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Abstract

The construction sector remains a major contributor to global energy consumption and
greenhouse gas emissions. Heat loss through building envelopes plays a key role, es-
pecially in regions with long heating seasons. Hollow building blocks are widely used
due to their low cost and structural simplicity, but their inadequate thermal insulation
requires additional layers of insulation, increasing costs and complicating installation. The
production of cement and traditional insulation materials is associated with a high carbon
footprint and disposal issues, which conflict with sustainable development principles and
decarbonization goals. In contrast to previous reviews that primarily address bio-based
insulation in general building envelopes or focus on bioaggregates in concrete mixes, this
paper specifically targets the application of biomaterials in hollow building blocks. It em-
phasizes how bio-based loose-fill and bound fillers interact with the peculiar thermo-fluid
behavior of hollow cavities, including natural convection, conduction and radiation. The
effects on thermal performance (thermal conductivity, U-value of walls) are analyzed, along
with selected aspects of mechanical strength and durability. Gaps in long-term data on
biodegradation are identified. Recommendations for selecting strategies depending on
climate and design are offered, as well as directions for future research, including numerical
modeling of thermal conditions. The results highlight the potential of biomodified blocks
for creating energy-efficient and environmentally friendly wall systems.

Keywords: hollow building blocks; bio-aggregates; thermal insulation; energy-efficient
buildings

1. Introduction
Hollow building blocks are widely used in modern construction due to their rapid

construction speed, cost-effectiveness, and durability. However, their thermal insulation
properties are often insufficient to meet modern building energy efficiency requirements,
especially in regions with long heating seasons. This necessitates the use of additional
thermal insulation layers, which increases the overall cost of the structure, complicates
installation, and reduces usable floor area.

There are various ways to improve the thermal insulation properties of hollow building
blocks. Low-emission coatings on the interior surfaces of the cavities significantly reduce
thermal radiation between opposing walls, which is particularly effective in conditions of
small temperature differences [1–15]. Such coatings, often based on thin layers of metal or
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special dyes, can reduce the equivalent thermal conductivity by 20–45% without altering the
block’s design. Their advantage is ease of application at the factory or during the masonry
process, although durability requires protection from corrosion and contamination.

Changing the geometry of the cavities optimizes heat flow by reducing the size of
the cavities and increasing the thickness of the ribs [16–30]. Narrow and long cavities
minimize convective airflows within the block, improving overall thermal resistance by
15–30%. This approach is compatible with load-bearing capacity requirements, but requires
precise modeling for each block type.

Installing partitions within the cavities interrupts convection cells, reducing heat trans-
fer by 10–25% [31–34]. This method is simple to implement and requires little additional
material, but it does impact the block molding process. This solution is most effective when
combined with other methods of reducing heat transfer, such as applying a low-emissivity
coating to the internal surfaces of the cavities or optimizing the cavity geometry to suppress
convective flows.

Filling cavities with various porous materials is the most versatile method, achieving
a 50–60% reduction in thermal resistance, depending on the type of insulation [35–44].
Porous materials suppress convection and radiation and can also improve sound insulation.
Traditional insulation materials, such as expanded polystyrene (EPS) and mineral wool, also
pose significant challenges: they are difficult to recycle and dispose of, often accumulating
in landfills. Their durability is limited due to potential degradation under the influence of
moisture, UV radiation, and mechanical stress. Furthermore, the extraction of raw materials
for these materials (petrochemicals for EPS, energy-intensive smelting for mineral wool)
increases their overall environmental footprint, contradicting the principles of a circular
economy and sustainable construction [45,46]. At the same time, as current research
shows [47–49], mechanical, chemical, and thermal recycling of EPS waste to produce
secondary raw materials or energy is technically feasible. However, in practice, particularly
in the construction sector and with an underdeveloped separate collection infrastructure,
EPS recycling remains complex and not always economically feasible.

One of the key barriers to sustainable construction is the high carbon footprint of
traditional materials. Cement production remains one of the main sources of anthropogenic
CO2 emissions (approximately 8% of global emissions) [50,51]. In this context, interest
in environmentally friendly and energy-efficient materials is growing in modern con-
struction. Biomaterials derived from agricultural waste and recycled resources offer new
opportunities for sustainable improvement of the performance of hollow blocks without
compromising their structural advantages [52–54].

In Europe, biomaterials represent only a small share of the thermal insulation market—
only approximately 2% of the total in 2022, as shown in Figure 1 [55]. Despite growing
interest in sustainable and eco-friendly solutions, their use remains limited compared to
traditional materials such as mineral wool or expanded polystyrene. This is due not only
to technological challenges, including issues of stability and durability, but also to the
established preferences of the construction industry, which is focused on proven, low-
cost solutions. At the same time, the strategy of filling the voids of building blocks with
biomaterials offers the potential to improve energy efficiency without radically changing
structural systems.

There are two main strategies for their application. The first is filling the internal
voids of blocks with loose or compacted bioinsulation [56–69]. This helps minimize con-
vection and thermal radiation within the cavities. The second strategy is introducing
bioadditives directly into the cement matrix [70–74]. This approach improves the material’s
microstructure and reduces its thermal conductivity. Life cycle analysis (LCA) shows that
many biocomposites have a significantly lower, and sometimes even negative, carbon

https://doi.org/10.3390/en19081965

https://doi.org/10.3390/en19081965


Energies 2026, 19, 1965 3 of 25

footprint compared to traditional materials, making them a key element of sustainable
construction [75,76].

Figure 1. European thermal insulation market by product in 2022 [55].

While the effects of introducing bioadditives directly into the cement matrix have been
well studied and described in numerous scientific publications [77–90], the potential of
another strategy (filling voids with bioinsulation) remains virtually untapped. Existing
research in this area is fragmented and does not provide a complete understanding of
heat and mass transfer processes in such systems. This review aims to fill this gap, as the
use of bioinsulation in cavities opens up new prospects for the creation of energy-efficient
enclosing structures.

Accordingly, the objectives of this review are:

• to classify loose-fill and bonded bioinsulation materials suitable for integration into
hollow blocks and to summarize their key thermophysical properties;

• to synthesize experimental and numerical data on how these materials affect the
effective thermal conductivity, U-value, moisture storage, and mechanical properties
of hollow block wall systems;

• to identify knowledge gaps and further research needs related to durability, biodegra-
dation, and design optimization under climatic conditions.

