
echT PressScience

Doi:10.32604/jrm.2025.02024-0067

ARTICLE

Development of Loose-Fill Thermal Insulation Materials from Annual Plant
Residues Using Low-Concentration Chemimechanical Pulping

Andris Berzins1,2, Ramunas Tupciauskas1,*, Gunars Pavlovics1 and Martins Andzs1

1Latvian State Institute of Wood Chemistry, Riga, LV-1006, Latvia
2Latvia University of Life Sciences and Technologies, Jelgava, LV-3001, Latvia
*Corresponding Author: Ramunas Tupciauskas. Email: ramunas.tupciauskas@kki.lv
Received: 21 December 2024; Accepted: 29 April 2025; Published: 23 June 2025

ABSTRACT: This study examines the development of loose-fill thermal insulation materials derived from annual
plant residues, such as wheat straw, water reeds, and corn stalks, processed using the chemimechanical pulping (CMP)
technique. The chopped plants were soda-cooked for 30 min, varying NaOH concentration (2%–8% on a dry basis of
biomass), and mechanically refined using different disc types. The CMP process enhances the homogeneity and stability
of defibrated material, yielding improved insulation properties compared to untreated chopped raw materials. Chemical
analysis revealed that CMP increases cellulose content and reduces lignin levels, enhancing water retention and vapor
diffusion properties. Settlement tests confirmed that CMP materials are more resistant to compaction under vibration,
maintaining long-term performance. Additionally, the CMP enables the production of lightweight materials that
require less resource consumption while achieving comparable thermal insulation performance. The investigated bio-
based materials offer a sustainable alternative to conventional insulation, with competing thermal conductivity values
(0.041–0.046 W/mK) at the settlement-resistant bulk density level of 60 kg/m3. The thermal conductivity of CMP
materials remains minimally affected. However, the resulting fibers demonstrate significant advantages in stability
and material efficiency. This highlights its suitability for loose-fill applications to improve the sustainability of the
construction. Using renewable plant residues, CMP-based insulation materials align with circular economy principles
and contribute to environmental sustainability. This research underscores the potential of CMP materials to reduce
greenhouse gas emissions, optimize resource use, and promote eco-friendly building practices.

KEYWORDS: Wheat straw; water reed; corn stalk; chemimechanical pulping; lignocellulosic biomass-based thermal
insulation materials; thermal conductivity

1 Introduction
Today’s dynamic changes influenced by human activity affect the comfort of our lives and the envi-

ronment. To improve the quality of life and reduce the negative impact on nature, it is essential to use
resources wisely to produce environmentally friendly materials. Thermal insulation materials derived from
local and renewable resources can provide the desired indoor climate comfort, simultaneously reducing
greenhouse gas (GHG) emissions [1]. Building energy efficiency is one of the main factors promoting
GHG reduction. The construction sector consumes between 30% and 40% of global energy and produces
one-third of the world’s GHG emissions [1,2]. Effective thermal insulation is essential to reduce energy
consumption for building heating and cooling, ensuring a comfortable indoor temperature. To support
decarbonization efforts, the World Green Building Council has set the goal of achieving net-zero carbon
emissions by 2050 [3]. Likewise, the European Commission’s stringent stance on limiting GHG emissions
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and its commitment to the European Green Deal requires a shift towards using and applying renewable
resources of lignocellulosic biomass (LCB) responsibly [4]. The construction industry distinguishes between
two types of carbon emissions: embodied carbon, which arises during the production and transportation of
materials, and operational carbon, which is related to building energy consumption. Currently, the ratio of
these emissions is 42:58; however, the Committee on Climate Change aims to shift this to 68:32 by 2030 [5].
This indicates a need for low-emission materials that reduce energy use for building maintenance. The use
of LCB-based thermal insulation in Europe reached only 2% in 2022. After the Environmental Regulation
and Responsible Building Regulation in 2020, the application of LCB-based thermal insulation in France is
expected to get 13% by 2030 [6].

