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Basic research on layered 
geopolymer composites 
with insulating materials of natural 
origin
Agnieszka Bąk 1*, Janusz Mikuła 1, Inna Oliinyk 2 & Michał Łach 1

New restrictions on carbon dioxide emissions and electricity consumption are currently being 
introduced around the world. Innovative solutions are being adopted in many countries to reduce 
CO2 emissions and material and energy consumption. The present work is related to the study of 
innovative binders based on geopolymers for the production of layered building envelopes. The 
binders are reinforced with composite bars and containing fibers of natural origin. The natural 
materials used to produce the samples are completely biodegradable. A 10-mol sodium hydroxide 
solution with an aqueous solution of sodium silicate was used for alkaline activation of geopolymers. 
The purpose of the study was to compare and determine the insulating properties of natural fiber-
based materials such as coconut mat, jute felt, hemp felt, flax felt, flax wool, hemp wool, flax-jute 
wool, and to determine the effect of these materials on geopolymer composites, in which 4 layers 
of natural insulating materials were used, and the composites were reinforced by fiberglass bars. 
The publication presents the results of physicochemical studies of geopolymerization precursors and 
natural insulating materials, studies of thermal properties of fibers, mats, felts and wools, morphology 
of fiber structure and texture, as well as physical and thermal properties of finished multi-layer 
partitions. The results indicate the great potential of these materials in prefabrication and structural-
insulation applications. The fabricated composites using 4 layers of natural fibers showed improved 
thermal conductivity by as much as 40% (reduced thermal conductivity from 1.36 W/m × K to about 0.8 
W/m × K). The work may have future applications in energy-saving and low-carbon construction.

Keywords  Geopolymer, Natural fiber, Alkaline activation, Insulation material, Construction, CO2 reduction

Scientific research over the years has confirmed that the main cause and driving force behind climate change 
is the greenhouse effect, a phenomenon manifested by an increase in the temperature of the planet’s surface 
through greenhouse gases present in its atmosphere. The group of greenhouse gases includes methane, nitrous 
oxide, fluorinated greenhouse gases and carbon dioxide (CO2). The last of these comes from human activities 
and contributes the most to global warming1–4. The current concentration of carbon dioxide is the highest it 
has been in 14 million years and is steadily increasing. Figure 1 shows a graph showing the increase in global 
CO2 emissions from energy and industrial processes between 1900 and 20225–7. This picture illustrates that the 
increase in CO2 emissions is very evident and, in view of this, new solutions are needed to reduce the effects 
of climate change. New ideas should contribute to climate protection and positively influence the possibility of 
adaptation and mitigation to climate change.

The building sector (construction industry) is one of the key areas where a number of measures can be intro-
duced to reduce CO2 emissions. The operation of buildings accounts for 30% of global final energy consumption 
and 26% of global energy-related emissions (8% are direct emissions from buildings and 18% indirect emissions 
from the production of electricity and heat used in buildings). According to IEA (International Energy Agency) 
data, direct emissions from the buildings sector fell in 2022 compared to the previous year, despite extreme tem-
peratures causing an increase in heating-related emissions in some regions. Energy consumption in the buildings 
sector increased by about 1% in 2022. Increasingly stringent minimum performance standards and building 
energy standards are being developed in many countries. The use of increasingly efficient and renewable building 
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technologies is accelerating, but the sector needs faster change to achieve a net-zero emissions scenario by 2050 
(NZE). The current decade is critical for implementing the measures required to achieve the goals of having all 
new buildings and 20% of existing buildings ready for zero-carbon technology by 20308.

Examples of regulations aimed at reducing CO2 emissions include the REPowerEU plan and Fit for 559,10. 
In the construction industry, the concept of sustainable construction is important11, where special emphasis is 
placed on the environmental impact of materials and products. It is necessary not only to reduce carbon emis-
sions, but also to use natural resources sparingly12–14. CO2 emissions are associated not only with inadequate 
and inefficient insulation of buildings, but also with the production of building materials. Available reports on 
the state of the environment, as well as scientific studies, show that the entire construction industry generates as 
much as 38% of global CO2 emissions. According to various estimates presented in climate policy reports, the 
cement industry is responsible for generating about 5–6% of global CO2 emissions. It should be remembered, 
however, that when analyzing the construction industry from this angle, it is not only the cement industry that 
generates significant amounts of CO2, but also the construction chemicals and insulation materials used in the 
construction of buildings are responsible for these emissions15,16. As reported in the IEA report, the direct CO2 
emissions intensity from cement production has remained stable over the past five years, but has increased 
slightly (by 1%) in 2022. In contrast, it is necessary to achieve an annual decline in CO2 intensity of 4% by 2030 
for the sector in order to achieve a net zero emissions scenario by 2050 (NZE). For example, reducing the ratio 
of clinker to cement through the use of clinker substitutes, continuously improving energy efficiency, adopt-
ing low-carbon fuels, improving material efficiency, and implementing innovative technologies such as carbon 
capture and storage (CCS) are cited as ways to achieve this goal17.

A practical solution to improve cement substitutes, produce low-carbon binders, and enhance energy effi-
ciency involves using materials that emit significantly lower CO2 and utilize hard-to-manage energy industry 
waste. In addition, these materials can provide effective insulation through the use of renewable biobased mate-
rials. We are talking about geopolymer materials in the form of composites with natural fibers or other renew-
able materials often of waste origin. Many studies have been written on the use of natural materials in building 
composites. The use of biomass waste and plant fibers as fillers for traditional binders has shown environmental 
promise for reducing overall energy consumption and carbon emissions in the construction sector. Coffee waste, 
for example, can be used, as studies have shown that adding as little as 5% wt. SCG (spent coffee grounds) can 
improve the thermal insulation of mortars by 58% and reduce their thermal diffusivity by 34%. Therefore, SCGs 
represent a promising bio-waste aggregate for developing low-impact thermal insulation mortars on an industrial 
scale18. Also, tea waste can be an attractive material, as it has been proven that the addition of ST (spent tea) leads 
to a significant decrease in thermal conductivity (67%), thermal diffusivity (57%), density (24%). Addition of up 
to 2.5% wt. ST meets the structural requirements of lightweight concretes (> 3.5 MPa) and can be used in wall 
structures, while a composite containing 7.5% wt. ST can be used for insulation purposes19. Another example 
of an interesting material could be waste from olive oil production. The use of olive pomace has been proven to 
reduce thermal conductivity by 55.68% and increase compressive strength by 81.7% of composites20.

Studies in Morocco have shown that the use of 4% by weight of straw in plasters will reduce their thermal 
conductivity by 68%. Energy simulations conducted in six climate zones in Morocco using the “Type56a” module 
of the TRNSYS software concluded that implementing the proposed solution could lead to a 13% reduction in 
greenhouse gas emissions from buildings, and annual costs could be reduced by about 13% in all climate zones 
in Morocco21. Studies were also conducted for the addition of Pennisetum Setaceum (PS) fibers and their effect 
on the thermomechanical properties of adobe clay was determined. Experiments have shown that adobe clay 
with the addition of PS fibers can be used as a green thermal mass component in modern buildings, contributing 
to thermal insulation22. The topic of using natural fibers in innovative geopolymer materials is well known and 
widely reported in the literature23–26.

Although the use of biomass-based wastes or natural fibers has a positive impact on the properties of con-
struction materials, the issue is not without drawbacks or limitations. Natural fibers in a cement or geopolymer 
matrix can degrade significantly27–29. As outlined in numerous scientific papers30–35, the addition of fibers to 
binders may require appropriate treatment to increase their durability or improve the quality of the bond between 
the fibers and the matrix. Cellulose is the compound responsible for the fiber’s strength, while lignin and hemi-
cellulose are responsible for its low durability, so it is often necessary to carry out treatments, most often with 

Figure 1.   The growth of carbon dioxide emissions between 1900 and 2022.
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alkaline solutions, to improve the adhesion of the matrix to the fiber in the contact area. It has been confirmed, 
for example, that fibers such as açai, jute, sisal, bamboo and curaua can find use after appropriate treatment as 
a filler in cement matrices36.