2. Classification and Properties of Bio-Based Fillers
Biofillers are an environmentally friendly and effective alternative to synthetic materi-

als for thermal insulation of hollow building structures. They have the ability to regulate
the indoor microclimate due to their vapor permeability and hygroscopic properties [91–94].
Due to the diversity of natural sources and structural features, biofillers vary in their physi-
cal, mechanical and thermal properties. This allows for the selection of materials based on
thermal insulation requirements and environmental conditions [90,91,93–96].

Bio-based insulation materials can be grouped based on the raw materials from which
they are produced (Figure 2). The first group is wood-based insulation, including materials
from processed wood, such as wood chips and sawdust, obtained as by-products of wood
processing [90,95–97]. The second group is insulation made from plant stems, including
hemp hurds (the lignified portions of the stems after the fibers have been separated), often
mixed with lime to create hempcrete, and chopped straw from the stems of cereal crops (rye,
wheat), used as bulk material or pressed blocks [96,98–104]. The third group is insulation
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made from seeds and fruits, including rice husks (the shell of rice grains with a high
silicon dioxide content, which prevents rotting) and sunflower husks (a waste product
from oil production) [96,105–109]. The fourth group is insulation made from recycled
materials, where cellulose insulation stands out as a classic example of secondary raw
materials, although many of the aforementioned agricultural and industrial wastes are also
categorized as recycled [97,110,111].

Figure 2. Classification of organic insulators by origin.

Despite their different origins, all of the listed materials share a common goal: pro-
viding effective thermal insulation. Quantitative indicators are crucial for assessing their
suitability for construction. Table 1 shows typical value ranges for the key thermophys-
ical and hygroscopic properties of the biomaterials mentioned. It is worth noting that
exact values may vary depending on particle size, moisture content, and the presence of
additives [90,94–98,100–107,109,110].

Table 1. Comparative characteristics of basic bio-fillers.

Material
Thermal

Conductivity,
W/(m·K)

Density, kg/m3 Vapor
Permeability

Moisture Absorption/
Hygroscopicity No. of Reference

Hemp 0.05–0.195 65–924 Very high
Very high; strongly absorbs moisture (up to

20–30%); requires antiseptics and
fire retardants

[112–115]

Bamboo 0.03–0.19 25–920 Average Moderate; absorbs 10–20%; resistant to
decay due to natural structure [115–118]

Reed 0.045–0.065 110–150 High High; good moisture regulation, 15–25%;
silica aids durability [115,119,120]

Sunflower 0.04–0.16 40–850 Average Very high; perfect humidity regulation;
absorbs large amounts without property loss [120–123]

Straw 0.034–0.142 20–970 Very high High; susceptible to rot above 20% humidity;
needs moisture protection [105,115,120,124,125]

Wood 0.04–0.17 80–925 Low
High; susceptible to rot above 20% humidity;

equilibrium moisture content (EMC)
typically 12–20%

[115,126–128]

Sugarcane
bagasse 0.035–0.17 18–939 High Moderate; absorbs 5–10% in composites;

resistant to decay due to high silicon content [115,120,129–131]

Rice hull 0.045–0.055 155–168 High
Average; low hygroscopicity due to

lignocellulose and natural waxes;
EMC ~8–12%

[115,132]
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To adequately assess the effectiveness of bio-fillers, it is necessary to analyze not
only their initial thermal characteristics, but also their long-term stability. One of the key
challenges of filling voids with biomaterials is the shrinkage of loose insulation materials
(straw, sawdust, cellulose materials) under their own weight. This leads to the formation of
decompressed or unfilled zones at the top of the voids. These zones create localized thermal
bridges, significantly reducing the overall thermal performance of the enclosing structure.
Shrinkage can be minimized by maintaining the design backfill density, layer-by-layer
placement with compaction, mechanized blowing, and structural measures such as reduced
void heights or horizontal inserts [90,95,97,101,109,110].

The second critical aspect of using biomaterials in voids is their biostability. Organic
fillers are susceptible to rotting, mold, and mildew at elevated humidity levels, and they
can also serve as a food source for rodents and insects [97,101,103,110,133,134]. Straw
materials are most vulnerable to biodegradation at moisture levels above 20%, requiring
either strict moisture control or targeted protective measures. Chemical treatment can
improve durability. The addition of calcium hydroxide (lime additives) creates an alkaline
environment with an antiseptic effect [100,102,111]. Boron compounds, traditionally used
in cellulose insulation, provide biocidal and fire-retardant properties and also reduce the
material’s attractiveness to pests [97,105]. Naturally resistant materials offer additional
durability. For example, hemp husks are characterized by a low susceptibility to rotting
and are not attractive to rodents. Rice husks, due to their high silica content, demonstrate
increased biostability.

The hygrothermal behavior of bio-fillers is another key factor, as all organic insulators
are hygroscopic to varying degrees, and the presence of moisture radically alters their
thermal conductivity. Physically, water, with a thermal conductivity of approximately 0.6
W/(m·K), displaces air within the material’s pores (λ ~ 0.026 W/(m·K)), forming additional
thermal bridges within the structure. Numerous experimental studies show that increasing
bulk moisture by 4–5% can increase effective thermal conductivity λeff by 20–40% [98–101].
Under these conditions, biomaterials with high sorption and vapor-permeability properties
(hemp husks, cellulose fibers) are of particular interest. Such materials can act as moisture
buffers: they temporarily accumulate excess moisture from the air and then release it back,
smoothing out fluctuations in relative humidity in the room. The implementation of such a
“breathing” mechanism is possible only with coordinated vapor permeability of all layers
of the enclosing structure (for example, when using lime or clay plasters instead of dense
polymer coatings).

From an engineering design perspective, this means that the selection of biofill for hol-
low blocks cannot be based solely on dry thermal conductivity. Cyclic wetting, shrinkage,
or biodegradation significantly alter the properties of materials. A multi-criteria compari-
son is necessary. This must simultaneously consider several factors: thermal performance,
moisture accumulation and buffering capacity, sorption isotherms, susceptibility to mold
and pest infestation, and the suitability of protective and antiseptic treatments. The follow-
ing sections will demonstrate that ignoring these interrelated factors can lead to ineffective
performance of walls with biofill under real-world climatic conditions.

