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Abstract: The growing demand for sustainable construction materials has prompted inten-
sive research into the potential reuse of waste from the fuel and energy sector as effective
thermal insulation materials. This study examines the feasibility of utilizing ash–slag
mixtures, fly ash, and aluminosilicates as insulation materials for technical buildings. These
materials were selected due to their availability and potential to improve energy efficiency
in construction. Practical tests were carried out to determine the thermal conductivity
coefficients of various samples, which were produced using different cement mixtures
as binders to ensure adequate structural strength. The results demonstrated that the use
of industrial waste-derived materials not only provides satisfactory thermal insulation
properties but also contributes to environmental sustainability by reducing the challenges
associated with the disposal of industrial by-products. The study highlights the crucial
role of cement as a binder, enhancing the mechanical strength and durability of the insula-
tion samples. The integration of ash–slag mixtures, fly ash, and aluminosilicates into the
construction sector may foster the adoption of more environmentally friendly building
practices, thereby supporting a circular economy and mitigating the environmental impact
of construction activities. The study showed that the lowest thermal conductivity coefficient
(0.24 W/m·K) was achieved for mixtures containing fly ash and cement, while the highest
value (0.30 W/m·K) was recorded in samples incorporating aluminosilicates. The obtained
results confirm the effectiveness of fly ash as a cost-efficient additive that improves the
thermal insulation properties of the material.

Keywords: sustainable technologies in buildings; thermal insulation materials; fuel and
energy sector waste; circular economy; energy efficiency in buildings; construction process
management; zero energy buildings; building energy

1. Introduction
As Ukraine strives to enhance its energy independence, there is growing interest in the

implementation of materials that not only provide adequate thermal insulation properties
but also support the country’s broader sustainable development goals [1]. The use of waste
from the fuel and energy sector, such as ash–slag mixtures, fly ash, and aluminosilicates
as insulation materials in construction, represents a strategic approach to achieving these
objectives. These materials offer dual benefits, contributing to the development of a circular
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economy while addressing the urgent need for cost-effective and environmentally friendly
insulation solutions [2].

The integration of these materials into the construction sector supports both short-
term and long-term goals by reducing dependence on conventional insulation materials
and limiting the environmental impact associated with the operation of new and existing
buildings [2,3].

Thermal insulation materials play a key role in reducing energy consumption in
buildings by limiting heat transfer between interior and exterior environments. They help
maintain comfortable indoor temperatures, lower energy costs, and enhance the overall
energy efficiency of buildings [4]. In particular, the use of waste from the fuel and energy
sector, such as ash–slag mixtures, fly ash, and aluminosilicates, is emerging as an innovative
insulation approach [4,5].

The choice of thermal insulation materials often depends on the type of building
and its specific requirements. In residential buildings, the priority is comfort and cost-
effectiveness, while commercial buildings focus on reducing operating costs and meeting
energy certification standards [1,6]. Industrial and technical facilities, such as factories,
laboratories, and utility buildings, require materials that combine high thermal performance
with the durability necessary to withstand harsh operating conditions [7].

In residential construction, traditional insulation materials such as glass wool, mineral
wool, and foam boards are commonly used. However, recycled materials such as fly ash
and ash–slag mixtures demonstrate promising thermal insulation properties, making them
a viable alternative [6].

Traditional materials, such as mineral wool, glass wool, or synthetic foams, are char-
acterized by very good insulation properties, but they are produced from primary raw
materials and often require energy-intensive manufacturing processes. In contrast, newly
developed composites containing fly ash, ash–slag mixtures, and aluminosilicates achieve
thermal conductivity within an acceptable range for technical insulation and represent a
significant step toward sustainable construction.

The comparison of these two groups of materials not only helps to understand the
current capabilities of available insulators but also highlights the contribution of this study
to the development of knowledge, particularly regarding the use of industrial mineral waste
as functional, inexpensive, and durable insulation components. The adopted methodology
allows for a practical comparison of the insulation properties of new mixtures and their
potential in the design of materials dedicated to technical facilities.