The article summarizes the mechanism of alkaline degradation, factors affecting the degradation process, and 
the pathway for improving PF in an alkaline matrix. The advantages of PF are obvious: wide source, low price, 
energy saving and environmental protection. However, the structure and properties of PF lead to degradation of 
the alkali matrix. Improving the durability of PF-reinforced geopolymers and slowing matrix degradation are key 
factors in their large-scale engineering applications. The main findings are as follows. The hygroscopicity of PF 
affects its mechanical properties. However, this property can be used to achieve curing efficiency in the matrix 
of composite materials to improve the strength of the matrix. There is a certain degree of alkaline degradation of 
PF in the geopolymer matrix, and the degree of degradation is closely related to the alkalinity of the geopolymer. 
Under the influence of calcium hydroxide, PF causes both degradation and mineralization of the cement matrix. 
Compared with the cement matrix, the geopolymer matrix significantly slows PF degradation. The most direct 
way to reduce PF degradation in the matrix is to further reduce the pH value and calcium hydroxide content of 
the matrix. Alkaline degradation of PF in the matrix has an adverse effect on the mechanical properties of com-
posite materials, and the impact of fiber degradation can be mitigated by chemical modification. Nanomaterials 
can improve the microstructure of the composite matrix, accelerate the polymerization reaction of the matrix, 
increase the amount of matrix gel, improve the density of the matrix, improve the bond between the fiber and 
matrix, and thus reduce the rate of PF deterioration. In fact, the PF used in the matrix is classified as recycled 
and virgin. Straw fibers and coir fibers are waste. The full use of waste fibers is of environmental importance. In 
addition, replacing cement with geopolymer is an effective way to slow down the degradation of PF in the matrix. 
At the same time, a low-base activator replacement should be used in the geopolymer matrix. To date, there have 
been relatively few quantitative studies on the proportion of geopolymer mixture affecting fiber degradation, so 
this should be one of the research directions in the future37.

An analysis of the benefits and limitations associated with the addition of fibers to geopolymer matrices, as 
well as the desire to develop an environmentally friendly solution for the construction industry as an innovative 
construction and insulation material, led to the realization of a study of multi-layer geopolymer composites 
with natural fiber insulation mats. Thanks to the use of layered composites where the fiber layers are in the form 
of an agglomerate of considerable thickness, it is possible to reduce the degradation of natural fibers due to the 
contact of the matrix only with the surface layer of the applied mats. Degradation in such a case, if it occurs, 
takes place only for a small number of applied fibers. The use of natural fibers, which are a renewable material, 
brings environmental benefits, as these materials are an alternative to the commonly used plastic insulation or 
to mineral wool. Tests carried out prove that the insulation levels of such mats and felts made of natural fibers 
do not differ from the insulation levels for commonly used materials (the same range of thermal conductivity 
coefficient). In addition, the manufacture of multi-layer composites brings additional benefits in the form of 
improved insulating performance due to the presence of multiple resistances at the boundary between the indi-
vidual phases/materials, which is also confirmed by the studies of other authors38,39.

Multi-layer geopolymer materials based on anthropogenic raw materials and fibers of natural origin can, if 
implemented, become an answer to the existing problems of the modern world related to the need to tighten 
requirements in construction as a result of reducing CO2 emissions. Multi-layer construction is characterized by 
a shell consisting of several high-strength outer layers and one or more low-density inner layers40. Geopolymers 
are a better alternative to popular Portland cement-based materials, as confirmed by numerous publications. 
The process of manufacturing geopolymers is much more economical and environmentally friendly due to two 
aspects. It is estimated that during the production of geopolymers there are up to 10 times lower emissions of 
CO2 and other greenhouse gases, and 4–8 times less electricity is consumed than in the case of traditional build-
ing materials using Portland cement. They are also materials with a much lower carbon footprint and fit into 
a closed-loop economy. These materials have similar properties to commercially available products, but when 
it comes to climate protection, they are much more environmentally friendly and energy efficient. The use of 
natural fibers is another strong emphasis on environmental friendliness, for the reason that fibers are a readily 
available and renewable material, and their properties are similar or better to/from existing insulation solutions 
in construction41–43.

The purpose of this publication was to conduct basic research on natural materials of plant origin and fly ash, 
the base raw material for the manufacture of multi-layer geopolymer composites. The finished prototype materials 
are also presented and their basic physical and thermal properties are given, which are key to optimizing the new 
solution. It should also be noted that this is the first article in the series and the basic part of the research will be 
presented here, and the topic, due to the fact that it is very extensive, will be continued in subsequent publications. 
The matrix material of the new composite was a geopolymer obtained by alkaline activation of aluminosilicates 
(synthesis), while plant fibers of natural origin were used as the material for the insulating layers. The prototype 
material was created through a pouring method, where two types of fibers were placed inside as mats. The new 
proposed construction solution is an undoubted innovation, being more energy-efficient and environmentally 
friendly than the conventional construction materials used so far. The multi-layer geopolymer composite is a 
material that can be manufactured in the prefabrication process. The innovativeness of the proposed solution 
lies not only in the use of fibers in geopolymers that are agglomerated in several layers, but also in the reinforce-
ment of all layers through the use of resilient fiberglass bars to prevent possible decomposition. With this new 
solution we have a number of advantages such as:

•	 Use of low-carbon binders with less adverse environmental impact.
•	 Prevention of fiber degradation in the matrix matrix.
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•	 Prevention of decomposition (delamination) of multi-layer composites.
•	 Significant reduction in thermal conductivity due to the creation of interfacial resistances.
•	 Elimination/replacement of commonly used insulating materials in favor of renewable materials.

Materials and methods
In order to understand the methodological procedure in this article, below in Fig. 2 is an experimental flow chart 
of the steps carried out in the methodological and research sections.

Base materials
Multi-layer geopolymer composites were produced based on fly ash from the Skawina Heat and Power Plant 
(Skawina, Poland). Class F fly ash with certificate number 1488-CPR-0166/W was used. Based on the aforemen-
tioned document, the key parameters of this anthropogenic waste were also given, including the loss of roasting 
was classified into categories A and B, the fineness—category N (declared value of 20%), while the grain density of 
this material was 2210 kg/m3. This ash has a high content of SiO2 (silicon dioxide) and more than half the content 
of Al2O3 (diglinium trioxide). The second base material of the composite was sand from the Świętochłowice Sand 
Plant (Świętochłowice, Poland). Both of these materials were added in a 50/50 weight ratio. The polycondensation 
reaction of the geopolymer was initiated by adding a 10-mol solution of alkaline sodium silicate with sodium 
water glass. Sodium silicate R-145 with a molar modulus of 2.5 and a density of about 1.45 g/cm3 was used.

Reinforcement
To make the finished structural element stable and strong, and to make the multi-layer composite monolithic and 
not delaminate during external interference, composite bars (4 and 8 mm in diameter) coated with glass fiber 
and infused with epoxy resin (TROKOTEX, Poland) were used. The characteristics of the physical and chemical 
properties of these bars are shown in Table 1 44.

Natural materials of plant origin
Before the two composite core materials were selected, several variants of natural fibers were tested for their key 
parameters. Tests were conducted for 9 types of natural fibers. Two instead of cellulose (PRO AGRO, VestaEco, 
Poland), hay and wood shavings (supplier Dach-Wkręt, Poland), coconut fiber from Sri Lanka (producer—
PROMAT, Poland) and flax and hemp fiber and 3 types of hemp fiber (Double Raw Fiberworks, Poland) were 
used. In addition to natural fibers, mats, felts, and wools of natural origin were also tested. The coconut mat 
came from the upholstery wholesaler Akces (Strażów, Poland). Other felts and wools, on the other hand, were 
purchased from Double Raw Fiberworks (Cracow, Poland). Nine different types of fibers were selected for the 
study to compare the most important physical and thermal parameters, as well as the structure and texture of 
the components. Most of these fibers are widely available on the market, while hay and wood shavings were 
chosen because they have not been used in insulating building envelopes before. As for mats, felts, and wools, 
materials that contained the fibers discussed above were selected because the essence of the fibers’ performance 
and properties are different, and finished products widely available based on these fibers behave differently. A 
market reconnaissance was conducted to select and compare multi-criteria fibers, mats, wools, and felts in terms 
of availability, thermal conductivity, environmental performance, and price.

