eq. (5)).

A; Area of component/surface i [m?] (Eq. (5)).

U, Thermal transmittance of component i [W/(m? K)] (Eq. (5)).

NRC Noise Reduction Coefficient [-] (Eq. (6)).

505 %5005 X1000s Y2000 Absorption coefficients at octave-band center frequencies [-] (Eq. (6)).

o, Sound absorption coefficient at frequency » [-] (Eq. (6)).

Tyo Reverberation time (60 dB decay) [s] (Eq. (7).

Vv Room volume [m3] (Eq. (7)).

Aotal Total absorption area (Sabine) [m?] (Eq. (7)).

CF Carbon footprint [kg CO,../kg] (functional unit as reported, typically cradle-to-gate/site for each
material) (Eq. (8)).

CF, Total carbon footprint [kg COz’eq] (Eq. (9)).

p Bulk density [kg/ma] (Eq. (9)).

CFpuitding Carbon footprint of building [kg CO,¢,/m?] (Eq. (10)).

AByilding Area of the building [m?] (Eq. (10)).

3 Model residual term, £ ~ N'(0,0?) (Eq. (11)).

X Vector of predictors (e.g., p, t, T) (Egs. (11), (12)).

€] Vector of model parameters (Egs. (11), (12)).

h;(x) Explanatory functions [-] (Egs. (12), (13)).

o, Residual standard deviation for In(1) model [-] (Eq. (14)).

oy Residual standard deviation for logit(N RC) model [-] (Eq. (15)).

0,. Thermal model coefficients (Eq. (16)).

0;.. Acoustic model coefficients (Eq. (17)).

CF ~ U(CF,,,,CF,,,) Uniform distribution formula (Eq. (18)).

CF,i, CF Minimum/maximum carbon footprint of a specific material [kg CO, ] (Eq. (18)).

CF ~ N(u,, of) Normal distribution formula (Eq. (19)).

Hes O Mean and standard deviation of material-class CF distribution (Eq. (19)).

t Thickness [m] (or [mm] where explicitly stated).

T Temperature [°C] (test/conditioning temperature for material property evaluation).

Abbreviations

CO, Carbon dioxide.

CoV Coefficient of variation.

GWP Global Warming Potential.

HDI Highest Density Interval.

ISO International Organization for Standardization.

LCA Life Cycle Assessment.

MCMC Markov Chain Monte Carlo.

PLA Polylactic Acid.
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PVA Polyvinyl Acetate.
PCM Phase-change-material.
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

Material and system classes

Bio-based insulation Plant-derived insulation products (loose-fill, mats, boards/panels, lightweight bio-aggregate composites)
within the scope of Fig. 1.

Conventional insulation Reference materials such as rock wool and glass wool (used for contextual comparison).

Loose-fill Unbound fibrous/granular insulation placed by blowing or pouring.

Panel/board Compacted insulation products formed as mats, boards, or panels (typically with binders).

Plant-based categories Wood, bamboo, hemp, straw, sunflower, sugarcane bagasse, crop husk, palm residues, kenaf, fruit
residues (primary classes used for Bayesian calibration).

energy sources [4-6]. Globally, the Paris Agreement encourages the sector to reduce greenhouse gas emissions through sustainable
building practices and improved energy efficiency [7], and it establishes the global framework for limiting temperature rise while
calling for economy-wide mitigation pathways consistent with long-term climate goals [8]. China, for example, has committed
to achieving peak carbon emissions by 2030 and carbon neutrality by 2060 [9]. In the European Union, the European Climate
Law makes climate neutrality by 2050 legally binding and sets an intermediate 2030 target, while in the United States, a long-
term strategy targets net-zero greenhouse gas emissions by 2050 [10,11]. Beyond structural components [12], building insulation
materials play a critical role, capable of reducing operational energy consumption by at least 20% [13] and thereby lowering
greenhouse gas emissions [14,15]. Reflecting its importance, the global market for building thermal insulation is substantial, valued
at nearly USD 30 billion in 2020 and projected to exceed USD 38 billion by 2026 [16].

Bio-based materials [17], particularly those derived from plants, represent a compelling solution to decarbonize the building
sector [18,19]. Materials such as timber, bamboo, and hemp inherently exhibit lower embodied energy compared to many
conventional alternatives and actively sequester atmospheric carbon dioxide during their growth [20-22]. Incorporating these plant-
based materials into construction projects not only decreases the initial carbon footprint of buildings but can also enable structures
to function as long-term carbon sinks, contributing towards net-negative emissions [23-25]. Furthermore, their renewability and
biodegradability aligns seamlessly with the principles of the circular economy and the broader goals of sustainable development.
Therefore, widespread adoption of bio-based materials can significantly advance the decarbonization goals while simultaneously
promoting environmental sustainability, fostering innovation in construction techniques, and enhancing the resilience of our built
environment [17,26].

The growing interest and recent advancements in bio-based insulation materials have driven significant progress in thermal
insulation technology, offering environmentally sound alternatives to conventional options [27]. Despite their effectiveness, conven-
tional insulation materials such as glass wool and polymeric foams (e.g., polyurethane and phenolic foam) are associated with high
embodied energy and significant environmental impacts throughout their lifecycle [28,29]. In contrast, bio-based alternatives such
as hempcrete, cork panels, and straw bales utilize their natural porous structures to provide effective thermal resistance [27,30,31].
As renewable resources, these materials boast considerably lower embodied energy than their synthetic counterparts. Their use in
building envelopes can substantially reduce the dependence on mechanical heating and cooling systems, leading to a decrease in
operational energy consumption and associated carbon emissions. In addition, bio-based insulation often contributes positively to
indoor environmental quality and overall building energy efficiency [32]. This shift towards bio-based thermal insulation marks a
critical move towards more sustainable building practices, emphasizing resource efficiency and energy conservation.

Similarly, the use of bio-based materials has enhanced the solutions for managing building acoustics sustainably [33]. Traditional
sound-absorbing materials such as synthetic foams and mineral wool often have a high embodied energy and potential health or
environmental concerns related to their chemical composition and manufacturing processes [28,29]. Bio-based materials, including
processed straw, certain grasses, and kenaf fibers, exhibit excellent sound absorption characteristics due to their inherent fibrous
and porous structures [34-36]. These natural materials effectively dissipate sound energy, thereby improving acoustic comfort and
mitigating noise pollution within buildings [37]. Moreover, they generally contribute to better indoor air quality by minimizing
the emission of volatile organic compounds often associated with synthetic products [38]. As renewable resources, their use
directly supports sustainable development goals by lowering the environmental footprint of construction [23]. The adoption of
bio-based sound absorbers signifies a move towards more environmentally responsible and health-conscious building design without
compromising acoustic performance.

Despite the promising potential demonstrated in numerous experimental studies, the widespread practical application of bio-
based materials for thermal insulation, sound absorption, and carbon storage faces hurdles [39]. A primary challenge lies in the
inherent variability of their properties. Unlike highly controlled synthetic materials, the characteristics of bio-based materials
can fluctuate significantly based on factors like the specific source plant, growth conditions, harvesting time, and processing
methods [40]. This natural variability can lead to inconsistencies in performance under different environmental conditions, making
standardization and reliable prediction difficult within established engineering workflows. Consequently, there is a critical need
for robust models that can accurately evaluate thermal and acoustic performance, alongside the carbon footprint, while explicitly
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accounting for this inherent variability. Establishing such models would bridge the gap between research and practice, thereby
enhancing the reliability and adoption of these sustainable materials.

This study introduces a novel and consistent probabilistic framework designed to predict the thermal, acoustic, and environmental
performance of bio-based building insulation materials using analytically derived models. To establish this framework, we first
conducted one of the most extensive literature reviews to date, synthesizing data on thermal conductivity (1), Noise Reduction
Coefficient (N RC), and carbon footprint (CF) from 266 distinct studies covering a wide range of bio-based materials. Employing
Bayesian statistical methods, we then developed predictive generalized probabilistic models that capture the relationships between
material properties and performance metrics while accounting for inherent uncertainties. Specifically, our models correlate 4 with
mass density (p) and N RC with both p and material thickness (¢), revealing significant nonlinear dependencies. Furthermore, we
established normal distribution models to characterize the material-specific carbon footprint (CF). These models are generalized,
as they apply regardless of the specific natural resources and/or production processes involved in obtaining the final bio-based
building insulation material. This makes them a valuable tool for developing large-scale sustainable policies as well as for designing
efficient solutions at the individual building level. This probabilistic approach complements product-specific data sheets and applies
to both loose-fill and compacted bio-based insulation materials. It is particularly valuable during early design stages, where designers
must efficiently screen material options and density ranges before final product selection, reducing the need for time-consuming
iterative calculations based on multiple deterministic inputs. Through the analysis of three practical case studies (viz., an insulation
wall, a sound-absorbing ceiling, and a prefabricated temporary house), we demonstrate the practical utility and feasibility of
our probabilistic models. These models offer a powerful tool for designers, enabling a more informed selection of bio-based
materials and streamlining the implementation of sustainable building solutions by explicitly considering performance variability
and environmental impact.

Following this introduction, the manuscript is structured as follows. Section 2 details the collection of data from an extensive
review of the literature and the Bayesian statistical framework used to develop probabilistic models. Section 3 presents the
probabilistic models derived for thermal conductivity, Noise Reduction Coefficient, and carbon footprint, together with validation
against the compiled data. Section 4 presents the practical utility of these models through illustrative case studies of building
elements and a complete prefabricated house, demonstrating their application in performance evaluation. Finally, the findings are
discussed in Section 5 and summarized in Section 6, where Section 6.1 provides recommendations and Section 6.2 proposes future
directions. Additional data and case study details are provided in Appendices A and B.