The primary function of thermal insulation materials is to separate building structures from the
external environment and to reduce the heat flow, ensuring a comfortable indoor microclimate. Insulation
efficiency is mainly characterized by thermal conductivity, where a lower value indicates better insulation
properties. The lower the material’s thermal conductivity, the thinner the insulation layer is required to
maintain the same indoor temperature, indicating the better insulator [7,8]. The structure of plants has a
unique thermal insulation property, making them suitable for producing insulation material [9,10]. Previous
studies on using annual plants for loose-fill insulation through the steam explosion technique have shown
thermal conductivity values ranging from 0.04 to 0.05 W/mK [11]. The thermal insulation properties
of wheat straw and corn husk have demonstrated promising results using a pulping method, indicating
their suitability for insulation material development [12]. The recycling of LCB residues has traditionally
been considered for paper production and fiberboard manufacturing [13–16]. However, studies on the
hygro-thermal performance of loose-fill LCB for insulation applications are limited [17,18]. Plant-based
LCBs are well-suited for fiber extraction from various parts, such as bast, leaves, stems, seeds, fruits, and
grasses [19]. Depending on the plant species, fiber length can vary from less than a millimeter to several
tens of millimeters [20]. Plants rich in long fibers, such as hemp, flax, and jute, are typically used for
insulation materials in construction [18,21,22], although these fibers are used mainly in textiles [23] and rope
production [24].

Various methods can be applied to process plant residues with short fiber lengths into fibrous materials
suitable as loose-fill building insulation. Unlike perennial wood, annual plants contain less lignin, making
it easier to refine even at low temperatures and fewer chemicals. Smaller mill sizes and a simplified
process can also be economically beneficial [25]. While the structure of plants is similar to wood, their
specific characteristics require less energy for fiber extraction. In turn, the lifecycle of annual plants,
especially residues of agriculture crops, allows much faster material resource availability compared to the
wood [19]. The most widely used fiber extraction techniques are thermomechanical pulping, chemical
thermomechanical pulping, alkaline peroxide mechanical pulping, and steam explosion pulping [11,26].
Both chemical/thermomechanical pulping are typically used for fiber extraction in paper and packaging
production [25,27,28], while the extraction of non-wood short fibers for insulation applications is less
studied [18]. A refiner can mechanically separate fibers; however, to improve the process, a pre-treatment
with chemicals such as NaOH is used to facilitate the defibration process [13,29].

The existing research indicates that plant-based LCB is an available resource that could be suitable
for thermal insulation purposes because it exhibits low thermal conductivity [9–11,30–32]. Plant-based
insulation aims not to obtain individual fibers but rather a fibrous loose-fill mass with a low density. Con-
sidering those mentioned above, this study examines the potential of using annual plants to develop thermal
insulation materials, offering solutions for sustainable construction. Fiber extraction by low-concentration
chemical-mechanical pulping was reviewed to develop and evaluate loose-fill insulation materials from
locally available plant residues—wheat straw, corn stalk, and water reed.
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2 Materials and Methods

2.1 Raw Materials
The study utilized three locally sourced (Latvia) plant residues: wheat (Triticum aestivum) straw (WS),

water reeds (Phragmites australis) (WR), and corn (Zea mays) stalks (CS). The wheat straw was collected
from a farmer in Limbazi district; water reeds were harvested in winter from a lake Puze, Ventspils district;
and fresh corn stalks were obtained in late September from a farm “Pauri” in Blome. Each raw material was
chopped separately using a knife mill (CM4000, LAARMANN, Roermond, Netherlands), with sieving at
Ø 30 mm and Ø 20 mm, providing consistent particles suitable for further processing.

2.2 Preparation of Chopped Insulation Materials
To prepare chopped loose-fill insulation materials, each raw plant species was chopped using a knife

mill equipped with a 20 mm sieve to make the material homogeneous and suitable for blowing technology.
The obtained chopped insulation materials (CMs) from reeds (WR20_raw), wheat straw (WS20_raw), and
corn stalks (CS20_raw) were used as reference samples for comparison with CMP samples.

2.3 Preparation of Insulation Materials by CMP
Before mechanical pulping by a disc refiner (REGMED MD-3000) in a water medium, the chopped raw

materials (Ø 30 mm) were cooked (100) for 30 min with the addition of sodium hydroxide (NaOH) varying
concentrations (2%, 4%, and 8%) relative to the dry weight of the material. The proportion of CM and water
was about 1:28. The cooked samples were drained through a metal sieve (3 mm) and then introduced in small
portions (30–50 g) into a refining tank containing 10 L of water, varying with three discs and a gap between
them. The parameters of CMP are summarized in Table 1. During the mechanical pulping, the discs were
gradually brought closer to reach the desired spacing, with each run lasting between 10 and 20 min.

Table 1: CMP parameters for each chopped raw material

NaOH, % Cooking, min Type of disc Gap between discs, mm

2 4 8 30
LF—long fiber

0.25SF—short fiber 0.5 0.75
GU—general use

The obtained CMP was strained through two sieves with 2.5 and 1.25 mm openings to improve drainage.
The strained fiber mass was then hand-compressed to remove the residual water, achieving a moisture
content of 70 ± 10%. The drained fiber mass was foamed/homogenized using a mechanical loosening device
consisting of a system of two rotating cylinders (900 rpm) coupled with stainless steel wires, ensuring
uniform fiber dispersion [11]. This fluffing and partially drying process was repeated up to 5 times. Finally,
the CMP was oven-dried at 45○C–60○C and conditioned at 20 ± 2○C and a relative humidity of 60 ± 5%.