3. Heat Transfer Mechanisms and Packing Density in Hollow Blocks
Hollow building blocks are widely used in modern buildings due to their optimal

combination of strength, lightness, and speed of construction. However, their thermal
insulation properties often fail to meet stringent energy efficiency requirements. The
geometry of the internal cavities, the presence of solid partitions, and the filling of the
cavities with insulation fundamentally alter the balance between different heat transfer
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mechanisms [135–144]. All of this directly impacts the final thermal resistance and energy
efficiency of the entire structure.

Heat transfer in a hollow block occurs through a combination of three mechanisms:
thermal conductivity through the solid parts of the block, air convection inside the cavities,
and radiant heat exchange between the internal surfaces of the cavities [145,146]. Filling
the cavities with bio-fillers such as hemp shives, straw or cork radically changes this heat
exchange pattern. In a filled hollow building block, heat transfer occurs simultaneously in
three ways:

Thermal conductivity: The primary effect of the filler is the replacement of air, which
has a thermal conductivity coefficient of approximately 0.025 W/(m·K), with a porous
material. Although the thermal conductivity of the bio-filler itself is higher than that of still
air, its loose structure and internal porosity create multiple solid–air interfaces, significantly
increasing the overall thermal resistance [58–64]. Unlike filling voids with dense mortar,
which, on the contrary, significantly reduces thermal insulation, bio-fillers significantly
improve it.

Convection: Within the large cavities of an unfilled block, air can circulate freely,
creating convective currents that effectively transfer heat from the warm wall to the cold
one [28,29,31,32]. The bio-filler breaks a single volume of air into many small, isolated
cells. This almost completely suppresses convective air movement, eliminating this heat
transfer mechanism.

Radiation: Radiant heat exchange between the internal surfaces of voids significantly
contributes to overall heat loss, especially with large temperature differences [1,5,19,20].
The biomaterial filling the cavity absorbs and re-radiates thermal energy, creating multiple
“screens” in the path of the heat flow and thereby reducing the intensity of radiative transfer.

As a result of the combined effect on all three mechanisms, the overall thermal re-
sistance (R-value) of the block increases significantly, while the thermal transmittance
(U-value) decreases. The density of the biomaterial filling in the hollow blocks is critically
important (Figure 3), as it determines the balance between thermal conductivity and the
efficiency of convection suppression.

 

Figure 3. Hollow blocks filled with straw of varying packing density.
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For biomaterials, the relationship between packing density and effective thermal
conductivity is not linear, but is usually U-shaped:

At low packing densities: The material is highly porous, with large air voids between
the fibers. Although the fibers themselves have low thermal conductivity, heat is easily
transferred through these voids through air movement (convection) and thermal radiation.
This results in a reduction in the block’s thermal resistance.

Approaching optimal density: As the packing density increases, the fibers become
closer together, reducing the size of the air voids. This significantly suppresses natural
convection and reduces the mean free path of radiation, leading to a decrease in effective
thermal conductivity. The material’s thermal insulation properties improve.

Exceeding optimal density: Once the density exceeds the optimal point, the fibers are
in continuous contact. Further compression increases the proportion of the material’s solid
phase, creating more pathways for heat transfer directly through the solid fibers themselves.
Since thermal conductivity through solid fibers is more efficient than thermal conductivity
through air, the effective thermal conductivity begins to increase again.

It can be concluded that for each biomaterial there is an optimal density range that
minimizes heat transfer, providing the best possible thermal performance [97,147–152].
From a practical perspective, this means that when designing a bio-fill hollow block, it is as
important to set the target bulk density range as it is to select the material type.

4. Applications of Biomaterials in Hollow Building Blocks
In recent years, a large number of review papers have been published, devoted entirely

or partially to the study of the use of biomaterials for thermal insulation of buildings. These
reviews can be broadly categorized by their focus:

Reviews describe the classification, properties and market trends of traditional, mod-
ern and future insulation materials [153–156].

Other work focuses on renewable materials, their properties and applications in green
building [120–159].

There are reviews devoted to the use of secondary raw materials and waste from
various industries in building materials [77,79,160].

Highly specialized reviews on specific materials (one type of material is studied in
depth) [88,89,97,161,162].

The presented analysis demonstrates that the use of bio-based materials as thermal
insulation is a well-studied and rapidly developing field, as evidenced by the large number
of both broad and specialized reviews. However, despite the extensive literature devoted
to biocomposites, insulation boards, and the incorporation of biomaterials into concrete
mixes, a comprehensive review systematizing knowledge specifically on the use of bio-
based materials for filling voids in hollow building blocks is currently lacking. This gap
is particularly significant given that this approach combines the load-bearing capacity of
traditional wall materials (ceramics, concrete) with the high thermal insulation properties of
natural fillers, which is critical for improving the energy efficiency of buildings. Although
the number of original studies directly devoted to this topic is still limited, they have
demonstrated promising results.

This review systematizes the studies by several areas: biomaterial type (straw and
straw composites, agro-industrial waste), block material and geometry (ceramic, concrete,
clay, bionic structures), and the scale of study (material samples, individual blocks, wall
fragments, and entire buildings). Whenever possible, the results are presented in compa-
rable terms: effective thermal conductivity, U-value, and building-level energy efficiency.
Particular attention is given to hygrothermal performance and durability, which are often
poorly addressed but are critical to the long-term performance of bio-filled walls.
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4.1. Straw-Based Infill

The use of straw is fully consistent with the principles of a circular economy, as it is a
common waste product of agricultural production. This approach reduces the carbon foot-
print of buildings by replacing energy-intensive synthetic insulation materials (polystyrene
foam, mineral wool) with renewable, CO2-negative raw materials. Moreover, straw, as a fill
material, has high thermal insulation properties, comparable to traditional insulation mate-
rials. It also ensures vapor permeability, which is critical for creating a healthy indoor cli-
mate and preventing moisture accumulation in the walls. Straw as a loose-fill insulation ma-
terial is characterized by thermal conductivity λ = 0.045–0.09 W/(m·K) in the density range
of 50–150 kg/m3, which is comparable to mineral wool (λ ≈ 0.035–0.045 W/(m·K)) [161].
The key parameter is the packing density: at ρ < 50 kg/m3, convection in the interfiber chan-
nels predominates (λeff increases). The optimum value 80–120 kg/m3 leads to complete
suppression of convection due to the fragmentation of the air volume into pores < 5 mm.
At ρ above 150 kg/m3, conduction through the fibers dominates.