2. Methods

This section outlines the methodology employed in this study. It details the literature search strategy used to compile the
performance databases for bio-based materials and describes the Bayesian statistical approach used to derive the probabilistic
predictive models for thermal conductivity, Noise Reduction Coefficient, and carbon footprint, as well as the definition of these
performance metrics.

2.1. Bio-based materials and their carbon removal potential

In this study, the term bio-based insulation materials is defined in Fig. 1, which summarizes the plant-to-product pathway
considered in compiling the performance databases. As illustrated in Fig. 1, the scope is intentionally restricted to insulation
products derived from the plant-based renewable feedstocks shown in the “Bio-based resources” bubble (wood, bamboo, hemp, straw,
sunflower, sugarcane bagasse, crop husk, palm residues, kenaf, and fruit residues), processed through the depicted preparation and
forming steps (e.g., harvesting, blending, drying, mixing, and molding) and using the adhesive families shown (natural/organic,
polymers, and inorganic binders) [18,41].

Consistent with this definition, animal-based and marine-based biomaterials are excluded from the database to maintain
a coherent plant-based material class and to avoid introducing fundamentally different biological structures, moisture-related
behaviors, and processing routes that would require separate modeling assumptions. In addition, composites incorporating metallic
or plastic structural components are excluded to focus on the intrinsic performance of plant-derived insulation products within
the manufacturing logic represented in Fig. 1. Accordingly, the database comprises plant-based fiberboard products (e.g., straw,
wood, bamboo, hemp, jute, grass, and date palm fiberboards), plant-based aggregate composites (e.g., hemp shiv boards, rice husk
composites, bamboo or wood particle/powder composites, and fruit-residual-based composites), as well as plant-derived structural
and insulation panels (e.g., wood and bamboo panels), provided that their principal constituent material is plant biomass.

The ten plant-based categories highlighted in Fig. 1 were selected because they are globally available and constitute the dominant
share of thermal-conductivity and sound-absorption data identified in the systematic review, enabling statistically representative
Bayesian calibration. For completeness, other plant-based fibers (e.g., flax) were also screened; however, inclusion in each
performance database is conditioned on data availability and methodological comparability for that specific metric. Consequently,
some supplementary plant-based materials may appear in one database (e.g., acoustic NRC) but not in another (e.g., thermal
conductivity) when the corresponding literature does not meet the same inclusion criteria.

The life cycle carbon implications of building materials vary significantly. Conventional cementitious and mineral materials
typically involve energy-intensive processing, leading to substantial upfront carbon emissions [42]. While they can absorb some
CO, through carbonation, their overall carbon footprint is often positive. In contrast, plant-derived bio-based materials leverage
photosynthesis during growth to actively remove CO, from the atmosphere, converting it into biomass before manufacturing.
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Fig. 1. Bio-based resources utilization for green building insulation and operational scope definition used in this study.

Although processing steps release some carbon, this is often offset by initial sequestration. Once in buildings, bio-based products
such as wood, bamboo, hemp, straw, and cork act as carbon storage reservoirs [23,24,43]. Their end-of-life management, from
incineration to reuse or recycling, determines the final carbon outcome. Depending on the life cycle path, bio-based materials can
achieve significantly reduced, neutral, or even net-negative carbon footprints [44]. Fig. 2 contrasts these carbon dynamics.

2.2. Search strategy

A comprehensive literature search was conducted using Google Scholar to collect data on the thermal, acoustic, and carbon
footprint properties of bio-based building materials. The search employed combinations of keywords such as ‘bio-based material’,
‘insulation’, ‘thermal conductivity’, ‘sound absorption’, ‘Noise Reduction Coefficient’, ‘carbon footprint’, ‘life cycle assessment’,
complemented by specific material names (e.g., ‘hempcrete’, ‘straw bale’, ‘bamboo panel’). No publication year restrictions were
applied and only documents published in English were included. This initial search yielded 831 potentially relevant studies.

The scope was refined to focus on 10 major bio-based material categories (wood, bamboo, hemp, straw, sunflower, sugarcane
bagasse, crop husk, palm, kenaf, and fruit) and other less common but relevant bio-based materials (e.g., cork, coir, grass, reed).
Studies were included in the thermal-performance database only if the investigated product was explicitly intended for, or commonly
used as, an insulating layer, such as loose-fill materials, fibrous mats, insulation boards or panels, and lightweight bio-aggregate
insulation composites. Conversely, material groups and studies reporting values non-representative of insulation applications were
excluded, specifically those primarily designed for structural, decorative, or multifunctional purposes such as PCM systems, cladding,
and dense structural products.

Studies primarily focusing on composites with significant non-bio-based components (e.g., plastics, metals) were excluded. After
screening for relevance and data availability, a final database of 266 studies was compiled. Performance data (thermal conductivity,
sound absorption coefficients/N RC, carbon footprint values) along with relevant parameters (density, temperature, thickness) were
extracted from text, tables, and graphs (using WebPlotDigitizer, https://automeris.io/WebPlotDigitizer/, where necessary). The
systematic search and screening process, detailed in the PRISMA flow diagram in Fig. C.15, resulted in three distinct databases
compiled from a total of 266 studies, detailed in the Appendix:

» Thermal performance database (Table A.8, 96 studies): Contains thermal conductivity (1), density (p), and test temperature

(7).
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materials (brown line) versus bio-based materials (green line).
Source: Adapted from Arehart et al. [44].

» Acoustic performance database (Table A.9, 86 studies): Contains Noise Reduction Coefficient (N RC) or frequency-dependent
absorption coefficients, density (p), and material thickness (¢).

+ Carbon footprint database (Table A.10, 84 studies): Contains carbon footprint (C F) values (typically cradle-to-gate) and, where
available, density (p).

2.3. Definition of performance metrics

2.3.1. Thermal insulation performances
Thermal conductivity (1) quantifies a material’s ability to conduct heat and is defined as:
-9t
T A-AT
where Q is the rate of heat transfer (W), ¢ is the material thickness (m), A is the cross-sectional area perpendicular to heat flow
(m?), and AT is the temperature difference across the thickness ¢ (K). Lower A indicates better insulation.
For multi-layered building elements like walls, the overall thermal resistance (R,) is calculated according to ISO 6946 [45],
often using an area-weighted average method considering different sections (e.g., insulation cavity vs. stud). A simplified approach
averages the upper (R,,) and lower (R, ;) bounds of thermal resistance:

(€Y

Rt,u + Rr,l
S R
R, , (parallel path, assuming isothermal surfaces) and R, (series path, assuming one-dimensional flow) are calculated as:

—1 -1
fm _ fm
R’*“:[Z@,.Rm,,-)] ’ R”’_Z<Z_R ) : &)

m J j

(2)

m m.j

where m indexes the parallel sections (e.g., cavity, stud), j indexes the layers within a section, f,, is the fractional area of section m,
and R,,; is the thermal resistance of layer j in section m, given by R,, ; =1t,, ;/4,, ;. Standard surface resistances (R,; for interior, R,,
for exterior) are added to the material resistances (R; = 0.13 m? K/W, R, =0.04 m? K/W) [45]. The overall thermal transmittance
(U-value) is the reciprocal of the total thermal resistance:

U=1/(R;+R, +R,,). )
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Table 1
Maximum permissible thermal transmittance (U,,,,) and typical temperature ranges for Chinese thermal regions (GB/50176 [46]).
Thermal region Acronym Temperature range [°C] U,.. [W/(m? K)]
Severe Cold Area SCA —60<T <40 <04
Cold Area CA —40<T <40 <05
Hot Summer and Cold Winter Area HCA —-20<T <40 <06
Warm Area WA -10<T <40 <0.8
Hot Summer and Warm Winter Area HWA 0<T <40 <1.0
Table 2

Approximate sound absorption classes based on Noise Reduction Coefficient (N RC),
adapted from the principles of ISO 11654:1997 [47]. (Note: The standard defines classes
based on weighted absorption coefficient «,, not directly on NRC, but N RC ranges
are often used as a simplified guide).

w

Sound absorption Class Typical N RC Range

I (or A) NRC >0.90 (Highly Absorptive)
II (or B) 0.80 < NRC < 0.90

III (or C) 0.60 < NRC < 0.80

IV (or D) 0.30 < NRC < 0.60

V (or E) 0.15< NRC < 0.30

Unclassified NRC < 0.15 (Reflective)

National standards often specify maximum permissible U-values based on climate zone. For context, Table 1 shows the requirements
for different thermal regions in China according to GB/50176 [46].

The total thermal conductance (C) of a building or room envelope, representing the overall rate of heat loss excluding infiltration,
is calculated by adding the U - A products for all external envelope components (walls, roof, floor, windows, doors):

C=)U A, (5)

where N is the number of distinct envelope components and U; and A4; are the thermal transmittance and area of the ith component,
respectively.

2.3.2. Sound absorption performances

This study focuses exclusively on sound absorption performance, as quantified by the Noise Reduction Coefficient (N RC),
which characterizes in-room acoustic conditioning (echo and reverberation control). Sound transmission (sound insulation) metrics
(e.g., transmission loss, STC/R,,) are not considered because they are strongly assembly- and detailing-dependent (mass-spring—mass
effects, airtightness, flanking paths) and cannot be generalized as a material-only probabilistic model from heterogeneous literature
sources.