2.4 Characterization of Insulation Materials
2.4.1 Determination of Chemical Composition

Chemical components in terms of cellulose (glucan), hemicellulose (a combination of xylan, galactan,
mannan, arabinan, and acetyl groups), lignin, and ash of CM and CMP samples were determined based
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on the Laboratory Analytical Procedures detailed in the standards NREL/TP-510-42618 and NREL/TP-510-
42622 [33,34].

2.4.2 Determination of Particle Size Distribution
The particle size distribution of developed insulation materials was determined using a sieve column

(Haver & Boecker, Oelde, Germany) with mesh sizes of 0.5, 1.0, 2.0, 3.15, 5.0, and 10 mm, according to EN
15149-1, sieving time 3 min [35].

2.4.3 Application of Light Microscopy
To assess the defibrillation of the obtained CMP, samples were placed in an open container with

the target bulk density of 60 kg/m3 and examined with a Zeiss Stemi 508 stereomicroscope (Carl Zeiss
Microscopy GmbH, Jena, Germany) using a dual-point illumination and magnifications of 2× and 10×.

2.4.4 Determination of Water Retention Value (WRV)
To determine WRV, untreated raw materials were chopped to pass a 6 mm sieve to fit within test tubes.

Then, both CM and CMP samples were soaked in water for 24 h, transferred to pre-weighed dry tubes, and
centrifuged at 4500 rpm for 15 min before drying at 105○C. The percentage of WRV was calculated from
the Eq. (1):

WRV = (m1/m f 2 − 1) 100 (1)

where m1 and m2 are the sample’s mass before and after drying.

2.4.5 Determination of Water Vapor Diffusion Resistance
The water vapor diffusion resistance coefficient μ of CM and CMP samples was determined by the

standard EN 12086 [36]. The testing vessel consists of a cylindrical container with a dehydrating agent placed
at the bottom, an air gap, a metal mesh to support the loose material, and the test material positioned at the
top. To prepare the testing vessel, 225 g of phosphorus pentoxide (P2O5) is introduced at the bottom of a
cylindrical container with an internal diameter of 105 mm. A metal mesh supports the test material 20 mm
above the dehydrating agent. The test material is placed at a thickness of 50 mm, with a density of 60 kg/m3

or a specified compacted density. Before testing, the material was conditioned at 20 ± 2○C and a relative
humidity of 60 ± 5%.

The prepared testing vessel was placed in a climate chamber set to a temperature of 23 ± 1○C and a
relative humidity of 85 ± 3%. The sample mass was measured every 24 h until the mass change over a defined
interval reached a stable rate of ±5%. Water vapor diffusion resistance μ is calculated from the Eq. (2):

μ = δair/δ (2)

where δair is the water vapor permeability of air, which at atmospheric pressure of 1013 hPa is
0.71 mg/(m⋅h⋅Pa), and δ is the water vapor permeability of the sample, expressed in mg⋅m/h⋅Pa. The water
vapor permeability δ is derived from Eq. (3):

δ =Wd , (3)
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where d represents the thickness of the test sample in meters, and W is the water vapor conductance in
mg⋅m2/h⋅Pa. Water vapor conductance W is defined by the Eq. (4):

W = G/AΔp (4)

where Δp represents the water vapor pressure differential, calculated as 2390 Pa under the specified test
conditions, A is the exposed area of the sample (m2), and G denotes the hourly mass change rate (mg/h).

2.4.6 Determination of Bulk Density
The bulk density of developed loose-fill insulation materials was measured according to the standard

EN 15103 [37]. The material was poured into a 5-L cylindrical metal container, tapped three times to settle,
refilled, and weighed. The bulk density of the samples with the air-dry moisture content (Dar) was calculated
from the Eq. (5):

Dar = (m2 −m1)/V (5)

where m1 and m2 are the empty and the filled container mass (kg), accordingly, and V is the container
volume (m3). The measurement was repeated five times to establish an average value.

2.4.7 Determination of Thermal Conductivity
The thermal conductivity of developed materials was determined according to the standard ISO-8301

using a LINSEIS Heat Flow Meter 200 (RobMaterials, Robbinsville, NJ, USA). Samples with a constant
thickness of 50 mm, varying density from bulk to 90 kg/m3 were placed in a container with the inner
measurements of 200 mm × 200 mm × 50 mm, and the coefficient of thermal conductivity λ measured
between 0○C and 20○C.