In terms of technical parameters, traditional insulation materials such as mineral
wool and polystyrene are characterized by very low thermal conductivity values, typically
ranging from 0.030 to 0.040 W/m·K. For comparison, the materials described in this
study achieved values ranging from 0.24 to 0.30 W/m·K, which, although indicating
lower insulation effectiveness than wool and polystyrene, are comparable to the thermal
conductivity of ceramic hollow blocks or perforated bricks. This makes them suitable for
application in the insulation of technical and industrial facilities. Nevertheless, their use
offers significant ecological and economic benefits, including the reduction in industrial
waste, lowering CO2 emissions, and support for a circular economy. Therefore, these
materials can represent a valuable solution in the context of insulating technical buildings,
where mechanical strength and structural durability are also of key importance. Such
parameters are considered promising, especially given that the tested materials were
derived from industrial waste, are characterized by low production costs, and have a
positive environmental impact. The thermal conductivity coefficient λ of different insulating
and structural materials is summarized in Table 1.
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Table 1. Comparison of the thermal conductivity coefficient λ of various insulating and structural
materials.

Material The Thermal Conductivity Coefficient λ, W/m·K Reference

Sample: Cement + Fly Ash 0.240 [8]
Sample: Cement + Ash–Slag Mixture 0.249 [8]
Sample: Cement + Aluminosilicate 0.299 [8]
Structural Concrete (Reinforced Concrete) ≈1.7 [9]
Cement (Dry) 0.7–1.1 [10]
Mineral Wool 0.035–0.045 [11]
Polystyrene Foam (EPS/XPS) 0.030–0.040 [11,12]

In commercial buildings, thermal insulation plays a crucial role in reducing operational
costs and meeting stringent energy efficiency standards. When fly ash and aluminosilicates
are combined with cement as a binder, durable insulation materials with high thermal
resistance and strength are produced. These composites can be applied to walls, floors,
and roofs, enhancing the thermal envelope of commercial buildings [6,13]. By improving
the thermal resistance of building partitions, these materials help maintain stable indoor
temperatures and reduce long-term energy consumption. Moreover, their use supports
sustainability efforts by reusing industrial waste that would otherwise require disposal.

Technical buildings such as data centers, control rooms, or research laboratories gener-
ate significant amounts of heat due to the presence of high-energy equipment. For these
types of facilities, insulation materials must demonstrate exceptional thermal resistance and
long-term durability. Ash–slag mixtures and aluminosilicates, combined with high-strength
cement, provide insulation that meets these requirements while also offering fire resistance
and sound absorption properties [7,14].

Cement is commonly used as a binder to enhance the structural integrity of insulation
materials. The inclusion of cement in mixtures containing fly ash, ash–slag mixtures,
or aluminosilicates imparts adequate compressive strength and resistance to mechanical
loads to the resulting composites [15]. This is especially important in technical buildings,
where insulation panels are exposed to more demanding operational and environmental
conditions.

Modifying the stability characteristics of materials through thermochemical degrada-
tion is a particularly relevant approach in the context of sustainable construction [16]. This
process involves the use of surface or underground generators to gasify coal or biomass, re-
sulting in valuable by-products that can be reused [16,17]. During gasification, an artificial
shell forms around the material, enhancing its structural integrity. By selectively melting
a portion of the surface to a controlled depth, a protective layer is formed that serves as
a barrier against environmental factors [18]. This layer prevents degradation caused by
moisture, temperature fluctuations, and other external influences. As a result, the stability
and durability of thermal insulation materials are significantly improved, allowing them to
perform effectively over extended periods [16,19]. This innovative approach enhances both
the performance and lifespan of insulation systems used in modern construction.