NRC is defined in standards like ISO 11654:1997 [47] as the arithmetic average of the sound absorption coefficients («)
measured at four standard octave band center frequencies: 250 Hz, 500 Hz, 1000 Hz and 2000 Hz.

%250 + @500 + X000 + 2000
7] .
The sound absorption coefficient «,, at a given frequency w represents the fraction of incident sound energy absorbed by the material
(ranging from O for perfect reflection to 1 for perfect absorption). N RC provides a single-number rating for general sound absorption
across the speech frequency range. Higher N RC values indicate better absorption. ISO 11654:1997 also defines the sound absorption
classes based on the weighted absorption coefficient «,,, and N RC values are often correlated to these classes for simplification, as
shown in Table 2. Materials with N RC > 0.20 are generally considered useful for acoustic treatment.
The reverberation time (Ty,) of a room, defined as the time required for the sound pressure level to decay by 60 dB after the
sound source stops, is a key indicator of room acoustics. For moderately live rooms, it can be estimated using Sabine’s formula [48]:

Ty =0.161 - —/— —0.161 . —/—, @

N
Zi:l a; - Ai Aroml

NRC =

(6)

where V is the room volume (m?), o; is the sound absorption coefficient of the ith surface, A4, is the area of the ith surface (m?),
N is the number of distinct surfaces and A,,,, = Y, «;A; is the total absorption area of the room (in Sabins or metric Sabins).
The constant 0.161 has units of s/m. For simplified calculations involving N RC, one might approximate the total absorption using
Asorat ® X NRC; - A, although this is less accurate than using frequency-dependent values a.

2.3.3. Carbon footprint
Based on the life cycle assessment (LCA) system boundary shown in Fig. 3 (modules A1-A5, B1-B7, C1-C4), the carbon footprint
(CF) of a material is defined as the net greenhouse gas (GHG) emissions accumulated over its life cycle, Normalized to a functional
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Fig. 3. Description of different stages of the life cycle assessment (LCA) according to EN 15978:2011 [51].

unit and expressed in kg CO, o [49]. For bio-based materials, the CF formulation explicitly captures emissions across the production,
use, and end-of-life stages, as well as the effect of biogenic carbon sequestration. Specifically:

» Product stage (A1-A3) and construction stage (A4-A5) account for upstream emissions from raw material extraction,
agricultural inputs such as fertilizers and pesticides (E,), energy consumption for cultivation, processing, and manufacturing
(E,), and transportation (E,).

+ Use stage (B1-B7) includes emissions associated with maintenance, repair, replacement, refurbishment, and operational energy
or water use during the service life of the material (Ep).

» End-of-life stage (C1-C4) covers emissions from deconstruction or demolition, transport of waste, waste processing, and final
disposal (E).

+ Biogenic carbon sequestration, C,, represents the atmospheric CO, absorbed during biomass growth and stored in the bio-based
material, offsetting part of the life-cycle emissions.

Accordingly, when the full life cycle is considered, the carbon footprint of a bio-based material can be expressed in a generalized
form as [18,50]:

CF=E,+E,+E +Ep+Ec-C,. (€)

It is worth noting that most existing studies on bio-based materials limit their assessment to the cradle-to-gate or cradle-to-site
boundary (A1-A5), primarily due to uncertainties in service-life assumptions and end-of-life scenarios. While this approach facilitates
comparison across materials, it may underestimate the total life-cycle impacts or overlook potential benefits and burdens arising
during the use and end-of-life stages.

The total carbon footprint contribution (CF,) of the insulation system within a larger assembly (like the prefabricated house)
can be calculated by summing the CF contributions of each material component based on its volume (V), density (p), and
material-specific CF:

Nm
CF =Y Vi-p-CF +Vy-p,-CF, €)
i=1
Here, the sum runs over N,, non-bio-based materials in the system (e.g., steel sheets, fixings), and the last term represents the
contribution from the bio-based insulation material (V,, p,, CF}).

To better visualize the carbon footprint at the building level, the carbon footprint of the building (C Fp,;4;,,) is calculated using

the specific building area (Ap,;;4;n,) as follows:

CF,

CFBuilding = (10)

ABuilding ’
2.4. Derivation of the probabilistic predictive models

We employed a Bayesian framework to develop probabilistic models for thermal conductivity (1) and N RC. This approach
enables robust parameter estimation, quantification of uncertainty, and incorporation of prior knowledge, although we employed
non-informative priors in this study [52-54]. The general model structure is:

Likelihood: T[C(®,x)] = ¢(©,,,x) +¢ with € ~ N'(0,0?), 11

where C is the response variable (1 or N RC), x is the vector of predictor variables (e.g., p, 1), © is the vector of all model parameters
(®,, and ¢), T[] is a variance-stabilizing transformation (logarithm for A, logit for N RC) to better meet model assumptions (linearity,
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Table 3

Candidate explanatory functions 4/,(x,) and their database statistics used for the initial thermal conductivity model selection.
D Variables Minimum Maximum Mean STD CoV
R (x,) 1 - - - - -
iy (x,) T 7.200 70.000 22.122 10.082 0.456
hly(x,) T2 51.840 4900.000 591.038 647.300 1.095
h,(x,) P 16.000 1108.770 398.737 249.136 0.625
ht’s(x,) log(p) 2.773 7.011 5.728 0.812 0.142
h”ﬁ(x,) I 256.000 1.229 x 10° 2211 % 10° 2387 x 10° 1.080
hio(x,) P 4096.000 1.363 x 10° 1.455 x 108 2.136 x 10° 1.468

Normality, homoscedasticity of residuals). The term ¢(®,,,x) represents the deterministic part of the model, formulated as a linear
combination of n explanatory functions A;(x):
?(©,,%) = 0! -h(x) =Y 0,,hXx). (12)
i=1
The explanatory functions 4,(x) are derived from measurable physical variables x (e.g., A(x) = p, A(x) = p°, h(x) = t) and are
standardized for numerical stability during calibration:

hl(x) — E[h}(x)]

hix) = SD[A/(x)]

, 13)
where hl’.(x) is the original variable, and E[-] and SDI[-] are its mean and standard deviation over the dataset. ¢ is the Normally
distributed error term with standard deviation ¢, capturing unexplained variability. We used non-informative priors p(®) « 1/c [52].
The error term ¢ is crucial in this framework, as it captures the combined effects of inherent randomness and unmodeled sources of
variability, including differences in experimental conditions (e.g., moisture content, test standards) across the heterogeneous studies
compiled in our database.

Model calibration was performed using Markov Chain Monte Carlo (MCMC) simulations implemented in PyMC [55]. We ran four
parallel chains, each with 5000 samples drawn after a 1000-iteration tuning phase, targeting a high acceptance rate (0.97) to ensure
adequate exploration of the posterior parameter space. This process yields posterior probability distributions for all parameters
(©,,,6), quantifying their likely values and associated uncertainties.

To achieve models that are both accurate (low ¢) and parsimonious (small number of terms ), we employed a stepwise deletion
procedure based on the coefficient of variation (CoV) of the parameter estimates [52]. Starting with a full model including all
candidate explanatory functions, the term whose coefficient ©; had the highest CoV was removed at each step. The model was then
recalibrated. This process continued until removal of the next term would cause an unacceptable increase (e.g., > 10%) in the model
error o, balancing model complexity against predictive accuracy.

2.5. Model selection for thermal insulation performances

For the thermal conductivity (1) model, the natural logarithm was used as the variance stabilizing transformation (7'[-] = In(-)).
The model form is:
& h!.(x,) — E[h].(x,)]

A(@t,X,) = exp @ti :
; SD[h;i(Xt)]

with € ~ N'(0,62). 14

The candidate explanatory functions h;i(x,) considered initially included constant (intercept), T, T2, p, log(p), p?, and p>. Their
statistics over the database are provided in Table 3.

Fig. 4 illustrates the stepwise deletion process for the thermal model. The terms associated with the parameters having the
highest CoV were removed sequentially. The term h;3 (T?) was first removed (CoV@,3 = 6.204). The process continued, removing
terms such as h;z (T) and h;6 (p%). Elimination stopped after removing h;S (log(p)) at Step 4, as removing the next term (h;7, p°) would
have increased o, by more than the predefined 10% threshold relative to the previous step’s optimal o,. This procedure yielded the
final parsimonious model presented in Eq. (16), which includes only the intercept, linear density (p), and cubic density (p*) terms,
providing a good balance between accuracy and simplicity.

2.6. Model selection for sound absorption performances

For the Noise Reduction Coefficient (N RC) model, the logistic transformation (7'[-] = logit(-) = In(-/(1 — -))) was applied. The
model takes the form:

ng h;i(xs) — E[h;i(xS)J

NRC(®,,x,) = logit™! o, - with £ ~ N(0,62). (15)
(©,.x,) =log ; SO o] o;)
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Fig. 4. Stepwise deletion process for the thermal conductivity model. Shows posterior mean o, (squares) and parameter CoVs (dots) at each step.
Dots with crosses indicate parameters dropped. The blue dashed line marks the initial ¢,. The process stops when removing the next highest CoV
term significantly increases o,. Values of o, for the last two steps are shown.