2.4.8 Determination of Settling
Settling of loose-fill insulation materials was tested according to the standard EN 15101-1+A1:2019 [38]

using a box with the inner measurements of 2300 mm× 600 mm× 100 mm fixed within a frame accomplished
with an eccentric motor (2800 rpm). The conditioned (20 ± 2○C, RH 60 ± 5%) samples were blown into the
box by a cellulose blower Krendl (Model 575, Krendl, Delphos, OH, USA) to achieve the required density
by changing the material feed opening and airflow. After an initial sample installation, the motor vibrated
vertically-fixed box for at least 30 min. The height of any settled material was recorded, and the additional
material was blown in until no further settling was observed. Finally, the density of settled materials was
calculated according to the weighted mass.

2.4.9 Statistical Analysis
The factors influencing the mean values using the standard deviation of at least three individual

specimens of the tested properties described above were analyzed by Excel software using the one-way
ANOVA tool at the significance level α = 0.05.

3 Results and Discussion

3.1 Impact of CMP Parameters on Developed Insulation Materials
In general, variations in NaOH concentration, type of disc, and gap between the discs impacted both

bulk density and thermal conductivity of obtained CMP samples. The determined bulk density for WR
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ranged from 24.6 to 97.9 kg/m3, CS from 19 to 34 kg/m3, and WS from 16.2 to 79 kg/m3. At the same time,
the determined thermal conductivity for WR ranged from 0.044348 to 0.05052 W/mK, for CS from 0.04059
to 0.04824 W/mK, and for WS from 0.04285 to 0.05267 mW/mK.

The pre-treatment of biomass in the NaOH solution facilitates moisture absorption, which enhances
biomass particle size reduction during defibrillation in a refiner. The increase of NaOH concentration to
8% significantly improved the defibrillation of reeds. However, the highest NaOH concentration for wheat
straw and corn samples resulted in high defibrillation and increased fine particles sticking together into
balls. Consequently, this increased the density and thermal conductivity of the obtained materials. For wheat
straw and corn samples, an increase in NaOH concentration from 2% to 4% leads to an increase in thermal
conductivity while reducing bulk density, regardless of the refining disc type and gap. In contrast, bulk density
and thermal conductivity decreased with increasing NaOH concentration for reed samples.

The CMP process’s feasibility primarily determines the disc type’s influence on the resulting fiber. For
instance, the biomass was inadequately processed using the SF disc, resulting in the fiber sticking during the
process. Conversely, the LF disc produced more irregular fiber shapes with a higher bulk density. The GU
disc was the most suitable for fiber extraction from selected biomass species, as it exhibited acceptable bulk
density and thermal conductivity values while ensuring a more uniform refining process.

The gap between the refining discs affected the thickness of the fiber bundle. Given that the target fiber
should be thin and long, providing a higher aspect ratio, the smaller gap resulted in more optimal fiber
extraction. The provided tests showed that a reduced gap decreased the bulk density and thermal conductivity
of developed insulation materials.

A decrease in the amount of dry mass can be observed during NaOH treatment and defibrillation. After
the soda cooking, mineral particles and dissolved compounds are partially washed off during the draining.
During defibrillation in a refiner, additional small particles are formed, which are further filtered through
a sieve. Reducing the mesh size could reduce the loss of these particles, but since the fine fraction is not
desirable for the insulation material, reducing this loss is unnecessary. The amount of useful dry mass during
processing decreases depending on the type of plant and the processing parameter. For example, the dry
matter reduction for WR and CS pulps is between 26% and 38%, but for WS, it’s between 20% and 26%.
Possibly, the better results of annual plant defibration could be achieved by conducting a mechanical pulping
in a steam/pressure refiner combined with a flash tube dryer [39,40]. This approach could eliminate the need
for NaOH usage and wastewater management during CMP, while flash drying could reduce the proportion
of hydrogen-bonded fibers and enhance thermal insulation performance.

Based on the conclusions derived from the performed CMP experiments followed by initial tests, a
further comprehensive examination will be focused on three CMP samples obtained by GU discs through
the gap of 0.25 mm. As was mentioned above, an optimal NaOH concentration for water reeds was 8%, and
the sample was designated as WR30_8GU. An optimal NaOH concentration for wheat straw and corn stover
was 2%, and the samples were designated as WS30_2GU and CS30_2GU, respectively. The summary and
pictures of investigated loose-fill insulation samples are given in Table 2 and Fig. 1, respectively.