The filling of hollow blocks with straw can be classified into the following three types
based on the backfill method:

Loose-fill: This method is the simplest and most technologically advanced: chopped
straw or chaff is poured directly into the block cavities during laying or by blowing. Its
main advantage is the ability to mechanically apply and fill voids of even the most complex
geometries. However, loose backfill has two significant drawbacks. First, straw shrinks
significantly over time (up to 20–30% of its original volume) leading to the formation of
voids and, consequently, a sharp reduction in the thermal resistance of the enclosing structure.
Second, the loose structure of the straw allows moisture to accumulate without proper vapor
barriers, which can lead to rotting and loss of thermal insulation properties [56,57];

Bales: Mini-bales pressed to a specific density can be used to fill large voids. This
solution provides significantly greater geometric stability and virtually eliminates the
shrinkage typical of loose backfill. Pressed bales also have lower and more stable thermal
conductivity due to fewer air gaps within the material. However, this approach is less
effective for completely filling complex-shaped voids, as gaps inevitably remain between
the bale and the cavity walls, requiring additional sealing, for example, with loose straw or
jute felt [58];

Straw blocks: The most technologically advanced, but also labor-intensive, option is
to fill the voids with pre-fabricated straw bales of specified density and dimensions. These
bales can be produced by pressing straw, with or without the addition of a small amount of
binder (such as clay or starch). The main advantage of this method is the predictable and
uniform density throughout the entire volume, allowing for precise calculation of the wall’s
thermal performance. Furthermore, pressed bales retain vapor permeability, allowing the
walls to “breathe”, which promotes natural moisture regulation and creates a favorable
indoor microclimate. The main disadvantage is the higher complexity and labor intensity
of installation compared to backfill [59].

Ahmadi et al. [57] have investigated the effectiveness of using wheat straw as an
insulating material for ceramic hollow bricks in construction. For this purpose, a four-wall
model was constructed: one wall was made of standard hollow bricks without filler (W0),
and the other three were made of the same bricks but with the voids filled with wheat straw
of varying degrees of compaction: light (W1, density 55 kg/m3), medium (W2, 87 kg/m3),
and heavy (W3, 119 kg/m3). Thermophysical tests have shown that the use of straw
significantly reduces heat loss. Compared to the uninsulated wall W0, the heat flux (q)
through the walls decreased by 41.23% for W1, by 30.45% for W2 and by as much as 69.24%
for the wall W3 with maximum straw compaction. These data were confirmed by other
measurements: the thermal transmittance (U-value) for the W3 wall decreased by 74.46%,
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and the thermal resistance (R-value) increased by 74.39% compared to the uninsulated wall.
The authors noted that the direct relationship “the greater the compaction, the better the
thermal insulation” is not always observed. Based on the data obtained, an economic and
environmental efficiency calculation was performed for a hypothetical residential building.
The highest energy efficiency was 69.08% for a wall with maximum straw compaction (W3).
Using this type of wall in a 316 m2 building would save up to 2297 watts of energy.

Patil et al. [56] have evaluated the potential of using wheat straw as an environmentally
friendly insulation material for hollow cement blocks, which are widely used in construction
but have poor thermal insulation properties. The authors constructed a test rig with four
walls: a control wall (W4) made of hollow blocks without filler and three experimental
walls, where the voids were filled with wheat straw with different degrees of compaction:
low (W3, 50 kg/m3), medium (W2, 90 kg/m3) and high (W1, 125 kg/m3). Thermal test
results confirmed the high efficiency of the straw insulation. Compared to an uninsulated
wall (W4), the heat flow (q) through the wall was reduced by 35.74% for the wall with
the lowest density (W3), by 66.96% for the wall with medium density (W2), and by an
impressive 82.80% for the wall with maximum straw compaction (W1). These data correlate
with the change in the U-value: for wall W1 it decreased on average to 0.41 W/(m2·K)
versus 2.32 W/(m2·K) for the control wall, which means an increase in R-value from 0.43
to 2.43 m2·K/W. Analysis of temperature curves showed that the wall with high-density
straw (W1) not only most effectively reduces heat loss, but also provides a much more
stable surface temperature, smoothing out daily and external fluctuations. Based on the
data obtained, a calculation was performed for a hypothetical residential building with
an area of 111.48 m2. Energy savings for such a house could reach about 1 kW. The article
also includes a comparative lifecycle analysis of the materials. It shows that straw-filled
cement blocks have a lower environmental impact than traditional ceramic bricks at the
raw material extraction, production, and disposal stages.

The research by Patil et al. [56] confirmed and expanded on findings by Ahmadi
et al. [57] for ceramic bricks, convincingly demonstrating that the same mechanism works
effectively for hollow cement blocks. Increasing the packing density of wheat straw sup-
presses convective airflows within the voids and consequently increases the R-value of the
enclosing structures. A comparison of the results of both studies shows that the optimal
density values, which achieve maximum thermal insulation, are around 119–125 kg/m3.
The apparent non-monotonicity in Ahmadi et al. [57] at intermediate packing (87 kg/m3

worse than 55 kg/m3) arises from their narrow cavities (3 × 5 × 20 cm), where manual
compaction creates longitudinal air gaps along walls. These gaps enhance convection and
increase heat flux compared to loose packing (trapped air in micropores). High efficiency
was recorded in the range of 80–120 kg/m3, which allows us to confidently define this
region as a universal “operating window” for straw backfilling (regardless of whether fired
ceramic or cement blocks are used).

A key parameter for the effectiveness of straw filling is its density, which determines
the balance between the suppression of convection and the increase in conductive contribu-
tion. Experimental data from two independent studies [56,57] are presented in Figure 4,
which clearly shows the dependence of the reduction in heat flow and thermal transmit-
tance compared to a block without backfill on ρ of the backfill.

Saini et al. [58] have compared the thermal conductivity of hollow concrete blocks
filled with two types of agricultural and industrial waste: baled wheat straw and shredded
car tires. They manufactured three types of blocks with varying outer concrete wall
thicknesses (2, 3, and 4 cm) and corresponding volumetric percentages of filler within the
internal cavity: 80%, 70%, and 60% of the total void volume. Thermophysical calculations
were conducted for summer conditions, when the outside temperature was 40 ◦C and
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the comfortable indoor temperature was set at 22 ◦C, creating a temperature differential
of 18 ◦C. Calculation results showed that heat transfer through blocks filled with straw
was significantly lower than through blocks filled with rubber crumb. For a block with
a wall thickness of 2 cm, the heat flux was only 0.332 J/s, while for a similar block filled
with rubber, this figure was 1.52 J/s. Heat transfer through the straw filler remained more
than four times lower than that of blocks with rubber crumb, and significantly lower than
that of conventional solid concrete blocks. The authors concluded that the use of hollow
concrete blocks filled with wheat straw is an effective way to passively regulate temperature
in buildings.