The use of waste from the fuel and energy sector as insulation materials not only
reduces the amount of waste sent to landfills but also lowers the carbon footprint of
the construction industry [19,20]. Fly ash and slag, for example, are by-products of coal
combustion that can effectively replace virgin raw materials in insulation applications. This
practice supports the principles of a circular economy and contributes to the achievement
of sustainable development goals across various sectors [21]. Thermal conductivity is a
key parameter in evaluating the effectiveness of insulation materials. Studies have shown
that ash–slag and aluminosilicate mixtures exhibit low thermal conductivity, making them
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suitable for retaining heat during winter months and protecting interiors from overheating
in the summer [22]. This reduces the demand for heating and cooling, ultimately lowering
energy costs for building owners.

The use of fuel and energy sector waste as insulation materials is gaining importance
not only in the context of technical buildings but also in residential, commercial, and
industrial construction. As research progresses, the development of advanced insulation
materials based on recycled content is likely to become a cornerstone of sustainable building
practices. With the growing demand for environmentally friendly solutions, these materials
offer an opportunity to improve energy efficiency while addressing large-scale waste
management challenges.

The innovation of this study lies in the direct comparison of the thermal insulation
properties of various materials derived from fuel and energy sector waste, conducted under
standardized experimental conditions. Particular attention was given to the phase structure,
particle morphology, and specific surface area of the analyzed materials. Additionally,
the study combines the evaluation of thermal efficiency with a practical approach to the
production technologies of materials intended for technical buildings. This integrated ap-
proach offers a new perspective on optimizing the use of waste in construction, supporting
both energy efficiency and the implementation of circular economy principles.

2. Reference Background of the Thermal Insulation Materials for
Buildings

Thermal insulation materials are essential components in construction, playing a key
role in energy conservation and ensuring indoor comfort. Their function is to reduce the
rate of heat transfer between the interior of a building and its external environment [23].
Insulation materials can be organic, such as wool or cellulose, or inorganic, such as fiberglass
or mineral wool, and each type is characterized by different properties. The selection of an
appropriate insulation material depends on factors such as the type of building, the climate,
and the desired level of energy efficiency. The use of thermal insulation in construction
dates back centuries, with early forms such as straw and clay being used in primitive
structures. Modern insulation materials began to appear during the Industrial Revolution,
with mineral wool and fiberglass introduced in the early twentieth century [1,23,24]. Since
then, these materials have been refined to improve their insulating performance, fire
resistance, and ease of installation, making them widely used in today’s construction
industry.

The most commonly used thermal insulation materials in modern construction include
fiberglass, mineral wool, expanded polystyrene (EPS), extruded polystyrene (XPS), and
polyurethane foam. Each of these materials has unique characteristics that influence
its effectiveness in reducing heat loss. They differ in aspects such as R-value, which
measures thermal resistance, as well as in moisture resistance, durability, and ease of
application [23,25]. Fiberglass and mineral wool are especially valued for their affordability,
non-combustibility, and excellent fire resistance properties, making them a safe choice for
various building types. On the other hand, foam-based insulations such as EPS and XPS
are highly appreciated for their versatility, low weight, and high R-values, which make
them extremely effective thermal insulators [23,26]. Together, these materials offer a wide
range of options for construction projects aiming to improve energy efficiency and meet
specific insulation requirements [23,27].

In recent years, there has been a growing interest in sustainable insulation materi-
als derived from natural and recycled sources. These include materials such as hemp,
sheep’s wool, and cellulose (recycled paper) [23,28]. Additionally, advancements in aerogel
insulation, vacuum insulation panels (VIPs), and phase-change materials (PCMs) have
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improved thermal efficiency and expanded the range of environments in which insulation
can be effectively applied. Such innovations contribute to the overall reduction in energy
consumption in buildings and support the achievement of global sustainability goals.

The use of waste from the fuel and energy sector, such as fly ash, ash–slag mixtures,
and aluminosilicates, as thermal insulation materials has gained significance due to the dual
benefits of waste reduction and improved energy efficiency [29]. These materials are by-
products of coal combustion and other industrial processes, they are readily available and
possess favorable insulating properties [30]. After appropriate processing and combination
with binders such as cement, they can form stable and durable insulation materials suitable
for construction applications [31].