Table 4

Candidate explanatory functions /! (x,) and their database statistics for the initial N RC model selection.
D Variables Minimum Maximum Mean STD CoV
R (x,) 1 - - - - -
(%) t 5.000 100.000 31.138 20.121 0.646
h (%) log(t) 1.609 4.605 3.236 0.653 0.202
h’v4(xj) 1? 25.000 10000 1374.413 1873.017 1.363
his(&) I 125.000 1x10° 7.862 x 10* 1.702 x 10° 2.165
(%) P 8.300 1850.000 302.617 246.568 0.815
h;7(xx) Vs 68.890 3.423 x 10° 1.524 x 10° 3.024 x 10° 1.984

Candidate explanatory functions 4,(x,) initially included terms related to thickness (z, log(?), 12, ) and density (p, p?), plus an
intercept. Their database statistics are in Table 4.

Fig. 5 shows the stepwise deletion results for the N RC model. The term h; 7 (p?) was first removed (CoV@S7 = 1.507). The process
continued, eliminating terms like 7/, (+*) and !, (log(n). Elimination stopped after removing A/, () at Step 4, as removing the
next term (h; ¢» P) would have increased o, beyond the acceptable threshold. The final selected model, Eq. (17), includes only the
intercept, a linear term for thickness (¢), and a linear term for density (p), offering a parsimonious yet effective representation of
N RC dependence on these key variables.

3. Results
3.1. Probabilistic model for thermal insulation performances

To quantitatively assess thermal performance while accounting for inherent variability, we developed a generalized probabilistic
model describing the relationship between thermal conductivity (1) and mass density (p) for bio-based insulation materials, covering
a density range of 16-1022kg/m?. Following a systematic model selection process detailed in the Methods section (Section 2.5),
we established a relationship based primarily on p. The resulting model, incorporating density and its cubic term to capture
non-linearity, takes the form:

p —398.737 N p° —1.455%x 108
249.136 BT 2136 % 108

Here, 0,,, 0,4, and 0,, are the model coefficients determined through Bayesian calibration (Section 2.4), and ¢ is a normally
distributed error term with zero mean and variance o2, representing residual variability. The database underpinning this calibration,
comprising numerous experimental results, is detailed in the Appendix (Table A.8).

The posterior distributions of the model parameters, derived from the Bayesian analysis, are summarized in Table 5. The high
precision (low standard deviation) of the estimates, particularly for the density-related terms 6,, and 6,,, confirms the model’s
robustness and underscores the significant, non-linear influence of density on thermal conductivity. Notably, temperature (T') was
excluded during the stepwise selection process, suggesting its relatively minor direct influence on A within the typical range of

A =exp <0,‘| +0,4- 5) with € ~ N(0, 0,2). (16)

10
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Fig. 5. Stepwise deletion process for the sound absorption (N RC) model. Shows posterior mean o, (squares) and parameter CoVs (dots) at each
step. Dots with crosses indicate parameters dropped. The blue dashed line marks the initial o,. The process stops when removing the next highest
CoV term significantly increases o,. Values of o, for the last two steps are shown.

Table 5
Posterior distribution parameters for the thermal conductivity model (Eq. (16)). Summarizes mean, standard deviation, and 3%-97% Highest
Density Interval (HDI) for coefficients 6, ,, 0,4, 6,, and error term standard deviation o,.

Parameters Mean Standard deviation HDI 3% HDI 97% Correlation Coefficient

0., 6t,4 0,7 oy
0, -2.571 7.091 x 1073 -2.584 —2.558 1.000 —-0.025 0.018 0.051
0,4 0.488 1.628 x 1072 0.457 0.517 —0.025 1.000 -0.897 0.003
0,7 —-0.124 1.633 x 1072 —-0.152 —-0.091 0.018 —-0.897 1.000 0.001
o, 0.175 5.043x 1073 0.166 0.185 0.051 0.003 0.001 1.000

building applications, consistent with previous findings [32]. The model selection outcome confirms that A generally increases with
p, a trend observed experimentally for materials like cellulose fibers [56] and straw [57], though exceptions exist [58]. While earlier
studies often assumed a linear relationship, our probabilistic approach, informed by a broad dataset, provides unbiased support for
the non-linear dependence suggested by more recent overviews [59], captured here by the inclusion of the p* term.

Fig. 6 provides a visual assessment of the model’s predictive capability against experimental data across diverse bio-based
materials. Fig. 6(a) plots measured A versus p, color-coded by temperature, illustrating the general trend captured by the model
alongside the inherent scatter and material-specific variations. The comparison with conventional insulators (rock wool, glass wool)
indicates that bio-based materials can offer competitive thermal performance, particularly at lower densities. Fig. 6(b) directly
compares predicted A values (using the mean posterior parameters) against measured values. The concentration of data points
around the 1:1 line (ideal prediction) and within the +¢, bounds demonstrates the model’s overall accuracy. A slight decrease in
accuracy is observable at higher densities, potentially due to increased heterogeneity or different heat transfer mechanisms becoming
dominant in denser materials.

3.2. Probabilistic model for sound absorption performances

To characterize the acoustic performance, we developed a generalized probabilistic model for the Noise Reduction Coefficient
(N RC). Based on the model selection process (Section 2.6), the N RC is modeled as a function of material thickness (r) and density
(p). We utilize a logistic transformation to bound the N RC between 0 and 1, resulting in the following model structure:

t—31.138 0 ~p—302.617

NRC =logit™' (6,, +6,, -
ogl <s,1 27720121 67 7246.568

+ e) with & ~ N(0,62). 17)
Here, ]ogit’l(x) = 1/(1 +exp(—x)) is the inverse logit function. 6, |, 6, ,, and 6, ¢ are coefficients determined via Bayesian calibration
(Section 2.4), and ¢ is the Normally distributed error term with variance 63. The definition of N RC and related acoustic metrics
are detailed in Methods (Section 2.3.2). The calibration database is provided in the Appendix (Table A.9).

The posterior distributions for the parameters of the N RC model are presented in Table 6. The well-defined parameters (low
standard deviations relative to means) indicate successful model calibration and highlight the significant influence of both thickness
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Fig. 6. Comparative analysis of thermal properties for bio-based insulation. (a) Measured thermal conductivity (1) versus density (p) for various
materials, size-coded by temperature (7). Solid line shows linear regression with 95% confidence intervals (shaded). Ellipses represent 95%
confidence intervals for material group means. Reference points for rock wool [32] and glass wool [60] are shown. (b) Measured A versus
predicted 4 using the mean of the probabilistic model (Eq. (16), Table 5). Color indicates density (p). The red dashed line is the 1:1 ideal
prediction line; black dashed lines represent +c, bounds.
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Table 6
Posterior distribution parameters for the Noise Reduction Coefficient (N RC) model (Eq. (17)). Summarizes mean, standard deviation, and 3%-97%
HDI for coefficients 6, ;, 0, ,, 0, and error term standard deviation o,.

Parameters Mean Standard deviation HDI 3% HDI 97% Correlation Coefficient

0, (2% (293 O
0,, -0.525 0.028 -0.580 -0.476 1.000 —-0.020 0.017 —-0.010
0, 0.563 0.029 0.509 0.616 —0.020 1.000 0.276 0.017
06 -0.372 0.028 —-0.424 -0.319 0.017 0.276 1.000 0.041
o 0.590 0.020 0.553 0.627 -0.010 0.017 0.041 1.000

(positive correlation, 6, > 0) and density (negative correlation, 6, s < 0) on sound absorption, consistent with physical expectations
for porous materials.

Fig. 7 evaluates the N RC model’s performance. Fig. 7(a) plots measured N RC against density, grouped by material and thickness.
While a general linear trend might be inferred, significant scatter exists, emphasizing the need for considering thickness and the
inherent variability captured by the probabilistic model. Compared to conventional materials like rock wool and glass wool at
similar thickness, some bio-based materials exhibit comparable N RC values, while others underperform, highlighting material-
specific differences. Fig. 7(b) compares predicted N RC values (using mean posterior parameters) against measured data. The points
cluster around the 1:1 line, mostly within the +¢, bounds, confirming the model’s predictive capability. The lack of systematic bias
across the density range indicates that the chosen non-linear (logit-transformed) model effectively captures the relationship between
NRC, density, and thickness.

3.3. Probabilistic model for carbon footprint

In contrast to the thermal and acoustic models — where performance can be linked to physically meaningful predictors
(e.g., density and thickness) — the carbon footprint (C F) of bio-based insulation materials is driven by a broader set of exogenous
and methodological factors (e.g., agricultural practice, processing energy mix, transport, system boundaries, allocation rules, end-
of-life assumptions, and biogenic carbon accounting). Constructing a single process-resolved parametric model from secondary
literature would therefore require consistently reported covariates that are not available across the compiled studies. We therefore
adopt a screening-level probabilistic characterization: for each material class, CF is represented by a moment-matched distribution
capturing the central tendency and dispersion observed in the literature. This representation does not assume that CF is intrinsically
Normally distributed; rather, it provides a transparent uncertainty envelope for rapid comparison across material classes and
integration into multi-objective workflows. Where project-specific information (e.g., manufacturing route, regional energy mix, and
LCA conventions) is available, the class-level distribution can be replaced by refined process-based or non-Gaussian models, while
remaining useful as an evidence-based prior for early-stage assessment.

To quantify environmental impact, we develop generalized probabilistic CF models by material class. The compiled dataset
intentionally includes studies that both credit and exclude biogenic carbon storage, as LCA conventions differ in whether sequestra-
tion is included in Global Warming Potential (GWP). This choice avoids bias towards a single convention and allows the model to
reflect the aggregated epistemic uncertainty across heterogeneous sources. Accordingly, for each material class, we model CF using
two different types of probabilistic distribution. The first one considers a very low level of knowledge and is a bounded uniform
distribution where the bounds are the minimum and maximum of the available data:

CF ~V(CF,;,, CF) (18)

where CF,,;, and CF,,. are the minimum and maximum of the CF values for a specific material type. The second one is a

moment-matched normal distribution:
CF ~ N(u,,02) (19)

where y, is the mean of the CF values for a specific material type and o2 is their variance. The methods for calculating CF are
outlined in Section 2.3.3.