 

Figure 4. Comparison of straw-filled hollow blocks at different packing densities [56,57].

When using straw bales in large voids of concrete blocks, as shown by Saini et al. [58], a
significant reduction in λeff of 50–55% is observed compared to empty structures, confirming
the versatility of straw as an insulating material regardless of the filling scale. However,
large bales adapt less well to small irregularities and gaps in the cavities, leaving air
pockets where localized convection persists and the overall thermal insulation effect is
reduced. Furthermore, the porous structure of bales requires enhanced moisture protection
(waterproofing coatings, barriers) and fire-retardant treatments, as straw is more vulnerable
to biodegradation and combustion compared to loose fill of uniform density. Structural
limitations of this approach include the complexity of installation: the bales require precise
fitting to the geometry of the voids, which increases the thickness of the joints and creates
additional thermal bridges. The need for rodent protection and ventilation to prevent
condensation complicates the laying technology. These factors make straw bales preferable
only for blocks with large vertical voids (>10 cm), where the ease of installation outweighs
the disadvantages compared to loose-fill straw or molded bricks.

A detailed analysis of the combined heat and mass transfer in a multi-layer wall
structure consisting of hollow concrete blocks filled with compressed wheat straw blocks
has been carried out by Hou et al. [59]. The authors developed and manufactured an
experimental stand with two climate chambers, allowing control of temperature and
humidity on opposite sides of the wall. They conducted a series of tests varying the
directions and magnitudes of temperature and relative humidity gradients. During the
experiments, temperature and humidity profiles were recorded using an array of sensors
embedded in the thickness of the wall at different depths. The results clearly demonstrated
the effectiveness of using straw bale. It was found that a layer of compressed straw, due
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to its high thermal resistance, significantly slows down the spread of heat through the
wall, and its low coefficient of vapor permeability effectively prevents moisture transfer.
In addition, straw blocks showed high buffering capacity against moisture. They actively
absorbed and released moisture when external conditions changed, which helps smooth
out fluctuations in humidity inside the structure.

The transition from loose-fill straw to molded straw bricks, as shown in the work
of Hou et al. [59], significantly increases the predictability of backfill density and the
quality of the contact zone with concrete void walls, minimizing air gaps and thermal
bridges. However, capillary transport in straw bricks leads to a significant increase in the
effective thermal conductivity coefficient by tens of percent. This occurs because water
displaces air from the pores and sharply increases the conductive contribution. Even with
a high initial density, molded elements lose part of the thermal insulation effect if vapor-
waterproofing barriers are not provided. This highlights the need for a comprehensive
analysis of hygrothermal behavior when designing walls with bio-fills under variable
humidity conditions.

Elbashiry et al. [60] have presented the development of an innovative building ma-
terial, wheat straw-filled bionic hollow concrete block. Its geometry was inspired by the
microstructure of the elytra of the beetle Trypoxylus dichotomus, namely the presence of
trabeculae, which increase the strength of the structure at low weight. The authors man-
ufactured and tested several modifications of blocks with different void geometries and
percentages of straw filling (from 48% to 64%). Verified finite element modeling was also
carried out to evaluate their strength and thermal insulation characteristics in compari-
son with traditional hollow concrete blocks. The results of mechanical tests showed that
the bionic structure provides the block with high load-bearing capacity even with a high
percentage of voids. The block with a bionic structure and 48% voidage demonstrated a
compressive strength of 7.13 MPa, which is 25% higher than the non-partitioned block
with similar voidness, and significantly exceeds the minimum requirement of 4.0 MPa for
curtain walls. Thermal engineering calculations confirmed the high efficiency of straw as
an insulating material: heat loss through the blocks decreased with increasing proportion
of straw. The key factor worsening the insulation was the presence of “cold bridges” in
the form of solid concrete lintels. To minimize them, the authors proposed an optimized
geometry with reduced side wall thickness (up to 12–20 mm).

Bionic concrete hollow blocks, where straw is integrated not as mere waste but as
a structural element of a cellular architecture, represent a promising development. Such
solutions [60], optimized according to the laws of biomimetics, will undoubtedly become
an important element in the construction technologies of the future. The geometry of the
internal cavities is designed to maximize convection suppression and uniform distribution
of straw fibers. This provides both high compressive strength, shear stability and improved
heat transfer.

Hollow building blocks filled with straw are also used for high-rise construction.
Liang et al. [61] have developed and tested a rice straw–cement composite brick for use in
high-rise construction. The authors used a method of gelatinizing straw using NaOH solu-
tions of varying concentrations (2–7%), which increased the homogeneity of the mixture
and eliminated the risk of insects. The resulting mass was pressed into blocks, which were
then combined with hollow cement blocks to create a composite structure. Mechanical
compression tests have shown that the tensile strength of composite bricks is about 6 MPa,
making them suitable for use as self-supporting partitions in high-rise buildings. Ther-
mophysical measurements have demonstrated that the thermal conductivity coefficient of
composite bricks is in the range of 0.056–0.126 W/(m·K), which is significantly lower than
that of conventional concrete (1.51 W/(m·K)) and clay bricks (0.45–0.81 W/(m·K)). The
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density of the composite (1142–1413 kg/m3) was 24–35% lower than the density of concrete,
which reduces the load on the load-bearing frame of the building. The study also revealed
the influence of the concentration of the alkaline solution on the properties of the material:
with an increase in the NaOH concentration from 2% to 7%, the shrinkage (from 2.84% to
9.45%) and moisture content (from 5.32% to 12.13%) of straw blocks increased, which, in
turn, led to an increase in their thermal conductivity. In conclusion, the authors noted the
need to further optimize the production process and develop automated equipment for
commercialization of this technology.

Overall, the studies reviewed demonstrate that wheat straw and rice straw, when com-
pacted to an optimal bulk density of 80–120 kg/m3, can reduce heat flow through hollow
block walls by approximately 40–80%. Moreover, this solution relies on local, renewable,
and low-emission raw materials. At the same time, the effectiveness of straw fillers is
extremely sensitive to installation quality, shrinkage control, and moisture protection.