The ash–slag mixture is a material composed of ash and slag formed during coal
combustion in power plants or boilers. It can be used in construction, especially in the
production of cement or concrete, due to its binding properties. Fly ash is a material
consisting of fine ash particles carried by flue gases during coal combustion. It is often
collected using electrostatic precipitators and is also used in construction, particularly as
an additive in cement and concrete mixtures. Aluminosilicate is a mineral composed of
aluminum, silicon, and oxygen. It is commonly found in the ash remaining after coal
combustion, especially in the case of lignite. Aluminosilicates are used in the production of
various materials such as fiberglass, ceramics, and other construction products.

These materials are by-products not only from the extraction and processing of coal
but also from the development of ore deposits and the thermochemical processing of
biomass [19,32]. During biomass processing, coal is often added to increase the calorific
value of the fuel, resulting in higher energy output. This process generates valuable by-
products, including ash–slag mixtures and other mineral residues, which can be repurposed
in various industrial applications [26,33]. These by-products possess beneficial properties
that make them suitable for use in thermal insulation materials [34]. Their production
aligns with sustainable practices by repurposing industrial waste, thereby reducing the
environmental impact of mining activities and fuel production [33,35]. As a result, these
materials contribute to more sustainable energy solutions while offering practical benefits
for building insulation and other applications.

Traditional insulation materials, especially those produced from petrochemical sources,
can have a significant environmental impact due to the extensive resource extraction
and energy-intensive manufacturing processes involved. These materials often rely on
non-renewable resources, resulting in a high carbon footprint and contributing to overall
environmental degradation [33,36]. In contrast, using waste-derived materials for insulation
supports a circular economy by repurposing by-products from industrial processes, such as
ash and slag, which would otherwise be disposed of in landfills [1,37]. By replacing virgin
resources with reclaimed materials, the construction industry can significantly reduce both
the volume of landfill waste and the demand for newly extracted raw materials [26,38].
This shift not only minimizes the carbon footprint associated with building insulation but
also promotes more sustainable and responsible resource management practices across
the sector.

The effectiveness of thermal insulation materials is largely determined by their thermal
conductivity and R-value. Studies have shown that materials such as fly ash and alumi-
nosilicate can exhibit low thermal conductivity, making them effective insulators [26,39].
These materials can also improve the energy efficiency of buildings by retaining heat dur-
ing colder months and helping to maintain lower indoor temperatures during warmer
periods. This leads to reduced energy consumption for heating and cooling, ultimately
lowering operational costs. As the demand for eco-friendly construction practices increases,
the development of thermal insulation materials based on waste from the fuel and en-
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ergy sector is expected to continue [40]. These materials show great promise due to their
cost-effectiveness, availability, and contribution to environmental sustainability. Further
research and development are expected to improve the thermal properties and application
methods of waste-derived insulation materials, enabling their broader adoption in both
residential and commercial construction projects worldwide.

The use of waste from the fuel and energy sector, such as slag, fly ash, and alumi-
nosilicate, as thermal insulation materials for technical buildings has attracted significant
attention in recent years due to its environmental and economic benefits. With the growing
global demand for sustainable construction solutions, repurposing industrial by-products
offers a practical way to reduce landfill disposal and minimize the carbon footprint of the
construction industry. These materials, often abundant and low-cost, provide favorable
insulation properties by reducing thermal conductivity, which contributes to improved
energy efficiency in buildings. By replacing traditional insulation materials that rely heav-
ily on non-renewable resources, waste-derived insulations support a circular economy
and contribute to sustainability goals across various sectors. This is a real scientific and
practical challenge that the author addresses while also attempting to assess the economic
effectiveness of the materials discussed. Table 2 presents a comparison of the key properties
of various binder types used in the production of thermal insulation materials.

Table 2. Comparison of the properties of various types of binders used in thermal insulation materials.