Figure 2.   Experimental flowchart of the steps carried out in the methodological and research parts.
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Eco‑friendliness and energy efficiency of materials
Since the newly developed material is intended to be environmentally friendly and energy efficient, an analysis 
was also carried out from this angle. Table 2 shows data on embodied energy (EE) and embodied carbon (EC). 
These values are determined using the Life Cycle Analysis (LCA) method. Life Cycle Analysis (LCA) is a method 
used to assess the environmental impact of a product throughout its life cycle, including extraction and pro-
cessing of raw materials, production, distribution, use, recycling, and final disposal. In conventional buildings, 
operational energy is closer to total energy and embodied energy is relatively low; low-energy buildings have a 
higher proportion of embodied energy to total energy; passive buildings have equal operational and embodied 
energy; and finally, self-sufficient or plus-energy buildings have no operational energy, and the total energy 
considered in the LCA is embedded energy (total energy is higher than in passive houses)45–47.

Methods
Density measurements
The density of the finished composite plates was forfeited using the geometric method, based on the mass and 
volume of the samples. The density of bodies with regular shapes is determined according to the formula:

where m—regular-shaped body weight (kg), V—regular-shaped body volume (m3).

d =

m

V

(

kg

m3

)

Table 1.   Physicochemical properties of glass fiber saturated with epoxy resin.

Traits studied Value

Tensile strength (MPa) 1250

Elasticity modulus (MPa) 55,000

Susceptibility to deformation Linear-elastic

Linear expansion coefficient (%) 2.2

Thermal conductivity coefficient (W/m*K) 0.35

Density (kg/m3)—Specific gravity (N/m3) 1890

Corrosion resistance Completely corrosion resistant

Electrical conductivity Dielectric

Impact on electromagnetic wave interference Transparent to waves

Eco-friendliness Eco-friendly, easy to dispose of

Durability min. 100 years

Table 2.   Embodied energy and embodied carbon for building and insulation materials.

Material EE (Mj/kg) EC (kgCO2/kg)

Fly ash 0.1 0.01

Sand 0.1 0.005

Cement 4.6 0.83

Concrete 0.95 0.13

Geopolymer 0.33 –

Cellulose 0.94–3.3 –

Flax (insulation) 39.5 1.70

Mineral wool 16.6 1.20

Rock wool 16.8 1.05

Paper wool (wood shavings) 20.17 0.63

Wood wool 10.8 –

Recycled wool 20.9 –

Wool (overall) 3 0.15

Foamed polystyrene 88.6 2.50

Thermoformable foamed PS 109.2 3.40

Polyurethane 72.1 3.00

Coconut mat 42 –

Flax mat 50 –

Hemp mat 40 –
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Thermal conductivity measurements
For a heat-conducting cuboidal body under steady-state conditions, the amount of heat transferred is substance-
dependent, proportional to the cross-section of the body, the temperature difference and the time of heat flow. 
This quantity is determined according to the formula:

where Q—amount of heat flowing through the body (J), t—flow time (s), d—partition thickness (m), S—cross-
sectional area of the body (m2), �T—temperature difference in the direction of heat conduction (K).

Ready‑made composites
After researching the properties of natural materials, two composite core materials were selected: coconut mat 
and flax-hemp felt 1. Both of these materials were chosen because of their similar density and thermal conduc-
tivity coefficient, as well as the high availability of these materials on the market. Coconut mat is often used in 
mattresses, but the use of this material as insulation in building envelopes has not been reported so far, hence 
the idea to use it in a completely different industry. The other material has similar properties to coconut mats 
hence the idea to compare the performance of these materials in multi-layer partitions. As mentioned above, 
the multi-layer geopolymer composites were made from fly ash and sand. Reinforcing bars were also added to 
increase the strength of the finished precast prototype. To each geopolymer composite were added 9 bars with 
a length of 15 cm (diameter 4 and 8 mm) and 4 layers of natural materials each. Two types of bars were used 
to compare the effect on the insulation performance of the finished composites. Due to the different thickness 
and weight of the mat and felt, a different weight amount of the component was introduced into the composite. 
The density of the two materials is similar, but physically and visually they differ significantly. Table 3 shows the 
characteristics of the finished multi-layermulti-layer composites (with dimensions of 15 × 15x15 cm). The table 
shows the weight and weight share of each component. In the remainder of the article, the properties of the 
composites will be compared in terms of the additive introduced and the total weight shares of the components 
(natural insulation and bars). The table below shows that compared to the reference composite, the amount of 
introduced additives is very low. Figure 3, on the other hand, shows a model of a multi-layer geopolymer com-
posite. The bars are marked in red.

Results
Testing of base materials
Oxide X-Ray Fluorescence chemical composition analysis was performed for the base materials, namely fly ash 
and sand. The oxide XRF analysis was performed on a SCHIMADZU EDX-7200 (SHIMADZU Europa GmbH, 

� =

Q

t
∗

d

S�T

(

W

m ∗ K

)

Table 3.   Characteristics of finished multi-layer composites.

Material Cube weight (g) Fibers weight (g) Fibers share (wt%) Bars weight (g) Bars share (wt%)

reference 5746.0 0 0 0 0

4 flax-hemp felts (4 mm bars) 5514.0 55.4 1 44.6 1

4 coconut mats (4 mm bars) 4831.2 121.6 3 44.6 1

4 flax-hemp felts (8 mm bars) 5216.8 59.7 1 121.5 2

4 coconut mats (8 mm bars) 4749.6 119.8 3 121.5 3

Figure 3.   Model of multi-layer geopolymer composite: (a) composite, (b) layers of natural insulation, c) 
geopolymer layer.
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Duisburg, Germany). The test was carried out in an air atmosphere with holders designed for bulk materials and 
Mylar film, and the results are shown in Tables 4 and 5.

For the production of geopolymers, raw materials are used that are characterized by a high content of silicon 
and aluminum oxides. The above analysis of chemical composition shows that both fly ash and sand have high 
contents of these oxides. Fly ash typically contains 50–60 wt% SiO2 and about half that of Al2O3. Sand usu-
ally has a high SiO2 content (about 85–95 wt%) and secondarily usually has about 4 wt% Al2O3. Geopolymers 
are, according to the commonly accepted definition, inorganic, amorphous, synthetic aluminosilicate polymers 
formed from the synthesis of silicon (Si) and aluminum (Al) and geologically sourced minerals. Both of these 
materials thus fit into the idea of geopolymer materials.

Using an Anton-Paar PSA 1190LD particle size analyzer (AntonPaar GmbH, Graz, Austria), particle size 
analysis of the two base materials was also performed using Kalliope Professional software (version 2.22.1). 
Particle size analysis for fly ash was carried out wet (water was the dispersing agent), while for sand this analysis 
was performed dry, due to the very large particle size. Wet analysis should be used for low particle-size materials, 
while dry analysis is recommended for large material particles. Particle size measurements of each material were 
taken 5 times and the particle size distribution and cumulative curve are presented. The results of the measure-
ments are shown in Fig. 4.

Fly ash is typically a very fine material, as confirmed by particle size analysis. The average particle size for 
this material is about 13 µm. Sand tends to have a large particle size, which was also confirmed by this analysis. 
The sand particles had an average particle size of 220 µm. Both of these materials react very well with each other 
when an alkaline activator is added and show the ability to form a monolithic structure, similar to Portland 
cement-based concretes and mortars.

Testing of natural materials of plant origin
For the natural fibers, density measurements and thermal conductivity tests were performed on an HFM Lambda 
446 plate apparatus (NETZSCH Pumpen & Systeme GmbH, Waldkraiburg, Germany) and images were taken 

Table 4.   Oxide analysis for fly ash.

Precursor

Oxide composition (wt%)

SiO2 Al2O3 K2O FeO Na2O MgO

Fly ash 57.84 32.46 4.75 1.78 1.61 1.57

Table 5.   Oxide analysis for sand.