The longevity of straw in building structures directly depends on protection from
excessive moisture [163]. Maintaining a straw moisture content of no more than 25%
during use and no more than 14–15% during wall construction is considered optimal [164].
Experiments have shown that fresh wheat straw at 87% relative humidity (RH) and 21.5 ◦C
becomes moldy within a few weeks, while samples from a three-year-old wall remain
clear [164]. Cyclic wetting-drying tests revealed that barley straw, due to its higher porosity,
degrades faster than wheat straw [165]. Adding lavender straw to composites increases
bioresistance thanks to natural antibacterial compounds (polyphenols, aromatic oils) [166].
In this connection, with proper humidity control and protective treatments, straw insulation
materials can retain their properties for decades.

Several recent life cycle assessment (LCA) studies confirm the environmental potential
of biomaterials. Pittau et al. [75] showed that external walls using fast-growing biomaterials
(compressed straw, hempcrete) as thermal insulation provide global cooling through carbon
sequestration. Within one year of construction, biogenic carbon is completely restored
in crops, and the total radiative forcing becomes negative. This effect is not observed in
alternatives using mineral wool or solid brick/concrete walls. Shang et al. [76] conducted
an LCA study of straw-based materials, showing that straw resin-bonded particleboard re-
duces the global warming potential (GWP) by 9.9% and straw cement-bonded particleboard
by 4.5% compared to their wood counterparts, and also reduces non-renewable energy
consumption by 3.08% and 14.88%, respectively. Thus, the available LCA data consistently
indicate the potential for reducing greenhouse gas emissions and energy intensity when
using biobased materials, particularly those based on local agricultural raw materials.

Thus, straw-filled hollow blocks can be considered a technically feasible and environ-
mentally sound solution. It is suitable for both low-rise and certain multi-story construction
options. However, this is possible provided that the hygrothermal design is as thorough as
the thermal engineering and design.

4.2. Agro-Waste Infill

Unlike the previous section, where the emphasis is on flexible void filling and straw
baling, this section focuses on hard grain residues (corn cobs, husks, bagasse) and fibrous
agro-wastes (date palm, coconut), which are highly porous but require a different integra-
tion strategy into the block design. These materials are characterized by a more pronounced
granular structure. This affects the contact zone with concrete partitions and requires opti-
mization of the fractional composition to minimize thermal bridges. This approach expands
the range of biofillers due to local agricultural waste associated with grain and sugar crops,
providing a parallel solution to the problems of recycling and thermal insulation.
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Diao et al. [62] experimentally and theoretically assessed the effect of various insulation
materials on the energy consumption of walls made using the “hollow bucket wall” technol-
ogy, which is widespread in rural areas of China. Four fragments of brick walls were made:
one without filler and three with filling the voids with local waste-rice husks, expanded
perlite and expanded clay from silt. Thermophysical tests in a climate chamber showed
that the wall filled with rice husks has the lowest heat transfer coefficient—0.83 W/(m2·K),
which is 56% better than that of an empty wall (1.90 W/(m2·K)). For comparison, walls with
perlite and expanded clay showed values of 0.91 and 0.93 W/(m2·K), respectively. During
the transition seasons (spring and autumn), the rice husk wall provided the most stable
and lowest internal surface temperature (average 21.9 ◦C) and the minimum heat transfer
rate through the internal faces (average 58.53 W). The authors concluded that filling hollow
walls with rice husks is the most effective way to increase their thermal resistance, reducing
building energy consumption while disposing of common agricultural waste. The results
obtained can serve as the basis for the development of regulatory documents for the design
of energy-efficient building envelopes in rural areas.

The physical, mechanical, thermal and fire characteristics of a wall system consisting
of hollow blocks filled with rice husk (Figure 5) were evaluated by Ma et al. [63]. Thermal
engineering measurements have shown that the thermal conductivity of rice husk panels is
0.12–0.15 W/(m·K) in the plane and about 0.07 W/(m·K) perpendicular to the plane. Due
to the orientation of the insulation in the blocks (parallel to the heat flow), its efficiency
turned out to be low: the U-value for walls filled with rice husk was significantly higher
(1.3–1.6 W/(m2·K)) than for hollow blocks (1.1 W/(m2·K)). The low efficiency of rice husk
in this case is explained by several physical factors associated with the anisotropy of the
material and the geometry of the cavities.

 

Figure 5. Masonry wall system insulated with rice husk [63]. (Creative Commons CC-BY-NC license.).

Bovo et al. [64] have presented a comprehensive interdisciplinary analysis of the
properties of corn cobs as a potential bio-based material for thermal and sound insulation
of buildings. The authors conducted an extensive experimental analysis covering both the
micro and macro levels. The goal was to fill gaps in knowledge about the characteristics of
this agricultural waste, which is often considered only as a component of composites, and
not as an independent material. The density of the dried material averaged 247 kg/m3, and
a high-water absorption capacity was revealed: after three days of complete immersion,
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the humidity reached 54.7%, and after 28 days, 56.5%, which indicates the need to take
this factor into account in practical application. Thermal conductivity was assessed using
a mobile hot cell on seven different configurations of 170 mm thick wall samples filled
with cobs with different orientations (along the X, Y, Z axes, combinations thereof, as well
as ground cobs). The best thermal insulation performance (lowest thermal conductivity)
was achieved for the sample with ground cobs (λ = 0.12 W/(m·K)), which makes this
configuration the most promising for industrial production. The authors concluded that
corncobs, especially when ground, are a viable and environmentally friendly material for
building insulation, and the proposed methodology can serve as a basis for the evaluation
of other natural materials.

Moussa [65] has evaluated the effectiveness of using sugarcane bagasse (SCB) as a
thermal insulation layer in clay bricks to reduce energy consumption for cooling buildings
in the hot, dry climate of Egypt. The key innovation of the work was to avoid directly
mixing SCB fibers with clay (which had previously been shown to lead to cracking), but to
create a two-layer structure: the brick was divided into two halves, between which a 2 cm
thick layer of treated SCB fibers was placed. Thermal modeling for a typical residential
building in Cairo on the hottest day of the year showed a significant reduction in energy
consumption. The greatest effect was achieved on the first floor, where energy savings for
the operation of the air conditioning system amounted to 16.37 kW per day. In the building
as a whole, the use of new bricks with a layer of cake made it possible to reduce energy
consumption for cooling by 19.5% per month. The author has shown that the proposed
design of clay bricks with an integrated layer of sugarcane waste is an effective, economical
and environmentally friendly solution for improving the energy efficiency of buildings in
hot regions.