Because the CF dataset is limited and heterogeneous, when richer, process-resolved LCA data are available, non-normal families
or process-based uncertainty propagation should be used to refine CF predictions. The functional unit for the carbon footprint (C F)
values compiled in this study is per kilogram of material. The system boundaries are predominantly ’cradle-to-gate’, encompassing
processes from raw material extraction (cradle’) up to the factory gate. This scope was chosen for consistency, as it is the commonly
reported boundary in the literature. While standards like ISO 14067 [62] and EN 15804 [63] provide comprehensive frameworks
for LCA, the heterogeneity in the source studies precludes a perfectly harmonized dataset.

Table 7 presents the estimated posterior distributions (mean yu, and standard deviation o¢,) for the CF of various bio-based
materials for normal distribution. The results reveal substantial differences between material types. For instance, kenaf-based
materials exhibit the largest mean CF and the highest variability (¢,), likely reflecting diverse processing pathways and energy
inputs across studies. Conversely, fruit-based residues show lower mean CF and less variability. Critically, materials like wood,
bamboo, and hemp demonstrate negative mean CF values (y, < 0), indicating their potential for net carbon sequestration within
the system boundaries considered (often cradle-to-gate).
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Fig. 7. Comparative analysis of sound absorption properties for bio-based insulation. (a) Measured Noise Reduction Coefficient (N RC) versus
density (p) for various materials, size-coded by thickness (7). Solid line shows linear regression with 95% confidence intervals (shaded). Ellipses
represent 95% confidence intervals for material group means. Reference points for rock wool and glass wool (at t = 50 mm) are shown [61]. (b)
Measured N RC versus predicted NRC using the mean of the probabilistic model (Eq. (17), Table 6). Color indicates density (p). Red dashed
line is the 1:1 ideal prediction; black dashed lines represent +o¢, bounds.
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Table 7
Posterior distribution parameters (mean p. and standard deviation ¢,) for the Carbon Footprint (CF, in kg COzveq/kg) model (Eq. (19)) for
different bio-based materials. Includes mean, standard deviation, and 3%-97% Highest Density Interval (HDI).

Materials Mean Standard deviation HDI 3% HDI 97%
He Oc He O He O He Oc

Wood -0.52 0.17 1.17 0.13 -0.83 0.92 -0.18 1.39
Sunflower 0.35 0.07 0.50 0.05 0.22 0.41 0.48 0.59
Sugarcane bagasse 0.15 0.08 0.45 0.07 —0.02 0.34 0.30 0.58
Straw 0.62 0.15 0.79 0.11 0.34 0.61 0.88 1.01
Palm 0.44 0.15 0.75 0.12 0.16 0.54 0.72 0.97
Kenaf 0.62 0.29 1.23 0.24 0.07 0.84 1.19 1.67
Hemp —-0.91 0.15 0.88 0.11 -1.18 0.69 —-0.63 1.08
Fruit 0.20 0.04 0.23 0.03 0.11 0.17 0.28 0.29
Crop husk 0.57 0.11 0.53 0.09 0.37 0.38 0.80 0.70
Bamboo -0.48 0.09 0.62 0.07 —0.64 0.50 —0.30 0.74
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Fig. 8. Posterior probability distributions of carbon footprint (CF) for various bio-based materials (Eq. (19), Table 7). Thick lines represent
Normalized probability density functions. Thin vertical lines show individual data points from the literature database. Hatched areas indicate
the range of database values, distinguishing potential sequestration (green) from emissions (red). Vertical dash-dotted lines show reference CF
values for rock wool and glass wool [28].

Fig. 8 visualizes these posterior probability distributions, offering a clear comparison across materials. The distributions highlight
the significant environmental advantage of several bio-based options compared to conventional insulation such as rock wool and
glass wool (indicated by vertical lines). The inherent variability (¢,) captured by the model is also evident, emphasizing that CF
assessments require careful consideration of specific production contexts. This material-specific probabilistic approach provides a
more nuanced understanding of the environmental implications than single-point estimates.

4. Applications

This section demonstrates the practical utility of the developed probabilistic models through case studies representing common
building applications. We assess the performance of bio-based insulation materials in an insulation wall, a sound-absorbing ceiling,
and a prefabricated temporary house. Details regarding the design parameters and material compositions for these case studies are
provided in the Appendix B.

4.1. Application to thermal performance assessment of bio-based insulation walls

To illustrate the practical use of the thermal conductivity model, this section examines the predicted thermal performance
of a prototype bio-based insulation wall assembly, designed for a residential building in China. Details of the wall construction
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Fig. 9. Predicted thermal transmittance (U) versus bio-based insulation density (p,) for the archetype wall. Results shown for insulation layer
thicknesses of (a) 89 mm and (b) 140 mm. Solid lines represent mean predictions; dashed lines show 68% (red) and 87% (blue) probability
boundaries. Background colors denote maximum permissible U-values for different Chinese thermal regions [46]. Upward triangles indicate
performance with conventional insulation for reference. Model predictions are shown up to p, = 1100 kg/m?, the approximate upper limit of the
calibration database.

are provided in the Appendix B.1. We calculate the overall thermal transmittance (U) of the wall, incorporating the probabilistic
prediction for the bio-based insulation layer (4, from Eq. (16)) and considering a standard indoor/outdoor temperature difference
(assuming T = 20 °C for material property evaluation, although U-value itself is independent of operating temperature). The
calculation procedure follows ISO 6946 [45], as described in Methods (Section 2.3).

Fig. 9 plots the predicted thermal transmittance (U) as a function of the bio-based insulation density (p,) for two common
insulation layer thicknesses: (a) 89 mm and (b) 140 mm. The background colors indicate the maximum allowable U-values (U,
reciprocal of minimum required R-value) for different climatic regions in China (GB/50176 [46], see Table 1), ranging from Severe
Cold Areas (SCA) requiring low U-values to Hot Summer Warm Winter Areas (HWA) with less stringent requirements. The results
clearly show that the wall’s thermal transmittance (U) increases as the density of the bio-based insulation (p,) increases, consistent
with the underlying A-p relationship established in Eq. (16). This highlights the critical impact of material density selection on overall
thermal performance. As expected, the thicker insulation layer of 140 mm (Fig. 9(b)) results in lower U-values across all densities
compared to the 89 mm layer (Fig. 9(a)), demonstrating improved insulation effectiveness with increased thickness. This probabilistic
representation enables designers to evaluate the likelihood that a given combination of bio-based material density and thickness will
satisfy regional thermal requirements (U < U,,,,). By explicitly accounting for material variability, the approach supports informed
decision-making that balances thermal performance, material selection, and regulatory compliance. Rather than relying on a single
nominal thermal conductivity value reported in product data sheets, the probabilistic model links thermal performance directly
to bulk density, allowing designers to rapidly assess compliance across a range of realistic material conditions. The plot includes
reference points for walls using conventional insulation, providing context for the performance of the bio-based alternatives.

To illustrate a practical workflow, consider the case of selecting hemp insulation for a 140 mm thick wall in a Cold Area (CA),
where the maximum allowable U-value is 0.5 W/(m? K) (Fig. 9b). To ensure a high probability of regulatory compliance, the designer
refers not to the mean prediction but to the 87th percentile boundary, thereby adopting a conservative approach. By locating the
Upax = 0.5 W/(m? K) line on the plot, the designer identifies the range of densities for which the entire 87% probability curve
remains below the regulatory threshold. From the figure, this corresponds to bulk densities (p,) of approximately 250 kg/m> or
lower. A product with a target density below this value can therefore be specified with high confidence, ensuring compliance even
when accounting for material variability.

4.2. Application to sound performance assessment of ceilings

This section demonstrates the application of the probabilistic N RC model (Eq. (17)) to assess the acoustic performance of a
sound-absorbing ceiling configuration suitable for spaces like offices or schools. The ceiling design, detailed in the Appendix B.2,
involves filling the cavity between ceiling joists/studs with bio-based insulation. We predict the N RC of the bio-based material
itself using Eq. (17), which serves as a primary indicator of the ceiling system’s potential absorption.

Fig. 10 presents the predicted NRC as a function of the bio-based material density (p,) for two insulation thicknesses: (a)
50 mm and (b) 100 mm. The plots reveal a consistent inverse relationship: N RC generally decreases as the density (p,) of the
bio-based material increases, which is typical for porous absorbers where higher density can reduce effective porosity or increase
flow resistivity beyond optimal levels. Increasing the thickness from 50 mm (Fig. 10(a)) to 100 mm (Fig. 10(b)) significantly boosts
the predicted N RC across all densities, shifting the performance into higher absorption classes. For instance, at lower densities,
a 100 mm thick layer is likely to achieve Class II or even Class I performance, whereas a 50 mm layer might predominantly fall
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Fig. 10. Predicted Noise Reduction Coefficient (N RC) versus bio-based material density (p,) for ceiling application. Results shown for insula-
tion thicknesses of (a) 50 mm and (b) 100 mm. Solid lines are mean predictions; dashed lines show 68% (red) and 87% (blue) probability
boundaries. Background colors represent approximate acoustic absorption classes related to ISO 11654:1997 [47]. Upward triangles indicate
reference N RC values for conventional materials. Predictions shown up to p, = 1100 kg/m>.

into Class III or IV. The probabilistic boundaries widen at higher densities and for thicker samples, reflecting greater uncertainty or
variability in performance under these conditions. This probabilistic classification aids designers in selecting materials with a specific
density and thickness to achieve a target acoustic class with a quantified level of confidence, accounting for material variability.
Compared to reference points for traditional rock wool and glass wool, many bio-based materials, especially at lower densities and
sufficient thickness, offer competitive sound absorption, although performance varies significantly by material type.