Binder Type Setting Speed Water Resistance Cost Environmental
Friendliness

Compatibility
with Ashes

Cement Medium High Medium Medium High
Gypsum Fast Low Low High High
Lime Slow Medium Low High High
Magnesium-Based Fast Medium Medium Medium Medium
Alkaline (Geopolymer) Medium/Fast High Higher High High
Aluminosilicate Fast Medium High Medium High

Among the best-performing insulation materials currently used in the construction in-
dustry are polyisocyanurate (PIR) panels, polyurethane (PUR) foams, extruded polystyrene
(XPS) boards, and vacuum insulation panels (VIPs). Their thermal conductivity ranges from
approximately 0.020 to 0.035 W/m·K, making them highly effective in reducing heat loss.

At the same time, these materials have numerous limitations: they are produced from
petrochemical raw materials, have low resistance to high temperatures, are difficult to
recycle, and generate a high carbon footprint. In comparison, the materials examined in
this study, obtained from fuel and energy sector waste, show thermal conductivity values
in the range of 0.24–0.30 W/m·K which, although lower in absolute performance, may be
sufficient for many technical applications.

Due to their good structural stability, mechanical strength, and resistance to thermal
degradation, these materials may serve as a viable alternative to commercial insulators,
particularly in the context of sustainable construction. In this regard, the present study
complements the existing body of knowledge with a group of solutions that combine
technical efficiency with environmental and economic benefits.

3. Materials and Methods
This chapter presents a detailed characterization of the materials used in the study,

as well as a description of the applied analytical methods. The purpose of the analyses
was to assess the suitability of selected inorganic substances for use in composites with
thermal insulation properties. In this context, the chemical composition, physical properties,
and phase structure of four different materials were compared: Portland cement CEM I
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42.5R, fly ash, an ash–slag mixture, and synthetic aluminosilicate. The selection of these
materials was based on their wide availability, diversity in physicochemical properties, and
application potential in lightweight, low-emission insulating composites.

Four groups of samples with different compositions were prepared for testing:

• Group 1: contains cement (50 g) and fly ash (200 g);
• Group 2: contains cement (50 g) and ash–slag mixture (200 g);
• Group 3: contains cement (50 g), ash–slag mixture (100 g), and fly ash (100 g);
• Group 4: contains cement (50 g) and synthetic aluminosilicate (200 g).

For each sample, the following parameters were determined: sample weight, thickness,
side length, volume, density, and thermal conductivity coefficient λ. The measurement
results are presented in Table 3.

Table 3. Chemical composition and physical properties of cement and additives.

Oxides CEM I 42.5R Fly Ash Ash–Slag Aluminosilicate

Chemical composition

SiO2 19.8 52 39.4 52.1
Al2O3 5.1 23 7.6 41.1
Fe2O3 2.6 13 1.3 4.3
CaO 64.1 6 42.1 0.07
MgO 1.6 2.5 6.1 0.2
SO3 3.0 1.0 1.4 -

Na2O + K2O 0.8 2.9 1.1 0.9

Physical properties

Density, g/cm3 3.11 2.35 2.90 2.60
Grain size, µm 10–50 1–100 <50 1–163

Specific surface area, m2/kg 385 250–600 350–500 12,000–15,000
Shape irregular spherical irregular irregular

In this study, all samples of fly ash, ash–slag mixture, and synthetic aluminosilicate
were sourced from a single controlled industrial facility, which allowed for uniform analysis
conditions. However, it should be emphasized that the chemical and phase composition of
industrial waste may vary significantly depending on the source, combustion technology,
and the type of primary raw material used. Therefore, in the subsequent stages of the
research, the authors plan to include samples from different locations in order to assess
the impact of this variability on the thermal insulation and mechanical properties of the
composite materials.

The applied research methods enabled a comprehensive evaluation not only of the
elemental and phase composition of the investigated materials but also of their physical
properties, including density, specific surface area, and particle morphology. Particular
emphasis was placed on the presence of amorphous phases and microspheres in the ash
structure, as these features are critical to the thermal conductivity and porosity of the
resulting composites [41].

A comparative analysis of the chemical composition, physical characteristics, and
phase structure of the four studied materials—Portland cement CEM I 42.5R, fly ash,
ash–slag mixture, and synthetic aluminosilicate—provides valuable insights into their
potential for use in thermal insulation composites. The chemical composition reveals
notable differences in the content of major oxides, which directly influence the materials’
performance under service conditions.