Iwaro and Mwasha [66] have assessed the effectiveness of using coconut fiber as a
thermal insulation material for the walls of residential buildings in a tropical climate using
the example of Trinidad and Tobago. For the experiment, two identical small-sized building
prototypes were built: the first from concrete blocks (150 × 200 × 400 mm), the second
from clay blocks (100 × 200 × 300 mm). Each prototype was tested in three configurations:
without insulation, with fiberglass insulation, and with coconut fiber insulation filled into
the voids of the blocks. For concrete walls, coconut fiber provided a reduction in daily
energy consumption of 0.66 kWh, which is slightly better than fiberglass (0.58 kWh). For
clay walls both insulation materials also reduced energy use compared with the uninsulated
wall, with coconut fiber again yielding the lowest energy consumption. Indoor relative
humidity with coconut insulation was also more often in the comfortable range (40–70%)
compared to uninsulated models. The authors conclude that coconut fiber is an effective,
environmentally friendly and affordable thermal insulation material that can significantly
improve the energy efficiency and thermal comfort of residential buildings in hot climates.
It can serve as a complete replacement for synthetic insulation, such as fiberglass, while
being renewable and safe for health. For practical implementation, additional research with
full-scale building modeling and material life cycle analysis is recommended.

Brose et al. [67] have developed and tested cement panels infused with coconut fiber.
Authors addressed two challenges: improving the thermal insulation of buildings and
enhancing their seismic resistance in regions with extreme climates (using Gujarat, India,
and Gorkha, Nepal as examples). Laboratory tests have shown that the thermal conductivity
of such panels is 0.168–0.19 W/(m·K). In the hot climate of Gujarat, installing wall panels
reduced annual cooling energy consumption by 6–11% (savings of up to 964 kWh per
year). In the colder climate of Nepal, the panels reduced heating energy consumption
by 14% (9 kWh). Mechanical tests revealed that the flexural strength of panels with fiber
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(4.55 N/mm2) was 74% higher than that of control samples without fiber (2.62 N/mm2),
making them promising for preventing wall collapse during earthquakes.

Kosiński et al. [68] have evaluated the thermal properties of raw hemp fiber as a
potential loose-fill insulation material for frame structures. The dependence of thermal con-
ductivity and air permeability on bulk density was experimentally determined. The results
showed that as the material density increased from 18 to 85 kg/m3, thermal conductivity
consistently decreased from 0.076 to 0.040 W/(m·K). The best value is comparable to the
performance of traditional insulation materials such as mineral wool. Air permeability also
decreased with increasing density, indicating high permeability of the material and the
need for protection from convective flows. The authors have concluded that raw hemp fiber
is a promising environmentally friendly insulation material, but its practical application
requires the mandatory installation of effective air- and wind-protective layers to prevent
convective heat transfer.

Dlimi et al. [43] have examined the cavities of double-walled brick blocks filled with
concrete infused with chopped hemp (hemp concrete), a biofiller in a bound form. This
filler combines the advantages of traditional concrete (dimensional stability, fire safety) with
reduced thermal conductivity and a reduced carbon footprint due to the hemp component.
This makes these results a natural point of comparison for the bulk agricultural waste-based
solutions described above. Using 2D CFD modeling, the effective thermal properties and
thermal transmittance were calculated for walls with bricks having 8, 12 and 16 cavities.
The results showed that filling the voids with hempcrete significantly reduced the thermal
conductivity of the walls. The effective thermal conductivity of the filled blocks was
0.287 W/(m·K). Thermal resistance for walls with 12- and 16-core blocks reached values
of 1.357 and 1.642 m2·K/W. Dynamic modeling for a typical residential building with
an area of 100 m2 confirmed the high efficiency of the proposed solution. An economic
analysis showed that the use of hemp insulation reduces overall costs by 67.95% (savings
of $73.80/m2) with a payback period of 2.5 years.

Xie et al. [69] have experimentally assessed the possibility of using five types of
agricultural waste (reed leaves, reed stems, rice husks, rice straw, wheat straw) as a backfill
insulation for hollow ceramic bricks in order to increase the thermal resistance of walls
(Figure 6). Six wall fragments were physically manufactured and tested using the simple
hot box method for 15 days, including five with different fillers and one control specimen
without filler. The results showed that filling voids with any type of waste significantly
improved the thermal insulation properties of walls compared to empty bricks (the control
wall had a U-value of 1.59 W/(m2·K)). Rice straw demonstrated the best effect: the U-value
decreased by 32.7% to 1.07 W/(m2·K). Slightly less effective were wheat straw (a 29.6%
decrease to 1.12 W/(m2·K)) and rice husks (a 26.4% decrease to 1.17 W/(m2·K)). Reed
leaves provided a reduction of 24.5% (1.20 W/(m2·K)), while reed stems showed the worst
result among the materials studied—a reduction of only 12.6% (1.39 W/(m2·K)), which is
explained by their low apparent density and the presence of large air cavities that enhance
convective heat exchange. Heat flux analysis confirmed these data: the average heat flux
through the wall with rice straw was minimal (30.7 W/m2), while through the control wall
it reached 48.4 W/m2.

Table 2 presents a comparative study of the thermal conductivity of bio-based
fillers (hemp, bamboo, straw, rice husk, etc.) with regulatory requirements [167] of
λ ≤ 0.045 W/(m K) and thermal resistance R = 5.0 m2 K/W [157]. The required layer
thicknesses for each material are calculated, and a practical applicability assessment is
provided, taking into account the dry λ range. A comparison with reference materials
(mineral wool, EPS) shows that rice husk and straw can be considered the most promising
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alternatives under optimal conditions, although their stability requires additional density
and moisture control.

 
Figure 6. Samples of hollow bricks filled with agricultural waste [69]. (Creative Commons CC-
BY license).