The inverse relationship between N RC and density is explained by the physics of porous absorbers: lower-density materials
typically have higher open porosity, allowing sound waves to penetrate and dissipate energy via friction and viscous losses [64].
As density increases beyond an optimal point, the material can become too resistive to airflow, reflecting more sound energy. It is
important to note that while lower densities may offer better acoustic performance, practical applications must also consider other
constraints such as mechanical stability, durability, and fire resistance, which may impose a lower bound on acceptable density.
The probabilistic intervals presented here can be directly translated into design decisions. For example, suppose a project targets
acoustic Class C (NRC > 0.60). The current generation of building codes is not formulated in terms of compliance at a prescribed
statistical confidence level, so designers are not required to choose, for instance, between 67% or 87% confidence. Nevertheless,
probabilistic characterization can be used — as a conservative internal check — to select density and thickness such that the lower
bound of a chosen interval (e.g., 87%) exceeds 0.60, explicitly accounting for material variability. While not mandated today, future
code generations could incorporate confidence-based verification to formalize risk-informed design options.

4.3. Application to multi-performance assessment of prefabricated temporary houses

This section integrates the probabilistic models for thermal conductivity (Eq. (16)), NRC (Eq. (17)), and carbon footprint
(Eq. (18) and (19)) to conduct a multi-performance assessment of a prefabricated temporary house utilizing various bio-based
materials for insulation. The house design details are provided in the Appendix B.3. We evaluate three key performance indicators
as a function of the bio-based insulation density (p,): overall thermal conductance (C), average room reverberation time (7j,), and
total cradle-to-gate carbon footprint (CF, and C Fg,;;,,)- Calculation methods for these metrics are described in Section 2, using
Eq. (5) for thermal conductance, Eq. (7) for reverberation time, and Eq. (9) and (10) for CF, and CFpyitgings with all material
properties for the house components detailed in Appendix B.3. Thermal conductance calculations assume 7" = 20 °C for material
property evaluation. Reverberation time calculations consider absorption from walls and ceiling, excluding windows, and use the
N RC predicted for the bio-based insulation layer.

Fig. 11(a) shows that thermal conductance (C) generally increases with insulation density (p,), indicating lower thermal
resistance, consistent with the A-p relationship. Lower-density bio-based materials offer better thermal insulation for the house
envelope. Fig. 11(b) illustrates that reverberation time (Ty,) also tends to increase with p,. This occurs because higher density
generally correlates with lower NRC (as seen in Eq. (17) and Fig. 10), leading to less sound absorption within the room and
thus longer reverberation. This suggests that lower-density bio-based materials are generally preferable for achieving better room
acoustics (lower Tj,) in this application. Compared to conventional insulation, bio-based materials offer competitive thermal
performance (Fig. 11(a)) but may lead to slightly higher reverberation times depending on density (Fig. 11(b)).

Fig. 11(c) and (d) plots the building-level and total carbon footprint (CFpg,; 4., and CF,) of the house (attributable to the
insulation choice) against p, for different bio-based material types. The results consistently demonstrate that the majority of bio-
based insulation materials substantially outperform conventional insulation systems in terms of carbon performance across the
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investigated density range. In both modeling approaches, several bio-based materials — most notably wood, bamboo, and hemp
— exhibit negative mean values of CFp,;4;,, and CF,. These negative values indicate a net carbon sequestration effect associated
with the insulation component, whereby biogenic carbon storage outweighs the emissions generated during material production
and processing. Consequently, the use of such materials has the potential not only to reduce the embodied carbon of the insulation
system itself but also to partially offset emissions arising from other building components. This highlights the dual functional and
environmental benefits of selected bio-based insulations, which combine adequate thermal performance with a tangible contribution
to climate change mitigation.

A clear distinction is observed in the uncertainty envelopes implied by the two formulations. In Fig. 11(c), the uniform
distribution model (Eq. (18)) yields a markedly wider spread, particularly towards highly negative carbon footprints, which
is consistent with its weak-information character because bounds set by the observed minimum and maximum of a limited,
methodologically heterogeneous database distribute probability mass across the full range, including tails supported by relatively
few observations. In contrast, in Fig. 11(d), the moment-matched normal formulation produces a more compact, approximately
symmetric envelope by representing variability through the first two moments rather than hard bounds. This serves as a pragmatic
screening-level summary of central tendency and dispersion without implying that CF is intrinsically Gaussian, and it may not
capture skewness, multi-modality, or heavy tails driven by class- and route-specific effects. Given the limited evidence base,
particularly in the tails that drive extreme negative or positive outcomes, there is currently insufficient statistical support to
justify a uniquely appropriate parametric form. Therefore, the normal distribution model serves as a pragmatic approximation of
central tendency and dispersion, while the uniform distribution model provides a transparent, minimally assumptive bound on
epistemic uncertainty. Presenting both envelopes enables a direct sensitivity assessment to distributional choice, while finer class-
and route-specific characterization and improved tail modeling are deferred until the database expands.

In summary, our models provide the quantitative inputs for a structured decision-support framework, which includes the
following steps:

1. Establish performance targets based on building codes, project goals, and safety requirements (e.g., maximum U-value,
minimum N RC class).

2. Use probabilistic models to identify a range of materials (with specific properties like density and thickness) that meet thermal
and acoustic targets with the desired confidence level.

3. Evaluate candidates based on their carbon footprint (CF), regional availability, and life cycle costs.

4. Select the optimal material that balances thermal, acoustic, and environmental performance, tailored to the project’s climatic,
economic, and regulatory context.

The probabilistic nature of the models ensures compliance with building codes and green certifications, offering a robust margin
of safety through probability intervals. For example, to meet stringent energy codes, a designer can select insulation properties
where the upper 87% probability bound for the U-value stays below the legal limit. Lower-density materials typically offer superior
performance, reducing thermal conductance, improving acoustics, and lowering the carbon footprint. However, these advantages
must be balanced against essential constraints like mechanical integrity and fire resistance, which may require choosing denser
materials with slightly higher thermal, acoustic, or carbon costs.

5. Discussion
5.1. Probabilistic framework and general applicability

This study introduces a robust probabilistic framework, underpinned by an extensive literature review and Bayesian statistical
modeling, to assess the performance of bio-based insulation materials across thermal, acoustic, and environmental dimensions. By
developing generalized predictive models that explicitly account for the inherent variability of these natural materials, we provide
valuable tools to support their effective integration into sustainable construction practices. A key characteristic of the proposed
models lies in their general validity, as they are independent of the specific raw materials, the production process, or both. This
approach simplifies decision-making during the early stages of design, where a general performance estimate is most valuable. It is
acknowledged, however, that for detailed design phases, more specific models tailored to a particular material and manufacturing
process could provide refined predictions. Our analysis demonstrates that they offer viable, eco-friendly alternatives to traditional
synthetic insulators. The application of our probabilistic models to representative case studies confirms their utility in guiding design
decisions for building insulation systems, ultimately fostering the use of renewable resources and contributing to a more circular
economy in the built environment [65].

5.2. Performance of bio-based materials

Our findings confirm that bio-based materials possess competitive thermal insulation properties, with thermal conductivity (1)
exhibiting a strong, non-linear dependence on density (p). Lower density materials generally provide better insulation, effectively
reducing reliance on mechanical heating and cooling and contributing to operational energy savings and CO, emission reductions.
Acoustically, these materials demonstrate significant sound absorption potential, quantified by the Noise Reduction Coefficient
(N RC), which our model shows depends nonlinearly on both density (p) and thickness (7). Proper selection based on these
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Fig. 11. Multi-performance assessment of bio-based insulation in a prefabricated house. (a) Predicted overall thermal conductance (C) versus
insulation density (p,). (b) Predicted room reverberation time (Ty,) versus p,. In (a) and (b), solid black lines are mean predictions with 68% (dark
gray) and 87% (light gray) probability intervals. Reference points for rock wool and glass wool are shown. (c) Predicted building carbon footprint
of the insulation component (C Fy,;4ip,) and total building carbon footprint (CF,) versus p, using the uniform distribution model (Eq. (18)); and
(d) using the normal distribution model (Eq. (19)), both grouped by material type for Apg,, = 21.36 m*. Thick lines show mean CFp,; 4,
and CF,; thin dashed lines represent +1 standard deviation based on material CF variability (Table 7). Gray shaded area shows overall 68%

confidence interval around the generic trend.
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parameters can enhance indoor acoustic comfort while avoiding potential indoor air quality issues associated with some synthetic
alternatives. Environmentally, the carbon footprint (CF) analysis highlights a key advantage: many bio-based materials not only
have lower embodied energy compared to conventional options but also actively sequester atmospheric CO, during growth, offering
pathways to carbon-neutral or even carbon-negative building components.