Table 2: Developed loose-fill insulation materials

Raw materials Chopped materials
(CM)

Chemimechanical pulps
(CMPs)

Water reed (WR) WR20_raw WR30_8GU
Corn stalk (CS) CS20_raw CS30_2GU

(Continued)
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Table 2 (continued)

Raw materials Chopped materials
(CM)

Chemimechanical pulps
(CMPs)

Wheat straw (WS) WS20_raw CS30_2GU

Figure 1: Pictures of CM (left) and CMP (right) loose-fill insulation samples (10 g per sample) from water reed
(a), corn stalk (b), and wheat straw (c)

3.2 Properties of Developed Loose-Fill Insulation Materials
3.2.1 Analysis of Chemical Composition

The chemical composition of raw and CMP samples is illustrated in Fig. 2. After CMP, the ash content
of all plant species decreased, which can be attributed to the leaching of mineral particles during the fiber
drainage. The highest ash content between raw species was found in CS20_raw (8.45%), which decreased to
3.08% in CMP. The lowest ash content between raw species was detected in WS20_raw (3.95%), dropping
to 1.84% in CMP. Like ash, lignin content also decreased in CMP samples (except for WS), which can be
attributed to the cooking in NaOH solution. In contrast, the cellulose and hemicellulose contents increased
in all CMP samples. These results are in line with other works reviewed by Worku et al. [41].

3.2.2 Analysis of Light Microscopy
Examination of LCB samples using light microscopy revealed that plant materials after CMP are

fragmented, primarily forming fiber bundles parallel to the grain (Fig. 3). The material does not yield single
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fiber structures. At magnification of 10×, the outer edges of the fiber bundles show thinner fiber segments;
however, individual fibers are not obtained during CMP. Such result is related to relatively low NaOH content,
which usually contains 15%–50% solution in the case of the pulp and paper industry [41]. During the CMP,
the number of particles increases while maintaining the same pore size, reducing the bulk density. For a given
volume, it is likely to be greater.
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Figure 2: Chemical composition of raw and CMP samples

Figure 3: Microscopical surface view of WR (above), CS (middle), and WS (bottom) samples: (a) raw (scale bars
0.5 mm), (b) CMP 2× (scale bars 0.5 mm) and (c) CMP 10× (scale bars 0.1 mm)
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Comparing the fiber bundles obtained by the SE technique [11], the CMP fiber bundles are straighter and
only partially curved, which is different from SE fibers. No significant differences were observed by the light
microscopy between the CMP samples in terms of used LCB species. A slightly finer fiber agglomeration was
noted in the reed sample at a magnification of 2×, promoting inter-particle adhesion. This correlates with
the particle size distribution overviewed in the following subsection (the proportion of fiber fractions above
10 mm is 61%, while the particles below 0.5 mm contain only 8%). This suggests that the blown-in material
in a construction may resist the settlement well.

3.2.3 Analysis of Particle Size Distribution
The results of the particle size distribution of CM and CMP samples are summarized in Fig. 4. The

particle size distribution of corn stalk and wheat straw CMP samples is relatively similar, accounting for the
particles below 2 mm for 55.6% and 54.1%, respectively. In contrast, the reed CMP sample accounts for only
31.5% of the size fraction below 2 mm, which can be attributed to a more pronounced particle agglomeration
(adhesion between fibers) above the 10 mm sieve. The fraction between 5 and 10 mm of CM and CMP samples
significantly decreased from an average of 32% to 0.2%, respectively. This indicates that the CMP effectively
reduces the diameter of the fractions. Concurrently, during the drying, the fiber agglomeration occurs due
to the hydrogen bonding [42], increasing particle fraction greater than 10 mm (Fig. 3). There is a notable
increase in the particles within the 2 mm fraction, demonstrating the impact of CMP on the quantity of
defibrated particles.

0% 20% 40% 60% 80% 100%

WS30_2GU

CS30_2GU

WR30_8GU

WS20_raw
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WR20_raw
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5...10 mm
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2...3.15 mm
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0,5...1 mm

0...0.5 mm

Figure 4: Distribution of LCB particle size depending on the processing

The particle distribution of CMP obtained during this study is somewhat similar to the pulp obtained
by steam explosion [11]. The volume of particle fraction between 2 and 10 mm is significantly reduced, but
the fractions of fines and particles above 10 mm increase. It is clear that the processing does not directly
increase the particle size but rather makes the adhesion or sticking of fine particles, which form a larger
particle cluster. Such particle formation can reduce the stratification of fractions, at the same time, it can also
affect the density of the material.