Fly ash and synthetic aluminosilicate exhibit the highest SiO2 content, measured
at 52.0% and 52.1%, respectively. This high silica content favors the development of a
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distinctive microstructure and contributes to the formation of porous zones with low
thermal conductivity. The elevated Al2O3 content observed in aluminosilicate (41.1%) and
fly ash (23.0%) further enhances their pozzolanic reactivity.

In contrast, Portland cement CEM I 42.5R is characterized by a high CaO content
(64.1%), which imparts strong hydraulic properties but limits its effectiveness as a stan-
dalone component in thermal insulation systems. The ash–slag mixture, with a chemical
composition of 42.1% CaO and 39.4% SiO2, represents an intermediate formulation that
may serve effectively as a supplementary component.

From a physical perspective, synthetic aluminosilicate is particularly notable for its ex-
ceptionally high specific surface area (12,000–15,000 m2/kg), which supports the formation
of porous structures with superior insulating performance. Fly ash also demonstrates a
relatively large surface area (250–600 m2/kg), and its low density (2.35 g/cm3), coupled
with the spherical morphology of its particles, has a favorable impact on the rheological
behavior of the mixtures. In contrast, Portland cement, with its higher density (3.11 g/cm3)
and lower specific surface area (385 m2/kg), primarily serves as a structural binder, while
simultaneously reducing the thermal insulation capacity of the composite material.

An important aspect of the analysis concerns the phase composition, particularly
in the case of silica-rich fly ash of conventional origin. This material consists of three
primary phases: crystalline, glassy, and amorphous. The crystalline phase includes a broad
spectrum of minerals such as quartz (in both α and β forms), mullite (3Al2O3·2SiO2),
hematite, magnetite, calcite, dolomite, anhydrite, free CaO, normal spinel (MgAl2O4), iron
spinel (FeAl2O4), dicalcium ferrites, corundum, rutile or anatase (TiO2), ettringite, opal, and
others. These minerals originate from unburned coal residues, crystallization products of
the molten phase, and high-temperature physicochemical transformations. Their presence
can influence the chemical stability, rheological behavior, and thermal conductivity of the
material.

The most relevant phase in terms of thermal insulation performance is the glassy
phase, which can constitute between 50 percent and up to 90 percent of the total mass in
conventional fly ash. This phase is amorphous in nature, with a chemical composition simi-
lar to basalt, primarily consisting of SiO4 and AlO4 tetrahedra. It also contains modifying
oxides such as CaO, MgO, Na2O, and K2O. Two principal types of glass are distinguished:
Type I, characterized by low density, a high SiO2/Al2O3 ratio, and a low content of modi-
fying oxides; and Type II, characterized by higher density, a low SiO2/Al2O3 ratio, and a
high content of modifying oxides. Type I glass generally forms larger spherical particles,
whereas Type II is usually found as smaller, hollow microspheres.

The presence of microspheres in fly ash is one of the key features that enhances its
value as a component in thermal insulation materials. Owing to their hollow structure
and spherical geometry, microspheres significantly reduce the bulk density of the material
and improve its workability. Furthermore, the incorporation of microspheres increases
porosity and lowers thermal conductivity, which is highly desirable in the development of
lightweight composites with insulating properties.

The amorphous phase, present only in trace amounts in the analyzed conventional
silica-based fly ash, is mainly composed of dehydrated residues of clay minerals and small
quantities of amorphous carbon (soot). Although its content is minimal, it may influence
the binding mechanisms and the evolution of the microstructure in mixtures containing fly
ash with elevated surface reactivity.

Synthetic aluminosilicate, due to its exceptionally high specific surface area, elevated
content of reactive phases, and low density, represents the most effective component for
thermal insulation applications. Fly ash, with its considerable glassy phase content and
presence of microspheres, serves well as a supporting component—both structurally and
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functionally. Ash–slag mixtures may be used as complementary ingredients in composite
systems designed to balance strength and insulation capacity. In contrast, Portland cement
CEM I 42.5R, due to its high CaO content and substantial density, should be limited in
insulation formulations and utilized primarily as a structural and binding agent rather than
an active insulating material [42].