The non-linear relationship between thermal conductivity (1) and density (p) can be attributed to several physical factors [59].
At very low densities (typically below approximately 20-30 kg/m?), heat transfer is governed not only by conduction through the
air trapped in the pores, but also by natural convection within larger, interconnected pore spaces [66]. In addition, the presence of
moisture in the pore air can significantly enhance heat transfer through combined air-water conduction, an effect that is particularly
pronounced in hygroscopic bio-based insulation materials. This moisture-related heat transfer differs substantially from that in
conventional insulation materials such as mineral wool, which generally exhibit lower moisture sorption capacity, and represents
a fundamental distinction between these two material groups. As density increases, solid-phase conduction through the material
matrix becomes more significant, while changes in pore geometry (such as reduced pore size, decreased pore connectivity, or partial
closure of pores due to densification) can occur [67]. The inclusion of a cubic term (p*) in our model, as selected by our parsimonious
model selection process, empirically captures this complex, non-linear behavior, which aligns with recent overviews suggesting that
simple linear models are insufficient. Similarly, the inverse relationship between the Noise Reduction Coefficient (N RC) and density
is well-founded in acoustics. Low-density porous materials typically exhibit high porosity and interconnected pores, which allow
sound waves to penetrate and dissipate energy through viscous and thermal losses. As density increases, tortuosity may increase,
but excessive density can reduce the open-pore content and increase flow resistivity beyond the optimal range, thus reducing sound
absorption.

Compared directly to traditional insulation like rock wool and glass wool, bio-based materials present a compelling multi-criteria
profile. Thermally, many can match or exceed conventional performance, especially at optimized densities. Acoustically, while
performance varies, options like thick, low-density hemp or straw can achieve high NRC values comparable to mineral wool.
Environmentally, the advantage is often pronounced, with significantly lower and potentially negative carbon footprints due to
biogenic carbon storage.

5.3. Implications for practical applications and future research

Bridging the gap between experimental research and practical application is crucial for leveraging the full potential of bio-based
materials in mitigating the environmental impact of the building sector. The probabilistic design tools developed here represent
a significant step in this direction, enabling engineers and architects to make informed decisions that account for performance
variability. Looking ahead, extending this probabilistic approach to include mechanical properties is essential, particularly for
applications where insulation might be integrated with structural elements, such as in prefabricated systems or load-bearing walls.
This would enable a truly holistic, multi-performance-based design and retrofitting methodology for sustainable buildings.

6. Conclusions

This study successfully developed and validated probabilistic models for assessing the thermal, acoustic, and environmental
performance of bio-based insulation. By synthesizing data from a comprehensive literature review and employing Bayesian statistical
methods, we quantified the inherent variability in thermal conductivity, Noise Reduction Coefficient (N RC), and carbon footprint,
linking performance to key material properties like density and thickness. The derived models provide a data-driven, statistically
robust basis for predicting performance under uncertainty, a critical advancement for the wider adoption of bio-based materials.
Application through case studies demonstrated the practical utility of these models in design scenarios, highlighting the potential of
bio-based materials to deliver competitive thermal and acoustic performance while offering significant environmental advantages,
including net carbon sequestration for certain material types. This probabilistic framework represents a valuable tool for designers
and policymakers, facilitating informed material selection and contributing to the transition towards a more sustainable and
low-carbon built environment.

6.1. Recommendations

Building upon the insights gained from developing and applying probabilistic models for bio-based insulation, this study offers
the following recommendations to accelerate the transition towards more sustainable construction practices.

1. Design Screening via Proxies: Our probabilistic models provide a foundation for utilizing material density (and thickness, for
acoustic properties) as practical proxies for the early-stage evaluation of thermal and acoustic performance under conditions
of uncertainty. These proxies enable designers to assess material performance across a range of possible scenarios, helping
to inform initial design choices with respect to energy efficiency and acoustic properties.

2. Thickness as a Key Performance Lever: The increase in insulation thickness leads to a direct improvement in thermal resistance
(i.e., a reduction in U-value) and, within the studied range, typically enhances the Noise Reduction Coefficient (N RC) for
acoustic performance. However, this relationship is not infinite. The benefit of increased thickness plateaus beyond certain
limits, where further increases provide diminishing returns in both thermal and acoustic performance. Thus, the optimal
thickness must be determined in accordance with performance targets, material properties, and design constraints, with
particular attention to ensuring that increased thickness remains within a cost-effective and resource-efficient range.
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3. Carbon-Performance Trade-offs: The environmental impact of adding insulation thickness is not uniform across materials
and is contingent upon the carbon footprint (CF) associated with the material class. For materials with a net-negative CF
(i.e., where embodied carbon is less than the carbon sequestered by the material), additional thickness can reduce the overall
carbon footprint, as the embodied carbon of the material may be offset by its carbon sequestration potential. Conversely,
for materials with a positive CF, increasing insulation thickness will result in higher embodied carbon emissions due to
the increased material mass. Therefore, insulation thickness should not be maximized arbitrarily, but rather optimized by
balancing the material’s thermal performance, embodied carbon, and the broader environmental impact. Material-specific
carbon footprints must be carefully evaluated to determine the most sustainable thickness for each application.

4. Broader Implications: The successful, widespread adoption of bio-based materials in building construction requires supportive
policies and frameworks that incentivize their use. Policymakers should consider tax credits or subsidies for low-carbon
materials and integrate life-cycle carbon assessments into building codes to encourage environmentally responsible material
selection [68-70]. Additionally, research should be prioritized to better understand the long-term performance, durability,
and carbon footprint of bio-based materials, as their environmental impacts can vary significantly across different types and
sources [71]. To maximize the environmental benefits of bio-based materials, their selection should be regionally optimized,
considering local resource availability (e.g., agricultural residues, forestry by-products) and the specific climatic and building
needs of the region [72].

By actively pursuing these recommendations, the construction sector can more effectively leverage the potential of bio-based insu-
lation materials, contributing significantly to reducing its environmental footprint, promoting resource circularity, and advancing
global decarbonization goals through optimized, context-specific sustainable building solutions.

6.2. Limitations and future work

It is important to acknowledge the limitations of this study. The predictive models are based on a limited set of easily measurable
predictors (density and thickness) to ensure broad applicability. Factors such as fiber orientation, porosity distribution, and moisture
content, while influential, were not explicitly included as predictors and are instead captured within the model’s uncertainty term.
The models are therefore best suited for preliminary design under typical dry, room-temperature conditions. Future work could focus
on developing more complex models that incorporate these additional variables, potentially through machine learning techniques, to
provide more refined predictions for detailed engineering. Furthermore, extending this probabilistic approach to include mechanical
properties is essential for creating a truly holistic design framework.
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Appendix A. Supplementary data

This appendix contains supplementary data compiled from the literature review.
A.1. Thermal conductivity database

Table A.8 presents the consolidated database of thermal conductivity (4) for various bio-based materials used in this study.
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Table A.8
Consolidated database of thermal conductivity (1) for various bio-based materials. Data includes density (p), average test temperature (T), 4,
and source references. Room temperature is assumed to be 20 °C if unspecified in the source.

Materials p [kg/m?] T [°C] A [W/(m K)] Ref

Wood 77-925 10-40 0.040-0.173 [73-79]

Bamboo 24-920 20-25 0.031-0.190 [32,80-86]

Hemp 64-924 10-27 0.048-0.196 [87-98]

Straw 20-973 10-60 0.034-0.143 [34,99-112]

Sunflower 36-858 10-40 0.038-0.160 [113-122]

Sugarcane bagasse 16-939 20-57.5 0.031-0.174 [123-134]

Crop husk 53-1022 10-40 0.038-0.197 [78,108,109,123,135-142]

Palm 100-972 18-70 0.033-0.201 [124,143-150]

Fruit 170-907 20-25 0.035-0.159 [151-156]

Cotton 150-450 20 0.059-0.089 [77,157]

Cork 98-195 20-36 0.046-0.055 [98,158]

Grass 60-1000 20 0.045-0.205 [98,159]

Reed 110-150 20 0.052-0.066 [33]

Beet pulp 271-360 20 0.070-0.076 [160]

Eucalyptus globulus leave 74-153 10-60 0.047-0.060 [34]

Corn stalk 280-380 20 0.075-0.108 [161]

Cattail 200-400 24 0.044-0.061 [162]

Pecan shell 599-681 7.2-40.5 0.085-0.112 [163]

Rice hull 154-168 7.2-40.5 0.044-0.056 [163]

Coffee chaff 350 36 0.076 [158]

Rubber 550 36 0.135 [158]

Kenaf 40 23 0.038 [164]

Jute 152-250 25 0.037-0.042 [165]
Table A.9

Consolidated database of Noise Reduction Coefficient (N RC) for various bio-based materials. Data includes density range (p), thickness (), NRC,
and source references, illustrating acoustic performance across different materials and configurations.