Precursor

Oxide composition (wt%)

SiO2 Al2O3 FeO CaO K2O MgO

Sand 92.09 3.32 3.26 0.50 0.41 0.41

Figure 4.   Particle size analysis of base materials: (a) fly ash particle size distribution, (b) fly ash cumulative 
curve, (c) sand particle size distribution, (d) sand cumulative curve.
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using scanning electron microscopy SEM on a JEOL IT 2000 microscope (JEOL, Akishima, Tokyo, Japan) 
and macroscopic images on a Keyence VHX-7000 digital optical microscope (KEYENCE INTERNATIONAL, 
Mechelen, Belgium). In order to carry out the observation of the microstructure, the fibers were attached to 
special carbon disks and placed on metal tables and then in a holder. A special EM-Tec C33 carbon glue was 
also used to better attach the fibers and lead to better conduction of the material. Before testing, the surface 
of the fibers was coated with a conductive gold layer using a DII-29030SCTR Smart Coater vacuum sputter-
ing machine (JEOL Ltd., MA, USA). The authors only analyzed the morphology of the samples; the chemical 
composition of the fibers was not studied. Table 6 shows the results of density and thermal conductivity (aver-
age value from 3 measurements), while Figs. 5 and 6 show microscopic photos and macroscopic photos of the 

Table 6.   Parameters of natural plant-based fibers.

Fibres

Density Thermal conductivity

(kg/m3) (W/m × K)

Cellulose PRO AGRO 52.06 0.03966

Cellulose VestaEco CELL 54.11 0.03976

Coconut fibers 47.15 0.04667

Flax-hemp 51.29 0.03926

Hay 46.35 0.04239

Hemp 1 39.20 0.05211

Hemp 2 35.75 0.04484

Hemp 3 34.23 0.04528

Wood shavings 34.06 0.04424

Figure 5.   Microscopic images of fibers: (a) coconut fiber, (b) hay, (c) wood shavings, (d) PRO AGRO cellulose, 
(e) VestaEco CELL cellulose, (f) flax-hemp fiber, (g) hemp fiber 1, (h) hemp fiber 2, (i) hemp fiber 3.



9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:12576  | https://doi.org/10.1038/s41598-024-63442-9

www.nature.com/scientificreports/

fibers. The microscopic photos were taken at 100× magnification, while the macroscopic photos were taken at 
20× magnification.

Tests on the density and thermal conductivity of natural materials showed that wood shavings had the lowest 
density because they were the lightest. In contrast, PRO AGRO cellulose had the highest density. As for thermal 
conductivity, the lowest result was recorded for flax-hemp fiber, while the highest was for hemp fiber 1. All natural 
fibers had a density of 34–52 kg/m3 and a thermal conductivity coefficient of 0.039–0.052 W/m*K. Studies of 
the morphology of the structure and texture of the natural fibers on scanning and optical microscopy showed 
that the fibers are completely different from each other. Coconut fiber is characterized by a spongy structure, 
which provides very good moisture absorption, air access, and a durable structure. Hay and wood shavings have 
a uniform band structure. Cellulose fibers have a fibrous structure that differs significantly in shape and arrange-
ment. Flax fiber has an irregular highly porous structure. Hemp fibers, on the other hand, have an open-pore cell 
structure. They can absorb moisture and release it again after drying. Macroscopic images are shown to illustrate 
the appearance of the fibers. The SEM images show the microstructure of the fibers, while the digital optical 
microscope images show the actual appearance of the fibers at low magnification.

In addition to natural fibers, mats, felts and wools made from the fibers shown above were also tested. Results 
for 10 different materials are presented, and each material, due to the fact that they are used in layered partitions, 
was tested as 1, 2 and 3 layers of material. The density and thermal conductivity of these materials are shown in 
Table 7 (again, average values from 3 measurements are shown).

Tests on the density and thermal conductivity of mats, felts and wools showed that the lowest density was 
achieved by hemp wool without pressure, because there are very large air voids in the material. On the other 
hand, the highest density was achieved by the coconut mat, which, of all the components, was the heaviest. As 
for thermal conductivity, linen wool without pressing had the lowest result, while hemp wool without pressing 
had the highest. All mats, felts and wools had a density of 14–127 kg/m3 and a thermal conductivity coefficient 
of 0.031–0.047 W/m*K. Two materials were selected for further study: flax-hemp felt 1 and coconut mat. Both 
of these materials have similar density and thermal conductivity.

Density of ready made composites
The density of the panels was calculated three times and an average value was calculated from the three measure-
ments, which is given in Table 8. The volume of the panels was constant (15 × 15 × 5cm), but the weight varied 
slightly from sample to sample. The dimensions of the samples were measured using a laboratory caliper with an 

Figure 6.   Macroscopic images of fibers: (a) coconut fiber, (b) hay, (c) wood shavings, (d) PRO AGRO cellulose, 
(e) VestaEco CELL cellulose, (f) flax-hemp fiber, (g) hemp fiber 1, (h) hemp fiber 2, (i) hemp fiber 3.



10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:12576  | https://doi.org/10.1038/s41598-024-63442-9

www.nature.com/scientificreports/

accuracy of 0.01 mm, and the weight of the samples was determined using a RADWAG PS 200/2000.R2 precision 
laboratory analytical balance with an accuracy of 0.01 g.

Each component caused a decrease in density, due to the fact that the introduced additives reduced the pro-
portion of base materials. The largest decrease in density was observed for a panel with 4 coconut mats and 8 mm 
bars (22% decrease)—6 wt% components (natural insulation and bars). For a similar variant only with a smaller 
diameter of bars, a density reduction of 19% was obtained—4 wt% of components. The panel with 4 flax-hemp 
felts and 4 mm bars obtained a density decrease of 5%—2 wt% of the components, while the same sample only 
with 8 mm bars—a decrease of 13% 3 wt% of the components. In each multi-layer panel, a greater decrease in 
density was observed with the addition of 8 mm bars, because the larger bar area resulted in a reduction in the 
proportion of geopolymer mortar. The coconut mats were much higher than the flax- hemp felt, and therefore 
caused a greater decrease in density as the proportion of geopolymer again decreased.

Thermal conductivity of ready made composites
The thermal conductivity coefficient measurements were carried out on a Lambda HFM 446 plate apparatus 
(Netzsch). The device operates according to standards such as ISO 8301, EN 12664, ASTM C1784, ASTM C518, 
and others. Temperature regulation and control are verified by a Peltier system. The thermal properties of the 
finished panels were determined using the described device based on the hot and cold panel method. Thermal 

Table 7.   Parameters of mats, felts and wools of plant origin.

Material

Density Thermal conductivity

(kg/m3) (W/m × K)

Coconut mat_1 layer 123.86 0.03825

Coconut mat_2 layers 121.6 0.04048

Coconut mat_3 layers 126.9 0.04124

Jute felt_1 layer 84.91 0.03368

Jute felt_2 layers 84.80 0.03625

Jute felt_3 layers 82.11 0.03636

Flax felt_1 layer 113.50 0.03364

Flax felt_2 layers 120.80 0.03635

Flax felt_3 layers 123.27 0.03753

Flax-hemp felt 1_1 layer 121.98 0.03928

Flax-hemp felt 1_2 layers 118.65 0.03985

Flax-hemp felt 1_3 layers 121.25 0.04295

Hemp felt_1 layer 116.69 0.03547

Hemp felt_2 layers 121.59 0.03823

Hemp felt_3 layers 121.42 0.03938

Flax-jute felt_1 layer 106.54 0.03677

Flax-jute felt_2 layers 107.65 0.03814

Flax-jute felt_3 layers 104.02 0.03890

Flax-hemp felt 2_1 layer 99.49 0.03568

Flax-hemp felt 2_2 layers 103.44 0.03636

Flax-hemp felt 2_3 layers 115.82 0.04037

Linen wool (pressure) 78.85 0.03101

Linen wool (no pressure) 14.06 0.04303

Hemp wool (pressure) 53.71 0.03315

Hemp wool (no pressure) 13.85 0.04799

Flax-jute wool (pressure) 38.75 0.03529

Flax-jute wool (no pressure) 14.40 0.04725

Table 8.   Density of multi-layer panels.

Material Mean density (kg/m3)

reference 1777.33

4 flax-hemp felts (4 mm bars) 1694.51

4 coconut mats (4 mm bars) 1448.23

4 flax-hemp felts (8 mm bars) 1546.14

4 coconut mats (8 mm bars) 1382.71



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:12576  | https://doi.org/10.1038/s41598-024-63442-9

www.nature.com/scientificreports/

conductivity was tested in three temperature ranges: 0–20 °C, 20–40 °C, and 30–50 °C to better illustrate the 
performance characteristics. In real conditions, the materials can operate at temperatures above 30 °C, hence the 
3 different temperature ranges. Table 9 shows the average conductivity based on the three tests.