This study adopts a practical experimental approach combined with an analytical
methodology to evaluate the thermal conductivity of materials using the thermal conduc-
tivity coefficient λ. Through direct measurements, the thermal properties of each material
were determined, allowing for a precise assessment of their applicability in insulation
systems. The use of the λ coefficient facilitates a detailed understanding of each material’s
contribution to energy efficiency in technical buildings through heat transfer reduction.
The thermal conductivity coefficient λ is calculated as follows [43]:

λ =
H·q

TH − Tx

where

λ—coefficient of the effective thermal conductivity, W/m·K;
H—thickness of the measured sample, mm;
q—density of the steady-state heat flux passing through the measured sample, W/m2;
TH—temperature of the hot surface of the measured sample, K;
Tx—temperature of the cold surface of the measured sample, K.

To evaluate the effectiveness of utilizing waste from the fuel and energy sector as
thermal insulation materials for technical buildings, five samples of varying compositions
were prepared for each type of material under investigation. The test specimens were
fabricated in standardized dimensions of 100 mm by 100 mm, with varying heights. These
samples were produced by combining the selected materials with Portland cement as a
binder, following the principles of kinetic and static similarity to ensure uniformity in
composition and structural integrity [43].

The samples were compacted and processed in accordance with standardized proce-
dures governing the initial and final setting times of cement-based binders. This careful
preparation ensured consistency across all specimens and provided a reliable foundation
for subsequent testing. The curing period lasted 28 days, during which the cement matrix
was allowed to harden and stabilize—an essential condition for obtaining accurate and
reproducible measurements [41,43]. Throughout the curing phase, the samples were closely
monitored to confirm the proper setting and uniform internal structure. This approach
ensured that the thermal insulation properties of the materials could be assessed under
consistent and standardized conditions.

Thermal conductivity measurements were performed using the IPT-MG4 “100” ap-
paratus, adhering to precise methodological protocols to guarantee the reliability and
repeatability of the results. The instrument was calibrated according to industry standards,
which enabled accurate readings for all samples. This methodology facilitated a thorough
evaluation of each material’s ability to minimize heat transfer—one of the key indicators
of its effectiveness as a thermal insulator. By accurately measuring the thermal conductiv-
ity coefficient, the potential application of the tested materials for insulation purposes in
technical buildings was effectively assessed. The results offer valuable insight into their
performance and highlight their relevance for enhancing energy efficiency in a variety of
construction contexts. Photographic documentation of the experimental process, including
sample preparation and testing apparatus, is presented in Figure 1.
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tionary system of the device consists of a heating control unit and a cooling unit based on 
Peltier elements, a heat flux meter, platinum resistance temperature sensors, a signal con-
version unit for sensor outputs, and a power supply. The Peltier elements are cooled using 
an integrated fan system. 

The side panels of the setup include a power switch, grounding terminal, fuse, and 
sockets for connecting both the electronic control unit and the main power supply cable, 

Figure 1. Photographic documentation of the research process: (a) ash–slag and fly ash used as the
raw material; (b) mold for casting samples and prepared samples; (c) IPT-MG4 “100” device for
measuring thermal conductivity, featuring an electronic control unit and a heating element.

To determine the statistical significance of the observed differences in thermal con-
ductivity (λ) values among the tested mixtures, a one-way analysis of variance (ANOVA)
was performed at a significance level of α = 0.05. Subsequently, a Tukey post-hoc test was
conducted to assess differences between group pairs. The results of the analysis indicated
that the variations in the composition of the mixtures had a statistically significant effect on
the thermal insulation properties of the tested materials.