A comparison of various agro-industrial aggregates reveals several common patterns.
Granular grain residues, such as rice hulls or crushed corn cobs, provide more uniform
contact with cavity walls and relatively low thermal conductivity, but typically have high
water absorption capacity and require strict moisture control, especially in hot and humid
climates. Fibrous waste (coconut fiber, hemp, etc.) provides a favorable balance between
thermal insulation and mechanical reinforcement. Therefore, they are most often promising
as components of panels and bonded aggregates, rather than as completely loose backfill.
Climate plays a decisive role: in the tropics and subtropics, materials with pronounced
moisture-buffering capacity and resistance to biological damage are preferred, while in
colder regions, low thermal conductivity in the dry state and compatibility with vapor-
permeable plasters and cladding are paramount.
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Table 2. Thermal performance comparison of bio-based loose-fill insulants vs. normative benchmarks
(λ ≤ 0.045 W/(m·K); R = 5.0 m2·K/W).

Bio-Based Infill λ, W/(m·K) λ≤≤≤ 0.045
(EN 13162 [167])

Thickness for R = 5,
cm Practical Verdict

Hemp 0.05–0.195 No 25–98
Too conductive for thin layers; usable only in
thick cavities or as part of composite systems

(e.g., hempcrete)

Bamboo 0.03–0.19 Yes (only in 0.03–0.045
sub-range) 15–95 Promising at lowest λ; requires strict control of

density, moisture and morphology

Reed 0.045–0.065 Yes (only at 0.045) 23–33
Borderline by λ; natural silica improves

durability, but performance is sensitive to
packing and voids

Sunflower husk 0.04–0.16 Yes (only at 0.04–0.045) 20–80
Lower bound meets the criterion but is difficult

to guarantee; strong dependence on bulk
density and processing

Straw 0.034–0.142 Yes (for best-case
0.034–0.045) 17–71

Best-case λ is excellent, but typical values are
higher; shrinkage, settling and fire protection

are critical issues

Wood
(chips/sawdust) 0.04–0.17 Yes (only at 0.04–0.045) 20–85

Low λ achievable only at optimal bulk density;
bio-degradation and compaction limit

long-term use as loose infill

Sugarcane bagasse 0.035–0.17 Yes (for 0.035–0.045) 18–85
Lower λ range is promising; silica content

supports durability, but moisture management
and settling must be addressed

Rice hull 0.045–0.055 Yes (only at 0.045) 23–28

Near-threshold λ combined with high silica
makes it one of the most robust agro-waste

options, but not clearly superior in λ to straw
or bagasse

Reference: mineral
wool 0.035–0.045 Yes 18–22 Benchmark for conventional mineral insulation;

reliably meets λ and R criteria

Reference: EPS 0.031–0.038 Yes 16–19 Benchmark thermal insulation; combines low λ
with low required thickness

5. Conclusions
The review showed that filling the voids of hollow blocks with bio-based materials

from agricultural and recycled resources is a promising strategy for increasing the energy
efficiency of building envelopes and reducing the carbon footprint of construction. Unlike
traditional insulation, these solutions improve the thermal performance of walls without
radically redesigning the building’s load-bearing structure or architecture.

Classifying biofillers by origin (wood waste, plant stems, seed and fruit husks, recycled
materials) reveals a wide range of available materials. Most of them provide thermal
conductivity comparable to traditional insulation materials, but vary greatly in bulk density,
moisture absorption, and resistance to biodegradation. Therefore, choosing a material
cannot be based solely on dry thermal conductivity. A summary of experimental and
numerical data shows that backfill and cohesive biocomposites in voids significantly
reduce heat flow through the wall and thermal transmittance. The biofill simultaneously
influences thermal conductivity, natural convection, and radiant heat exchange in the
cavities, increasing the thermal resistance of the structure. For bulk and fibrous materials
(straw, hemp shives, wood fibers, etc.), an optimal bulk density range has been identified
where convection is suppressed and the proportion of solids is not too high.

The hygrothermal behavior and durability of biofills are less well understood than
their instantaneous thermal properties. Shrinkage of loose fill, moisture, and mold growth
can significantly reduce the expected effect if moisture control and high-quality compaction
are not ensured. Also important are spacers in high cavities, vapor-permeable but water-
repellent plasters, and protective impregnations with biocidal and fire-retardant properties.
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A comparison of various types of biofillers (straw and rice husk materials, agricultural
granules, coconut and hemp fibers, etc.) demonstrates the need for a multi-criteria selection
process. In cold and temperate climates, low dry thermal conductivity and compatibility
with vapor-permeable finishing layers are paramount. In hot and humid regions, moisture-
buffering properties and resistance to biodegradation and insects are more important.

The review also demonstrates that the incorporation of biofills into block voids aligns
well with green building trends and research on reducing carbon footprints by replacing
some cement and synthetic insulation with biocomposites. An analysis of available LCA
studies indicates the potential for reducing overall greenhouse gas emissions and life-cycle
energy intensity when switching to blocks with biomodified fill, particularly when using
locally sourced agricultural raw materials.

At the same time, a number of significant knowledge gaps have been identified that
hinder the widespread adoption of such solutions in regulatory practice. These include:

Limited data on the durability of biofills under cyclic wetting and freeze–thaw conditions;
Insufficient understanding of combined heat and mass transfer processes, taking into

account shrinkage and capillary moisture transport;
A lack of standardized test methods and design criteria for walls with biofill.
More detailed studies of fire resistance, mechanical reliability, and the behavior of

concrete/ceramic–biomaterial contact zones in real-world structural designs are also needed.
Promising areas for further research include the development of detailed numerical

models describing the combined transfer of heat and moisture in hollow blocks with biofills
of complex geometry. It is also important to continue optimizing the block design, taking
into account bionic principles and the capabilities of 3D modeling. Of additional interest
are large-scale field tests of wall and building fragments under various climatic conditions.
Equally important is the integration of the results into building energy models and the
completion of comprehensive feasibility studies and environmental justifications for various
application scenarios. Taken together, this will enable biofilled hollow blocks to move
from the category of experimental and niche solutions to the category of technologically
proven, regulatory-supported building envelope systems. Such systems will become the
foundation for energy-efficient and low-carbon construction.
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EPS Expanded polystyrene
LCA Life cycle assessment
U-value Thermal transmittance (W/(m2·K))
R-value Thermal Resistance (m2·K/W)
CFD Computational Fluid Dynamics
SCB Sugarcane Bagasse
NaOH Sodium Hydroxide
MPa Megapascal
CO2 Carbon Dioxide
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