Each component, as in the previous study, caused a decrease in the thermal conductivity coefficient, and thus 
improved the insulation performance. The largest decrease in thermal conductivity was observed for the panel 
with 4 coconut mats and 8 mm bars (41% decrease)—6 wt% components (natural insulation and bars). Very 
similar results were obtained by adding 4 coconut mats (4 mm bars) to the composite—4 wt% of the components, 
and 4 flax-hemp felts (8 mm bars)—3 wt% of the components. A 36% decrease in lambda coefficient was achieved 
for these panels. Components of similar density and conductivity were introduced into the geopolymer matrix, 
but the results show that lower conductivity was obtained for the samples with 8 mm bars. The composite bars 
had a thermal conductivity coefficient of 0.35 W/m × K, while solid geopolymer typically has conductivities close 
to 1–1.4 W/m × K. Introducing a component with low thermal conductivity and a larger surface area (8 mm) into 
the geopolymer matrix than the 4 mm diameter bars resulted in better results, as the proportion of geopolymer 
decreased. And again as in the case of density, the larger surface area of the coconut mat resulted in a reduction 
in the proportion of geopolymer, thus improving the insulating capacity of the structure. As for the difference 
between the temperature ranges, it is of the order of 0.01–0.02 W/m × K.

Discussion
This study analyzed the physicochemical properties of the materials that serve as precursors for the geopolymer 
matrix, as well as the physical and thermal properties of the natural materials that serve as insulating layers. 
Qualitative image analysis was also carried out for the natural materials using a digital optical microscope and 
a scanning electron microscope. After conducting basic research, prototypes of prefabricated multi-layer com-
posites were designed and their physical and insulating properties were tested.

The prototypes used composite bars, specifically fiberglass bars infused with epoxy resin. These offer a supe-
rior alternative to steel bars and prevent delamination of multi-layer composites. This material was chosen for 
its several key advantages. It is an attractive solution for construction in combination with multi-layer applied 
natural fiber mats and felts. The thermal expansion of composite reinforcement is comparable to concrete and 
excludes the formation of cracks in concrete under temperature changes, eliminating the cost of repairing cracks 
during the operation of the building. Glass fiber reinforcement is completely resistant to corrosion, does not 
change its properties even in highly corrosive and aggressive acid and alkaline environments, so it does not 
require tedious and expensive maintenance. These bars are also characterized by high frost resistance and 2–3 
times longer material life44.

Data on embodied energy of materials and carbon dioxide were also analyzed. Fly ash, sand, and geopolymers 
have significantly better environmental performance than conventional materials such as cement or concrete. 
Geopolymer has almost 3 times lower embodied energy than concrete. Fly ash has 46 times lower embodied 
energy and 83 times lower embodied carbon dioxide than cement. When it comes to insulation, polystyrene or 
urethane foams also fare worse in this comparison than materials or natural fibers. Each of the natural materials 
analyzed has better environmental performance than conventionally used foams (up to 5–10 times)45–47.

Analysis of the properties of natural materials showed that the lowest density was achieved by wood shav-
ings because they were the lightest. In contrast, PRO AGRO cellulose had the highest density. Of all the natural 
fibers, flax and hemp fiber had the lowest thermal conductivity, and hemp fiber 1 had the highest. All fibers 
had thermal conductivities in the range of 0.039–0.052 W/m*K. Analysis of the results for mats, felts and wools 
showed that the lowest density was achieved by hemp wool without pressure because there are very large air 
voids in the material. In contrast, the highest density was achieved by the coconut mat, which was the heaviest 
of all the components. Linen wool had the lowest thermal conductivity coefficient among the tested materials, 
and hemp wool had the highest. All results oscillated between 0.031 and 0.047 W/m*K. Tests were conducted on 
several layers of the material to see how this material would behave in layered composites. The thickness of the 
material affects its insulating performance, so the worst results were obtained for 3 layers of material, but these 
are not results that would preclude their use as an alternative to existing insulating materials. Since all of these 
materials are biodegradable and renewable, it can be concluded that they are a better choice as an addition to 
sandwich partitions compared to conventional insulation. Other researchers have obtained similar results for 
the density and conductivity of natural materials48–50.

Studies of the physical properties of the composites showed that each component caused a decrease in density, 
due to the fact that the introduced additives reduced the proportion of base materials. The largest decrease in 
density was observed for a panel with 4 coconut mats and 8 mm bars (22% decrease). In this composite, 6 wt% 
of the components (natural insulation and reinforcement) were introduced and thus the best result was obtained. 

Table 9.   Thermal conductivity coefficient of multi-layer panels.

Material λ at 0–20 °C (W/m × K) λ at 20–40 °C (W/m × K) λ at 30–50 °C (W/m × K)

Reference 1.36511 1.36368 1.38825

4 flax-hemp felts (4 mm bars) 1.14216 1.16104 1.17736

4 coconut mats (4 mm bars) 0.87829 0.88672 0.89940

4 flax-hemp felts (8 mm bars) 0.86741 0.88275 0.90070

4 coconut mats (8 mm bars) 0.80541 0.81783 0.82380
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For a similar variant only with a smaller diameter of bars, a 19% reduction in density was achieved—4 wt% of 
components were introduced. The panel with 4 flax-hemp felts and 4 mm bars obtained a decrease in density of 
5% (2 wt% of components), while the same sample only with 8 mm bars—a decrease of 13% (3 wt% of compo-
nents). In each multi-layer panel, a greater decrease in density was observed with the addition of 8 mm diameter 
bars, because the larger bar area resulted in a reduction in the proportion of geopolymer mortar. The coconut 
mats, being thicker than the flax-hemp felt, displaced more geopolymer, resulting in a greater decrease in density. 
A decrease in density after the introduction of lower density components is a natural physical phenomenon and 
has been confirmed more than once51,52.

Analysis of the thermal parameters of the newly formed composites showed that the largest decrease in 
thermal conductivity was observed for the panel with 4 coconut mats and 8 mm bars (41% decrease)—6 wt% 
components were introduced. Very similar results were obtained by adding 4 coconut mats (4 mm bars) to the 
composite—4 wt% of components, and 4 flax-hemp felts (8 mm bars)—3 wt% of components. A 36% decrease 
in lambda coefficient was achieved for these panels. Components with similar densities and conductivities were 
introduced into the geopolymer matrix, but the results show that a lower conductivity was obtained for the sam-
ples with 8 mm bars, because the larger bar area reduced the weight share of geopolymer. And again as in the case 
of density, the larger surface area of the coconut mat resulted in a reduction in the proportion of geopolymer, thus 
improving the insulating capacity of the structure. The decrease in thermal conductivity after the introduction 
of lower density components is a natural physical phenomenon and has been confirmed by many authors53,54.

The results of the research presented in this paper, confirm the results of other authors of scientific papers, 
that geopolymers are an attractive material for the creation of multi-layer structural-insulation composites55,56. 
The presented research results and the presented concept are an innovative contribution to the development of 
sustainable construction. So far, few authors have presented similar solutions. This topic will be continued and 
intensive work is currently underway to develop this technology for the manufacture of geopolymer composites 
for construction applications.

In the following work, studies will be presented to illustrate the impact of the distribution and orientation of 
natural materials in the geopolymer matrix. A key issue will be the optimization of the process and parameters 
of the produced composite. The author’s main goal is to create a material with the longest possible durability, 
which can last for decades without the need for renewal and repair. The work will be aimed at comparing how 
the distribution and form of the fibers affect the insulation and strength parameters. In addition, future work 
should focus on two key issues:

1.	 Create a solution that is easily applicable. The applicability of the conducted research should be confirmed in 
several ways. The created solution must be reproducible, and the planned products in the form of building 
partitions must be possible to produce in prefabrication. The method of manufacturing this type of composite 
may cause technological difficulties due to the large number of layers.

2.	 Study the effect of the number of layers formed on the thermal conductivity coefficient of the entire parti-
tion. It should be experimentally confirmed and proven that the use of the same volume or weight amount 
of insulating materials in the form of agglomerated natural fibers gives better insulating effects when these 
materials are present in several layers instead of one.