3.2.4 Analysis of Water Retention Value (WRV)
The WRV allows assessing the material’s ability to retain and release water. Factors influencing this

include the material’s porosity, cell wall composition, surface smoothness, particle size, and other properties.
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WRV is a critical parameter for thermal insulation materials, as an increase in moisture content elevates its
thermal conductivity [43]. Increased moisture also affects the risks of fungal growth.

WRV results of developed loose-fill insulations are shown in Fig. 5. The CMP showed a relatively little
effect on the WRV of wheat straw and corn samples, achieving approximately 160% and 190%, respectively. In
contrast, the WRV of reed samples significantly increased from 84% to 126%. Typically, the WRV increases
after the CMP because it increases the surface area of the fibers and the number of micropores by disrupting
the cell walls [44–47]. Little changes in WRV of wheat straw and corn samples after CMP could be related
to the low NaOH content used (2% on dry LCB). In the case of reed samples, NaOH content was 8%, which
resulted in a significant increase in WRV. The lower WRV of reed compared to corn and wheat samples could
also be related to the natural water absorption resistance because of the exceptional growing conditions in
an aquatic environment.
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Figure 5: Water retention value of LCB

To compare, the reported WRV of untreated hardwoods like birch and poplar are 71% and 79%,
respectively [48], of date palms, 138% [45], rice straw after TMP 118% [49] and conifers around 110%, which
increases with a processing degree [50].

In general, it could be said that the WRV of different LCBs depends on many factors, including chemical
changes. It was observed that a higher content of cellulose and hemicellulose increases WRV, while lignin,
being hydrophobic, decreases it [11,51]. In our case, the explanation could be attributed only to the reed
samples, in which lignin content decreases, but the contents of hemicelluloses and cellulose increase after
CMP (Fig. 1). Despite WRV variations within the developed CMP insulations, all samples demonstrated
significant inhibition of mold growth, achieving an average of 35% of the sample area, while the chopped
raw LCB achieved ~75%, respectively [52].

3.2.5 Analysis of Vapor Diffusion Coefficient (VDC)
Results of VDC of developed loose-fill insulation materials are shown in Fig. 6, demonstrating a

significant decrease after CMP. The lowest VDC (1.72 ± 0.22) was achieved in the reed sample after CMP,
while the highest (3.34 ± 0.61) depends on the untreated corn stover sample. The variation tendency of VDC
is similar to WRV in terms of the highest and lowest values within the untreated and CMP samples. This
indicates the differences between species independent of the processing. To mitigate the risk of condensation,
particularly when indoor and outdoor humidity differentials increase, a lower VDC of insulation material
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is preferable [53]. A commercial loose-fill insulation material derived from softwood TMP and tested in
the framework of this study showed a VDC of 2.66 ± 0.12, indicating a very similar result compared to the
developed CMP samples.

As the thermal conductivity of insulation material is dependent on its moisture content [7], it is essential
to prevent the formation of moisture in structures and facilitate its drying. Since the VDC of developed CMPs
is relatively low, the materials can dry quickly, ensuring good moisture transfer to the outside. Compared to
mineral wool, with a VDC of 1, the moisture transfer is advantageously directed outwards but presents a risk
of condensation in contact with the exterior cladding materials. Therefore, walls insulated with mineral wool
need a water vapor retarder [54] that could be avoided in the case of LCB-based insulations.
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Figure 6: Vapor diffusion coefficient of LCB

3.2.6 Analysis of Density
The density of loose-fill insulation material is an essential factor influencing thermal performance,

settlement, and resource consumption. One of the risk factors for loose-fill insulation is settlement, which
is the tendency of the material to compact under the influence of natural vibration. Therefore, the density
of developed loose-fill materials was detected in bulk and settling ways (Section 2.4). The density after the
settling is essential for calculating the minimum required material volume (area density) for integration into
a construction. The optimal blown-in (installed) density is also determined to ensure maximum material
efficiency. The summary of the densities measured during the study is presented in Fig. 7.