Materials p [kg/m?] t [mm] NRC Ref

Wood 100-1166 14-80 0.05-0.60 [31,166-172]
Bamboo 120-852 12-50 0.10-0.67 [173-175]

Hemp 40-400 10-84 0.15-0.75 [31,91,176-182]
Straw 50-825 6-100 0.07-0.83 [57,178,183-190]
Sunflower 34-1850 13-80 0.15-0.48 [116,178,191-193]
Sugarcane bagasse 100-796 5-50 0.11-0.68 [132,194-200]
Crop Husk 105-450 13-100 0.08-0.72 [136,141,183,195,197,201-205]
Palm 100-968 6.5-55 0.06-0.70 [147,206-216]
Fruit 60-747 7-100 0.07-0.75 [31,153,156,193,195,216-219]
Cork 100-195 17.1-30 0.21-0.30 [31,202]

Grass 156-400 20-90 0.33-0.79 [35,220]

Cotton 41 50 0.70 [176,221]

Ramie 96 50 0.69 [176]

Reed 720-818 6.7 0.07-0.18 [222]

Beet pulp 271-360 40 0.45-0.50 [160]

Coffee chaff 350 9.4 0.33 [202]

Rubber 550 16.8 0.20 [202]

Kenaf 30-600 10-60 0.09-0.75 [31,36,174,205,223-226]
Jute 43-250 5.6-60 0.16-0.73 [165,184,227]
Poplar seed 76-178 10-30 0.22-0.53 [228]

Nut leaf 105 6-60 0.13-0.72 [229]

Ground nut shell 234 10-30 0.20-0.42 [230]

Olive 235 15 0.15 [187]

Denim shoddy 43 60 0.84 [227]

Flax 78-115 50-56 0.60-0.65 [176,178,180]
Water hyacinth stem 464-1034 14 0.04-0.30 [231]

Luffa scrap 80-100 20-60 0.36-0.76 [232]

Kapok 8-58 60 0.45-0.67 [233]

Coir 130-198 10-45 0.27-0.61 [211,218,234,235]
Rice hull 400-700 14 0.20-0.28 [236]

Eucalyptus globulus leave 153 40 0.63 [34]

Bark cane 145 40-80 0.45-0.60 [31]
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Table A.10

Summary of carbon footprint (CF) data ranges ([CF,,,, CF,,,]) for various bio-based materials, expressed as kg CO, ., per kg of material.
Materials CF Range [kg CO,./kg] Ref
Wood [-3.340, 1.170] [237-242]
Bamboo [-2.739, 0.579] [23,242-254]
Hemp [—4.280, 0.020] [23,95,255-261]
Straw [-2.255, 1.580] [23,242,262-266]
Sunflower [0.000, 2.245] [267-277]
Sugarcane bagasse [-0.730, 2.000] [277-282]
Crop husk [0.001, 1.530] [158,283-291]
Palm [-0.606, 1.970] [292-303]
Kenaf [-0.891, 2.217] [164,259,304-308]
Fruit [0.020, 0.846] [274,309-317]

Table B.11

Layer composition, material properties (density p, thickness 7, thermal conductivity 1), for the bio-based shear wall design (Fig. B.12), following
Wang et al. [32]. p, and A, refer to the variable bio-based insulation material.

Layer Material p [kg/m?] t [mm] A [W/(m K)]
1 Ferro-cement jacket 2032 19 0.452

2 Damp-proof paper / 0.17 /

3 Bamboo panel 688 9.5 0.103

4a Bio-based material Py 89 or 140 Ay

4b Bamboo studs 688 89 or 140 0.103

5 PolyEthylene (PE) sheet / 0.2 /

6 Gypsum board 684 12 0.148

A.2. Sound absorption database
Table A.9 presents the consolidated database of Noise Reduction Coefficient (N RC) for various bio-based materials.
A.3. Carbon footprint database

Table A.10 presents a summary of the carbon footprint (CF) data ranges ([CF,,
compiled from life cycle assessment studies.

ins CF,.. 1) for various bio-based materials,

Appendix B. Case study inputs and details

This section provides the specific inputs, assumptions, and design configurations used in the case studies presented in the main
article, illustrating the application of the developed probabilistic models in representative building scenarios.

B.1. Thermal performance assessment of bio-based insulation walls

This subsection details the design of the bio-based insulation wall used in the thermal performance assessment case study (main
article), based on Wang et al. [32]. Fig. B.12 illustrates the wall’s elements and layers. Structural studs (cross-section 38 x 89 mm
or 38 x 140 mm) are spaced at s = 600 mm. The overall wall dimensions are 1.22 m (L) x 2.44 m (H). Table B.11 lists the specific
material properties and layer thicknesses.

The wall construction, from exterior to interior, is detailed as follows. Layer 1: exterior ferro-cement jacket (19 mm thick)
as cladding and primary moisture barrier [243]. Layer 2: air-weather retarder (damp-proof paper, 0.17 mm thick), permeable to
vapor but resistant to liquid water and air infiltration [318]. Layer 3: bamboo panel sheathing (9.5 mm thick). Layer 4: framing
layer consisting of bamboo studs (Layer 4b) and bio-based insulation material filling the cavities (Layer 4a). The thickness is either
89 mm or 140 mm. Layer 5: polyethylene (PE) vapor retarder sheet (0.2 mm thick) adhered to the framing to control inward vapor
diffusion and air movement. Layer 6: interior gypsum board finish (12 mm thick).

B.2. Sound-absorbing performance assessment of ceilings

This subsection describes the sound-absorbing ceiling configuration used in the acoustic performance assessment case study (main
article), following the design principles of GJBT-1041-08J931 [61]. Fig. B.13 shows a schematic cross-section. Steel studs, spaced
at d = 400 mm, support the assembly beneath a concrete slab. The cavity is filled with a bio-based insulation panel (thickness 7,
typically 50-100 mm in the case study), replacing conventional materials like rock wool or glass wool. A fiberglass cloth is stretched
and secured over the studs, followed by protective layers of barbed wire (above the insulation) and an aluminum plate mesh (below
the insulation) to maintain structural integrity and contain the insulation material.
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Exterior wall finish

Outdoor

Fig. B.12. Schematic of the multi-layer archetype insulation wall adapted from Wang et al. [32]. Layers include exterior finish, air-weather
retarder, sheathing panel, bio-based insulation within stud cavities, interior vapor retarder, and interior finish. Dimensions D (depth), L (width),
and H (height) are indicated.

B.3. Carbon footprint assessment of prefabricated temporary houses

This subsection outlines the design of the prefabricated temporary house used for the carbon footprint assessment case study
based on Ye et al. [319] and designed according to JGJ/T 188-2009 [320]. This case study adopts a prefabricated temporary house
(PTH) archetype that is widely used in China for rapid deployment (e.g., emergency accommodation, temporary worker housing,
and field facilities) due to its modularity and fast assembly/disassembly. The steel sheets in the reference configuration represent
thin-gauge protective skins (typical ‘steel sheet—insulation-steel sheet’ sandwich panels) primarily used for durability and moisture
protection during repeated transport and deployment; the analysis focuses on the insulation layer substitution to quantify the
marginal benefits of bio-based insulation within a realistic baseline envelope. Fig. B.14 provides schematic views and key dimensions.
The model house features standard components (door: 0.90 x 2.10 m; window: 1.20 x 1.50 m).

Table B.12 specifies the layer composition for the roof, wall, door, window, and floor in the bio-based variant analyzed. A key
feature of the bio-based design is the replacement of traditional insulation materials (e.g., rock wool, glass wool) with a 100 mm
layer of bio-based insulator (BB). Additionally, Glubam (GB), a laminated bamboo product, is used as the flooring material [32].
The assemblies typically involve sandwiching the insulation between steel sheets (SS). Windows are double-glazed units with glass
(G) and an air layer (A).

Appendix C. PRISMA literature screening

This appendix presents the PRISMA 2020 flow diagram used to document the systematic review process, as shown in Fig. C.15.
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Fiberglass cloth Concrete slab Barbed wire
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Fig. B.13. Cross-section schematic of the sound-absorbing ceiling assembly. Key components include the concrete slab, steel support studs (spaced
at distance d), bio-based insulation panel (thickness 1), fiberglass cloth, barbed wire, and aluminum plate mesh.

Window

:0.65m:

Door

2.85m

3.80 m R 5.62 m

Front view ' ' Side view

Fig. B.14. Schematic views and dimensions of the prefabricated temporary house model from Ye et al. [319], used in the carbon footprint
assessment. Dimensions for walls, roof, door (0.90 x 2.10 m), and window (1.20 x 1.50 m) are shown.

Data availability

The extracted and cleaned datasets compiled from the 266 literature sources (thermal conductivity, N RC, and carbon footprint
databases) are publicly available on Zenodo (DOI: 10.5281/zenodo.18061591) and are cited in the manuscript. The deposited files
include the processed tabular datasets used for Bayesian calibration and the associated metadata describing variables, units, and

inclusion criteria.
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Table B.12
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Layer design specifications for components of the bio-based prefabricated temporary house. Materials are abbreviated: SS (steel sheet), BB (bio-

based material), G (glass), A (air lay

er), GB (Glubam). Density (p) is in kg/m* and Carbon Footprint (CF) is in kg CO,q/kg. p, indicates the

density of the variable bio-based material used for insulation.

Components Bio-based design of the

different layers (from outside to inside)

Layer 1 p CF Layer 2 P CF Layer 3 P CF
Roof
Wall 0.5 mm SS 7800 [32] 2.19 [242,321] 100 mm BB Py See Table A.10 0.5 mm SS 7800 [32] 2.19 [242,321]
Door
Window 6 mm G 2500 [29] 0.84 [29,242] 12 mm A 1.25 0 6 mm G 2500 [29] 0.84 [29,242]
Floor 0.5 mm SS 7800 [32] 2.19 [242,321] 100 mm BB Py See Table A.10 10 mm GB 855 [32] -1.27 [242,252]

Screening

Selection Criteria and Identification

Search database:
Google Scholar
Search keywords:

Bio-based material; Insulation; Thermal conductivity; So
Noise Reduction Coefficient; Carbon footprint; Life cyc

Screening

Included N; > Excluded
N=831 = N=410

Fig. C.15. PRISMA 2020 flow diagram for the systematic literature review. The diagram details the process of identification, screening, and

inclusion of studies for the databases.
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