As a consequence of further planned research, an optimal insulating material will be created that will not 
only replace the building’s thermal insulation, but will also serve as a material for the construction of houses 
and structures that will no longer need to be insulated at a later stage. The target material will be tested for: 
thermal conductivity and heat penetration coefficient, strength, flammability, frost resistance, sound insulation 
and application use.

Conclusions
Based on the research results presented in the article, several conclusions can be drawn to summarize the 
research work:

(I)	 Analysis of data on embodied energy of materials and carbon dioxide shows that fly ash, sand, and geo-
polymers have significantly better environmental performance than conventional materials such as cement 
or concrete. When it comes to insulation, polystyrene foam, or urethane, also performs worse in this 
comparison than materials or natural fibers.

(II)	 Wood shavings had the lowest density because they were the lightest. In contrast, PRO AGRO cellulose 
had the highest density. Analysis of the results for mats, felts and wools showed that the lowest density was 
achieved by hemp wool without pressure, because there were very large air voids in the material. In contrast, 
the highest density was achieved by the coconut mat, which was the heaviest of all the components.

(III)	 The lowest thermal conductivity among natural fibers was flax-hemp fiber, the highest was hemp fiber 
1. Analysis of the results for mats, felts and wools shows that flax wool had the lowest conductivity, and 
hemp wool had the highest. All results oscillated between 0.031 and 0.052 W/m*K. Given that all of these 
materials are biodegradable and renewable, it can be concluded that they are a better choice as an addition 
to sandwich partitions compared to conventional insulation.

(IV)	 The largest decrease in density was observed for the panel with 4 coconut mats and 8 mm bars (22% 
decrease). In this composite, the largest number of components was introduced 6 wt%. The worst results 
were obtained for a panel with 4 flax-hemp felts and 4 mm bars (density decrease of 5%)—2 wt% compo-
nents. Each component caused a decrease in density, due to the fact that the introduced additives reduced 
the proportion of base materials.
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(V)	 The largest decrease in thermal conductivity was observed for a panel with 4 coconut mats and 8 mm bars 
(41% decrease)—6 wt% of components. The worst results were obtained for the panel with 4 flax-hemp 
felts and 4 mm bars (16% decrease in lambda conductivity)—2 wt% components. Each component again 
caused a decrease in the measured parameter.

Based on the above test results, it can be concluded that density and thermal conductivity measurements 
are closely related, which has been confirmed more than once by other scientists and specialized literature. The 
study showed that the worst test results were obtained for a panel with 4 flax-hemp felts and 4 mm bars. Geo-
polymers and natural fibers have better insulating properties and environmental performance than traditional 
building materials. Multi-layer geopolymer composites based on fly ash with the addition of natural fibers of 
plant origin are a novelty in the world of materials engineering, so the topic will be continued in the author’s 
future works. This topic has not yet been explored, and the idea presented in the article has a very high potential 
for commercialization.

Received: 17 January 2024; Accepted: 29 May 2024

References
	 1.	 Kweku, D. W. et al. Greenhouse effect: Greenhouse gases and their impact on global warming. J. Sci. Res. Rep. 17(6), 1–9. https://​

doi.​org/​10.​9734/​JSRR/​2017/​39630 (2017).
	 2.	 Mikhaylov, A., Moiseev, N., Aleshin, K. & Burkhardt, T. Global climate change and greenhouse effect. Entrepr. Sustain. Issues 7(4), 

2897–2913. https://​doi.​org/​10.​9770/​jesi.​2020.7.​4(21) (2020).
	 3.	 Zhong, W. & Haigh, J. D. The greenhouse effect and carbon dioxide. Weather 68(4), 1–6 (2013).
	 4.	 Dong, K., Dong, X., Jiang, Q. & Zhao, J. Assessing energy resilience and its greenhouse effect: A global perspective. Energy Econ. 

104, 105659. https://​doi.​org/​10.​1016/j.​eneco.​2021.​105659 (2021).
	 5.	 INTERNATIONAL ENERGY AGENCY. CO2 Emissions in 2022, accessed 19 October 2023; https://​iea.​blob.​core.​windo​ws.​net/​

assets/​3c8fa​115-​35c4-​4474-​b237-​1b004​24c88​44/​CO2Em​issio​nsin2​022.​pdf.
	 6.	 DATATEGY. Reducing Carbon Emissions with AI The Role of Machine Learning in Energy Efficiency, accessed 19 October 2023; 

https://​www.​datat​egy.​net/​2023/​03/​07/​reduc​ing-​carbon-​emiss​ions-​with-​ai-​the-​role-​of-​machi​ne-​learn​ing-​in-​energy-​effic​iency/.
	 7.	 Global CO2 emissions from energy combustion and industrial processes, 1900–2022, accessed 19 October 2023; https://​www.​iea.​

org/​data-​and-​stati​stics/​charts/​global-​co2-​emiss​ions-​from-​energy-​combu​stion-​and-​indus​trial-​proce​sses-​1900-​2022.
	 8.	 IEA 50 Energy system/Buildings, accessed 19 October 2023; https://​www.​iea.​org/​energy-​system/​build​ings.
	 9.	 REPowerEU—Affordable, secure and sustainable energy for Europe, accessed 19 October 2023; https://​commi​ssion.​europa.​eu/​

strat​egy-​and-​policy/​prior​ities-​2019-​2024/​europ​ean-​green-​deal/​repow​ereu-​affor​dable-​secure-​and-​susta​inable-​energy-​europe_​pl.
	10.	 Fit for 55, , accessed 19 October 2023; https://​www.​consi​lium.​europa.​eu/​pl/​polic​ies/​green-​deal/​fit-​for-​55-​the-​eu-​plan-​for-a-​green-​

trans​ition/.
	11.	 Udomsap, A. D. & Hallinger, P. A bibliometric review of research on sustainable construction, 1994–2018. J. Clean. Prod. 254, 

120073. https://​doi.​org/​10.​1016/j.​jclep​ro.​2020.​120073 (2020).
	12.	 Vidal-Hernández, L., de Yta-Castillo, D., Castellanos-Basto, B., Suárez-Castro, M. & Rivera-Arriaga, E. Fiscal economic instru-

ments for the sustainable management of natural resources in coastal marine areas of the Yucatan Peninsula. Sustainability 13(19), 
11103. https://​doi.​org/​10.​3390/​su131​911103 (2021).

	13.	 Nassani, A. A. et al. Management of natural resources and material pricing: Global evidence. Resour. Policy 64, 101500. https://​
doi.​org/​10.​1016/j.​resou​rpol.​2019.​101500 (2019).

	14.	 Dickens, C., Smakhtin, V., McCartney, M., O’Brien, G. & Dahir, L. Defining and quantifying national-level targets, indicators and 
benchmarks for management of natural resources to achieve the sustainable development goals. Sustainability 11(2), 462. https://​
doi.​org/​10.​3390/​su110​20462 (2019).

	15.	 Abiodun, Y. O. et al. Cutting cement Industry CO2 emissions through metakaolin use in construction. Atmosphere 13(9), 1494. 
https://​doi.​org/​10.​3390/​atmos​13091​494 (2022).

	16.	 Rocha, J. H. A., Toledo Filho, R. D. & Cayo-Chileno, N. G. Sustainable alternatives to CO2 reduction in the cement industry: A 
short review. Mater. Today Proc. 57(2), 436–439. https://​doi.​org/​10.​1016/j.​matpr.​2021.​12.​565 (2022).

	17.	 IEA 50 Energy system/Industry/Cement, accessed 19 October 2023; https://​www.​iea.​org/​energy-​system/​indus​try/​cement.
	18.	 Charai, M., Horma, O., Hammouti, A. E., Mezrhab, A. & Karkri, M. Thermophysical characteristics of cement-based mortar 

incorporating spent coffee grounds. Mater. Today Proc. 57(2), 867–870. https://​doi.​org/​10.​1016/j.​matpr.​2022.​02.​488 (2022).
	19.	 Horma, O., Charai, M., Hassani, S. E., Hammouti, A. E. & Mezrhab, A. Thermo-physical and mechanical characterization of 

cement-based mortar incorporating spent tea. J. Build. Eng. 52, 104392. https://​doi.​org/​10.​1016/j.​jobe.​2022.​104392 (2022).
	20.	 Hammouti, A. E. et al. Resource deposit, characterization and energy saving potential of olive pomace as a promising aggregate for 

energy efficient earth bricks in eastern Morocco. Constr. Build. Mater. 393, 131989. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2023.​
131989 (2023).