The required density affects the amount of material needed for insulation, while the thermal conductiv-
ity coefficient determines the necessary thickness of the insulation layer. Therefore, the material should be
installed at a density that ensures the lowest thermal conductivity coefficient and prevents material settlement
during service life. At the same time, using the least amount of material in construction is desirable to
promote efficient resource use and minimize environmental impact. The bulk density of untreated CM varies
in a range of 54–93 kg/m3, with the lowest value belonging to the reed sample (Fig. 7). CMP significantly
impacted variation and decreased bulk density for all three plant species, achieving values between 21 and
25 kg/m3.
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The density after the settlement significantly increased to 2.5× for CM and 2.7× for CMP samples. For
comparison, the settling density of WS-CM measured within this study (115 kg/m3) is slightly higher than
that used in another study (90–105 kg/m3) testing the blow-in technologies of chopped wheat straw [55]. The
optimal density values equal to blow-in density were achieved after settling all CM and WR-CMP samples
(Fig. 7). The optimal blow-in density values of CS-CMP and WS-CMP were slightly higher than after the
settlement; however, all CMP samples achieved the optimal blow-in density of around 60 kg/m3. Therefore,
the settling effect due to vibration aligns with the recommended minimum blowing density, meaning that
only a small increase in material quantity is necessary to achieve the desired operational density. Due to
the substantially higher densities of chopped raw materials, a more robust construction framework would
be required to accommodate the additional material weight and settling effects. The results reveal CMP’s
efficiency in producing lightweight insulation materials with adequate resource consumption. The potential
impact of moisture and aging on the settlement of developed materials should be considered, which could
contribute further to the compaction over time [56]. However, the performed study on chopped wheat straw
declares that the blow-in insulation with a density of 105 kg/m3 increased in volume by only 3% and remained
permanently stable [55].

3.2.7 Analysis of Thermal Conductivity
According to the standard EN 15101-1+A1 [38] thermal conductivity of loose-fill insulation material

should be determined and compared at its bulk and blow-in (the actual density in the construction) density
levels. Based on this, the thermal conductivity values of developed insulation materials are summarized
in Fig. 8. As shown in Fig. 8, the thermal conductivity of all developed insulation materials ranges from
0.041 to 0.051 W/mK.

At the bulk density, the thermal conductivity is slightly higher than in construction, indicating the
positive impact of material compaction during the blowing. Moreover, at the blow-in density, the thermal
conductivity range of all developed insulation materials narrows between 0.041 and 0.046 W/mK. The
determined standard deviation of thermal conductivity is relatively low, except for three samples (WR-raw at
blow-in density, CS-CMP, and WS-CMP at bulk density) demonstrating a higher deviation between 0.0008
and 0.0012 W/mK. As can be seen, the dispersion of thermal conductivity is greater at bulk density but
smaller at blow-in density. This can be attributed to the fact that the samples are manually placed into
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the test container at a given density. The arrangement of fibers in the test sample with bulk density may
vary more, which affects the determined thermal conductivity. Another fact is that the homogeneity of the
samples may affect the measurement, e.g., CM is lower homogenous than CMP, increasing the dispersion of
thermal conductivity.
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Figure 8: Thermal conductivity of developed insulations at bulk and blow-in density

The measured low thermal conductivity indicates that all plants considered are suitable for use as loose-
fill insulation in frame construction. A recent study investigating different LCB-based loose-fill thermal
insulations in a wooden frame depending on climate conditions for three years has declared the thermal
conductivity under 0.052 W/mK [54]. The same conclusion was confirmed by a study on chopped wheat
straw blown in different ways with measured mean thermal conductivity values in the range of 0.0463–
0.0471 W/mK [55]. Compared to industrially produced wood fiber and cellulose, which have a thermal
conductivity of 0.038 and 0.039 W/mK, respectively [57,58], our results of CS-CMP and WS-CMP are
relatively close. Comparing CM and CMP materials, it is evident that CMP has a relatively minor impact
on their thermal conductivity, improving the values for corn and wheat residues and, unfortunately, slightly
worsening for reeds (Fig. 8). It can be concluded that CMP minimally affects thermal conductivity.

To evaluate the thermal conductivity of CMP materials, their performance was assessed at density levels
varying from bulk (~23 kg/m3) up to 90 kg/m3 (Fig. 9).

The results clearly show the shape of thermal conductivity described by significant polynomial regres-
sions, achieving the optimal values for all samples at 60 kg/m3 density ranging from 0.041 to 0.046 W/mK.
At this density level, the obtained thermal conductivity values of developed CMP fit the values of commonly
used thermal insulation materials ranging between 0.03 and 0.05 W/mK [59]. Similar results of density-
dependent thermal conductivity have been reported for the plant fiber insulations from hemp, flax, and jute,
with the lowest values observed at the density of 70–80 kg/m3 [60]. The thermal conductivity increases in
wheat straw and paper cellulose mixture as density rises from 50 to 100 kg/m3 [61]. As density increases
from 18 to 85 kg/m3 for hemp fibers, the thermal conductivity decreases from 0.076 to 0.040 W/(mK) [62].
Studies on insulation boards from cotton stalk fibers also indicate higher densities and increased thermal
conductivity, with density examined in the 150 to 450 kg/m3 [63].