	21.	 Hammouti, A. E. et al. Application analysis and environmental impact of straw reinforced gypsum plaster for improving the energy 
efficiency in buildings in the six climate zones of Morocco. J. Build. Eng. 74, 106829. https://​doi.​org/​10.​1016/j.​jobe.​2023.​106829 
(2023).

	22.	 Charai, M. et al. Thermal and mechanical characterization of adobes bio-sourced with Pennisetum setaceum fibers and an applica-
tion for modern buildings. Constr. Build. Mater. 326, 126809. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2022.​126809 (2022).

	23.	 Korniejenko, K., Frączek, E., Pytlak, E. & Adamski, M. Mechanical properties of geopolymer composites reinforced with natural 
fibers. Procedia Eng. 151, 388–393. https://​doi.​org/​10.​1016/j.​proeng.​2016.​07.​395 (2016).

	24.	 Furtos, G., Silaghi-Dumitrescu, L., Pascuta, P., Sarosi, C. & Korniejenko, K. Mechanical properties of wood fiber reinforced geo-
polymer composites with sand addition. J. Natl. Fibers 18(12), 285–329. https://​doi.​org/​10.​1080/​15440​478.​2019.​16217​92 (2019).

	25.	 Korniejenko, K., Łach, M., Hebdowska-Krupa, M. & Mikuła, J. The mechanical properties of flax and hemp fibres reinforced 
geopolymer composites. IOP Conf. Ser. Mater. Sci. Eng. 379, 012023. https://​doi.​org/​10.​1088/​1757-​899X/​379/1/​012023 (2018).

	26.	 Viskovic, A., Łach, M., Hojdys, Ł., Krajewski, P., Kwiecień, A. Experimental research on new sustainable geopolymer mortars rein-
forced and not reinforced with natural fibers. In: Proceedings of the International Conference of Steel and Composite for Engineering 
Structures (Springer, 2023), pp. 149–160

	27.	 Filho, J., Silva, F. & Filho, R. Degradation kinetics and aging mechanisms on sisal fiber cement composite systems. Cem. Concr. 
Compos. 40, 30–39. https://​doi.​org/​10.​1016/j.​cemco​ncomp.​2013.​04.​003 (2013).

	28.	 Mohr, B. J., Biernacki, J. J. & Kurtis, K. E. Supplementary cementitious materials for mitigating degradation of kraft pulp fiber-
cement composites. Cem. Concr. Res. 37(11), 1531–1543. https://​doi.​org/​10.​1016/j.​cemco​nres.​2007.​08.​001 (2007).

https://doi.org/10.9734/JSRR/2017/39630
https://doi.org/10.9734/JSRR/2017/39630
https://doi.org/10.9770/jesi.2020.7.4(21)
https://doi.org/10.1016/j.eneco.2021.105659
https://iea.blob.core.windows.net/assets/3c8fa115-35c4-4474-b237-1b00424c8844/CO2Emissionsin2022.pdf
https://iea.blob.core.windows.net/assets/3c8fa115-35c4-4474-b237-1b00424c8844/CO2Emissionsin2022.pdf
https://www.datategy.net/2023/03/07/reducing-carbon-emissions-with-ai-the-role-of-machine-learning-in-energy-efficiency/
https://www.iea.org/data-and-statistics/charts/global-co2-emissions-from-energy-combustion-and-industrial-processes-1900-2022
https://www.iea.org/data-and-statistics/charts/global-co2-emissions-from-energy-combustion-and-industrial-processes-1900-2022
https://www.iea.org/energy-system/buildings
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu-affordable-secure-and-sustainable-energy-europe_pl
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/repowereu-affordable-secure-and-sustainable-energy-europe_pl
https://www.consilium.europa.eu/pl/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://www.consilium.europa.eu/pl/policies/green-deal/fit-for-55-the-eu-plan-for-a-green-transition/
https://doi.org/10.1016/j.jclepro.2020.120073
https://doi.org/10.3390/su131911103
https://doi.org/10.1016/j.resourpol.2019.101500
https://doi.org/10.1016/j.resourpol.2019.101500
https://doi.org/10.3390/su11020462
https://doi.org/10.3390/su11020462
https://doi.org/10.3390/atmos13091494
https://doi.org/10.1016/j.matpr.2021.12.565
https://www.iea.org/energy-system/industry/cement
https://doi.org/10.1016/j.matpr.2022.02.488
https://doi.org/10.1016/j.jobe.2022.104392
https://doi.org/10.1016/j.conbuildmat.2023.131989
https://doi.org/10.1016/j.conbuildmat.2023.131989
https://doi.org/10.1016/j.jobe.2023.106829
https://doi.org/10.1016/j.conbuildmat.2022.126809
https://doi.org/10.1016/j.proeng.2016.07.395
https://doi.org/10.1080/15440478.2019.1621792
https://doi.org/10.1088/1757-899X/379/1/012023
https://doi.org/10.1016/j.cemconcomp.2013.04.003
https://doi.org/10.1016/j.cemconres.2007.08.001


14

Vol:.(1234567890)

Scientific Reports |        (2024) 14:12576  | https://doi.org/10.1038/s41598-024-63442-9

www.nature.com/scientificreports/

	29.	 Wei, J. & Gencturk, B. Degradation of natural fiber in cement composites containing diatomaceous earth. J. Mater. Civ. Eng. 30(11), 
04018282. https://​doi.​org/​10.​1061/​(ASCE)​MT.​1943-​5533.​00024​86 (2018).

	30.	 Omoniyi, T. E. & Akinyemi, B. A. Durability based suitability of bagasse cement composite for roofing sheets. J. Civ. Eng. Constr. 
Technol. 3(11), 280–290. https://​doi.​org/​10.​5897/​JCECT​12.​041 (2012).

	31.	 Ramakrishna, G., Sundararajan, T. & Kothandaraman, S. Evaluation of durability of natural fibre reinforced cement mortar 
composite—A new approach. ARPN J. Eng. Appl. Sci. 5(6), 44–51 (2010).

	32.	 Javadi, A. et al. Processing and characterization of solid and microcellular PHBV/coir fiber composites. Mater. Sci. Eng. C 30(5), 
749–757. https://​doi.​org/​10.​1016/j.​msec.​2010.​03.​008 (2010).

	33.	 Bilba, K. & Arsene, M. A. Silane treatment of bagasse fiber for reinforcement of cementitious composites. Compos. Part A. Appl. 
Sci. Manuf. 39(9), 1488–1495. https://​doi.​org/​10.​1016/j.​compo​sitesa.​2008.​05.​013 (2008).

	34.	 Claramunt, J., Ardanuy, M., García-Hortal, J. A. & Filho, R. D. T. The hornification of vegetable fibers to improve the durability of 
cement mortar composites. Cem. Concr. Compos. 33(5), 586–595. https://​doi.​org/​10.​1016/j.​cemco​ncomp.​2011.​03.​003 (2011).

	35.	 Pehanich, J. L., Blankenhorn, P. R. & Silsbee, M. R. Wood fiber surface treatment level effects on selected mechanical properties 
of wood fiber–cement composites. Cem. Concr. Res. 34(1), 59–65. https://​doi.​org/​10.​1016/​S0008-​8846(03)​00193-5 (2004).

	36.	 de Lima, T. E. S. et al. Potential of using Amazon natural fibers to reinforce cementitious composites: A review. Polymers 14(3), 
647. https://​doi.​org/​10.​3390/​polym​14030​647 (2022).

	37.	 Lv, C. & Liu, J. Alkaline degradation of plant fiber reinforcements in geopolymer: A review. Molecules 28(4), 1868. https://​doi.​org/​
10.​3390/​molec​ules2​80418​68 (2023).

	38.	 Yuan, W., Yu, N., Li, L. & Fang, Y. Heat transfer analysis in multi-layered materials with interfacial thermal resistance. Compos. 
Struct. 293, 115728. https://​doi.​org/​10.​1016/j.​comps​truct.​2022.​115728 (2022).

	39.	 Dlimi, M. et al. Energy performance and thickness optimization of hemp wool insulation and air cavity layers integrated in Moroc-
can building walls. Sustain. Prod. Consump. 20, 273–288. https://​doi.​org/​10.​1016/j.​spc.​2019.​07.​008 (2019).

	40.	 Owczarek, W. Overview of layered structures. Buses, accessed 19 October 2023 (2016), pp. 1–3.
	41.	 Marczyk, J. et al. Hybrid materials based on fly ash, metakaolin, and cement for 3D printing. Materials 14(22), 6874. https://​doi.​

org/​10.​3390/​ma142​26874 (2021).
	42.	 Bąk, A., Pławecka, K., Bazan, P. & Łach, M. Influence of the addition of phase change materials on thermal insulation properties 

of foamed geopolymer structures based on fly ash. Energy 278, 127624. https://​doi.​org/​10.​1016/j.​energy.​2023.​127624 (2023).
	43.	 Korniejenko, K. et al. Green building materials for circular economy—geopolymer foams. Proc. Eng. Technol. Innov. 25, 26–34. 

https://​doi.​org/​10.​46604/​peti.​2023.​11997 (2023).
	44.	 TROKOTEX Polymer Group, accessed 19 October 2023; https://​www.​prety​zkomp​ozytow.​pl.
	45.	 Cabeza, L. F., Boquera, L., Chàfer, M. & Vérez, D. Embodied energy and embodied carbon of structural building materials: 

Worldwide progress and barriers through literature map analysis. Energy Build. 231, 110612. https://​doi.​org/​10.​1016/j.​enbui​ld.​
2020.​110612 (2021).

	46.	 Pedroso, E., de Brito, J. & Silvestre, J. D. Characterization of eco-efficient acoustic insulation materials (traditional and innovative). 
Constr. Build. Mater. 140, 221–228. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2017.​02.​132 (2017).

	47.	 Embodied Carbon. The Inventory of Carbon and Energy (ICE), accessed 19 October 2023; https://​green​build​ingen​cyclo​paedia.​
uk/​wp-​conte​nt/​uploa​ds/​2014/​07/​Full-​BSRIA-​ICE-​guide.​pdf.

	48.	 Anh, L. D. H. & Pasztory, Z. An overview of factors influencing thermal conductivity of building insulation materials. J. Build. 
Eng. 44, 102604. https://​doi.​org/​10.​1016/j.​jobe.​2021.​102604 (2021).

	49.	 Pfundstein, M., Gellert, R., Spitzner, M. & Rudolphi, A. Insulating Materials: Principles, Materials, Applications (Auműller Druck, 
Regensburg, 2008). https://​doi.​org/​10.​11129/​detail.​97830​34614​757.

	50.	 Schiavoni, S., D’Alessandro, F., Bianchi, F. & Asdrubali, F. Insulation materials for the building sector: A review and comparative 
analysis. Renew. Sustain. Energy Rev. 62, 988–1011. https://​doi.​org/​10.​1016/j.​rser.​2016.​05.​045 (2016).

	51.	 Samson, G., Phelipot-Mardelé, A. & Lanos, C. A review of thermomechanical properties of lightweight concrete. Mag. Concr Res. 
69(4), 201–216. https://​doi.​org/​10.​1680/​jmacr.​16.​00324 (2017).

	52.	 Fan, J., Njuguna, J. 1 - An introduction to lightweight composite materials and their use in transport structures. In Lightweight 
Composite Structures in Transport 3–34 (2016). https://​doi.​org/​10.​1016/​B978-1-​78242-​325-6.​00001-3.

	53.	 Mahdi Hamidinejad, S., Chu, R. K. M., Zhao, B., Park, C. B. & Filleter, T. Enhanced thermal conductivity of graphene nanoplatelet-
polymer nanocomposites fabricated via supercritical fluid-assisted in situ exfoliation. ACS Appl. Mater. Interfaces 10(1), 1225–1236. 
https://​doi.​org/​10.​1021/​acsami.​7b151​70 (2018).

	54.	 Wang, S., Hao Ng, Y., Hai Tan, K. & Dasari, A. Thermal properties of carbon nanofibers enhanced lightweight cementitious com-
posite under high temperature. Constr. Build. Mater. 307, 124358. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2021.​124358 (2021).

	55.	 Zhao, J., Li, S. & Zhang, Z. Integrated composite wall with geopolymer permanent insulation formwork: Interface bonding behavior 
and mechanism. Constr. Build. Mater. 403, 133110. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2023.​133110 (2023).

	56.	 Cao, V. D., Bui, T. Q. & Kjøniksen, A. L. Thermal analysis of multi-layer walls containing geopolymer concrete and phase change 
materials for building applications. Energy 186, 115792. https://​doi.​org/​10.​1016/j.​energy.​2019.​07.​122 (2019).

Acknowledgements
Special thanks to Michał Łach for funding the publication from the LIDER project.

Author contributions
Conceptualization, A.B. and M.Ł.; methodology, A.B.; validation, A.B.; formal analysis, A.B; investigation, A.B.; 
resources, A.B; data curation, A.B; writing—original draft preparation, A.B and M.Ł; writing—review and editing, 
A.B. and M.Ł; visualization, A.B.; supervision, J.M. and M.Ł.; funding acquisition, M.Ł. and I.O.

Funding
This work has been financed by the National Centre for Research and has been financed by the National Centre 
for Research and Development in Poland under the grant: Development of technology for additive production 
of environmentally friendly and safe insulation materials and able to accumulate heat based on the alkaline 
activation of anthropogenic raw materials (LIDER/16/0061/L-11/19/NCBR/2020). The research was supported 
by the Polish National Agency for Academic Exchange under the complementary activities to those undertaken 
by the University as part of the University Alliance European entitled STARS EU academic cooperation with 
Ukrainian universities, Grant No. BNI-UE-2023-8.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1061/(ASCE)MT.1943-5533.0002486
https://doi.org/10.5897/JCECT12.041
https://doi.org/10.1016/j.msec.2010.03.008
https://doi.org/10.1016/j.compositesa.2008.05.013
https://doi.org/10.1016/j.cemconcomp.2011.03.003
https://doi.org/10.1016/S0008-8846(03)00193-5
https://doi.org/10.3390/polym14030647
https://doi.org/10.3390/molecules28041868
https://doi.org/10.3390/molecules28041868
https://doi.org/10.1016/j.compstruct.2022.115728
https://doi.org/10.1016/j.spc.2019.07.008
https://doi.org/10.3390/ma14226874
https://doi.org/10.3390/ma14226874
https://doi.org/10.1016/j.energy.2023.127624
https://doi.org/10.46604/peti.2023.11997
https://www.pretyzkompozytow.pl
https://doi.org/10.1016/j.enbuild.2020.110612
https://doi.org/10.1016/j.enbuild.2020.110612
https://doi.org/10.1016/j.conbuildmat.2017.02.132
https://greenbuildingencyclopaedia.uk/wp-content/uploads/2014/07/Full-BSRIA-ICE-guide.pdf
https://greenbuildingencyclopaedia.uk/wp-content/uploads/2014/07/Full-BSRIA-ICE-guide.pdf
https://doi.org/10.1016/j.jobe.2021.102604
https://doi.org/10.11129/detail.9783034614757
https://doi.org/10.1016/j.rser.2016.05.045
https://doi.org/10.1680/jmacr.16.00324
https://doi.org/10.1016/B978-1-78242-325-6.00001-3
https://doi.org/10.1021/acsami.7b15170
https://doi.org/10.1016/j.conbuildmat.2021.124358
https://doi.org/10.1016/j.conbuildmat.2023.133110
https://doi.org/10.1016/j.energy.2019.07.122


15

Vol.:(0123456789)

Scientific Reports |        (2024) 14:12576  | https://doi.org/10.1038/s41598-024-63442-9

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

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

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Basic research on layered geopolymer composites with insulating materials of natural origin
	Materials and methods
	Base materials
	Reinforcement
	Natural materials of plant origin
	Eco-friendliness and energy efficiency of materials
	Methods
	Density measurements
	Thermal conductivity measurements

	Ready-made composites

	Results
	Testing of base materials
	Testing of natural materials of plant origin
	Density of ready made composites
	Thermal conductivity of ready made composites

	Discussion
	Conclusions
	References
	Acknowledgements