These findings suggest that raw plant species, processing, and density significantly affect the thermal
conductivity of developed insulation. The structural properties of plant materials and processing techniques
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can optimize this density point. A key advantage of plant-based loose-fill insulation is the ability to
achieve a lower density than board materials, resulting in improved thermal conductivity and lower raw
material consumption.

y = 3E-06x2 - 0.0004x + 0.0586
R2 = 0.8341

y = 1E-06x2 - 0.0001x + 0.0448
R2 = 0.7994

y = 2E-06x2 - 0.0002x + 0.0469
R2 = 0.9571
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Figure 9: Thermal conductivity vs. density of CMP samples

3.2.8 Material Consumption of Developed Loose-Fill Insulation
The thickness of an insulation layer is directly dependent on the thermal conductivity. Assuming that

the thermal resistance (R-value) of the wall insulation is 5.5 (m2⋅K/W) [64], the required insulation layer
thickness d (m) can be calculated using the Eq. (6):

d = λR, (6)

where λ is the thermal conductivity of insulation material (W/mK). The amount of heat insulation necessary
to blow in one square meter of a construction Ad (area density, kg/m2) can be calculated from Eq. (7):

Ad = ρd , (7)

where ρ is the blow-in density, kg/m3. Based on the measured values of developed loose-fill insulation
materials and calculations using Eqs. (6) and (7), the results are summarized in Table 3.

Comparing the developed insulation materials, it is evident that CMP insulation requires half the
amount of CM insulation to blow in one square meter of construction. This reduction is due to the lower
density and thermal conductivity of developed CMP. To achieve the equivalent thermal performance of
developed insulation materials compared to commercially available wood fiber or cellulose insulation, a
10%–19% thicker layer would be required. Compared to commercial cellulose insulation, only 6% more
is needed in terms of area density if both CS-CMP and WS-CMP are used. This highlights the effi-
ciency of developed CMP insulation materials from available LCB residuals regarding material usage
and performance.

Although CMP requires additional processing, it enables the production of loose-fill thermal insulation
with significantly lower material consumption than untreated chopped plant-based material. The properties
of CMP materials are comparable to those available in the market, making it feasible to classify plant residues
as suitable raw materials for application in thermal insulation. From the perspective of sustainable circular
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economy and environmental conservation, this approach offers significant potential. By reducing GHG
emissions in terms of sequestering CO2, plant-based insulation obtained by CMP presents a promising
product for environmentally sustainable applications in wood-based materials and construction sectors to
promote eco-friendly building practices.

Table 3: Calculated area density (Ad) of heat insulation materials in a construction

Sample λ, W/mK ρblow-in, kg/m3 d, m Ad, kg/m2

WR20_raw 0.045 143 0.25 35.2
CS20_raw 0.045 135 0.25 33.2
WS20_raw 0.043 115 0.24 27.3

WR30_8GU 0.046 64 0.25 16.1
CS30_2GU 0.042 60 0.23 13.7
WS30_2GU 0.041 60 0.23 13.6

Wood fiber [57] 0.038 55 0.21 11.5
Cellulose [58] 0.039 60 0.21 12.9

4 Conclusions
The study results show that annual plant residuals like water reed, corn stalk, and wheat straw can be

converted to loose-fill thermal insulation materials by simple chopping and low-concentration chemime-
chanical pulping. Both methods provide good thermal conductivity for all developed insulation materials
ranging between 0.041 and 0.046 W/mK. The CMP offers slightly lower thermal conductivity than CM, but
only for corn and wheat samples; however, the density of blow-in CMPs (~60 kg/m3) is more than twice
lower than that of CMs (115–143 kg/m3). The measured thermal performance and density after the settlement
of developed insulations provided the data for the estimation of the material consumption in construction
with a calculated wall thickness of 0.23–0.25 m, ranging from 27.3–35.2 kg/m2 for CMs and 13.6–16.1 kg/m2

for CMPs. The higher density of CMs would require a higher material amount and a higher-strength
construction during the blowing. The measured vapor diffusion coefficient of the developed materials ranges
from 1.5 to 4, providing a favorable vapor transmission and reducing the risks of mold development.

The developed plant-based thermal insulation materials compete with conventional materials available
on the market. Therefore, they could supplement the bio-based market by promoting GHG reduction,
responsible use of renewable resources, and eco-friendly building practices. Further research will show the
long-term performance of developed insulation materials in terms of compaction, biological resistance, and
thermal insulation properties during application.
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Nomenclature

CMP Chemimechanical pulp/process
GHG Greenhouse gas
LCB Lignocellulosic biomass
WS Wheat straw
WR Water reed
CS Corn stalks
CM Chopped material
WRV Water retention value
VDC Vapor diffusion coefficient
λ Coefficient of thermal conductivity
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