The device operates based on the principle of establishing a steady-state heat flow
through a flat sample of defined thickness, directed perpendicularly to its face surfaces.
This process involves a series of precise measurements, including the sample’s thickness,
heat flux density, and the temperatures of the opposite surfaces. By achieving a steady-state
thermal condition, the device can accurately evaluate the heat transfer through the material.
This data is critical for determining the material’s thermal conductivity, which is essential
for assessing its insulation performance. Overall, this method provides valuable insights
into the material’s behavior under conditions representative of real-world applications.

The measurement system is configured in accordance with an asymmetrical scheme,
as specified by the Ukrainian standard DSTU 7076 (DSTU B V.2.7-105-2000) [44]. The
stationary system of the device consists of a heating control unit and a cooling unit based
on Peltier elements, a heat flux meter, platinum resistance temperature sensors, a signal
conversion unit for sensor outputs, and a power supply. The Peltier elements are cooled
using an integrated fan system.

The side panels of the setup include a power switch, grounding terminal, fuse, and
sockets for connecting both the electronic control unit and the main power supply cable,
as well as an eccentric locking mechanism. The electronic unit is powered via a dedicated
connection from the setup. At the top of the assembly, a pressure screw equipped with a
measurement device is used to determine sample thickness, along with a dynamometric
mechanism with a ratchet for applying uniform clamping force to the sample.

The key variables examined in this study included the density, thickness, and compo-
sition of the fabricated samples. These parameters were systematically adjusted to analyze
their impact on the material’s overall thermal behavior. The final focus of the study was
the thermal conductivity coefficient (λ), which is fundamental for evaluating the material’s
effectiveness as thermal insulation. This coefficient enables an accurate assessment of the
material’s insulating capability across various application surfaces.

4. Results and Discussions
The research involved the preparation of samples (Figure 1b, right) using a disas-

semblable steel mold featuring two rectangular parallelepiped cavities, each with internal
dimensions of 100 mm (Figure 1b, left). In the initial phase, the samples were allowed to
reach an early setting state that permitted their removal from the mold without structural
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damage. This phase typically lasted between 2 and 3 days. The second phase consisted of
a 28-day curing period, during which the samples developed stable mechanical strength.
Once the required strength was achieved, the samples were subjected to a drying process,
which continued until mass stabilization was confirmed—defined as a change of less than
0.1% after two consecutive drying intervals of 0.5 h each.

To ensure accurate thermal conductivity measurements, the upper surface of each
sample was polished to meet stringent specifications: both contact faces, intended to
interface with the device’s measurement plates, were required to be flat and parallel, with
deviations in parallelism not exceeding ±0.5 mm. This meticulous surface preparation was
essential for ensuring consistent and complete contact with the measurement apparatus,
thereby minimizing potential sources of error.

Sample thickness was measured at four distinct points: each located approximately
50 ± 5 mm from a corner vertex and at the center of each edge. These measurements were
performed using a high-precision caliper with an accuracy of ±0.1 mm. Such detailed
dimensional control was critical to ensuring that the measured thermal conductivity values
accurately reflected the true properties of the material. By maintaining consistent sample
geometry, the study ensured reliable and reproducible results across all measurements. The
precision of these preparatory steps had a direct impact on the reliability of the calculated
thermal conductivity values, confirming that careful sample preparation was a fundamental
component of the experimental methodology.

Following this preparation process, four groups of five samples each were produced
with the following compositions:

Cement (50 g) + Ash–slag (200 g);
Cement (50 g) + Fly ash (200 g);
Cement (50 g) + Ash–slag (100 g) + Fly ash (100 g);
Cement (50 g) + Aluminosilicate (200 g).
Before commencing the main tests, the functionality of the measurement device was

verified using a control sample made of organic glass, which was provided as part of
the instrument’s standard calibration kit (Figure 1c). This step ensured the accuracy and
reliability of the device, confirming that it was operating within the specified parameters.

For the thermal conductivity measurements, the prepared samples were carefully
placed on the cooling plate, and the heating plate was then positioned on top using a
micrometer screw integrated with a dynamometric unit. This setup enabled precise control
of the applied force, maintaining a uniform pressure of 2.5 kPa across each sample to ensure
consistent contact between the sample and the measurement surfaces. Additionally, the
thickness of each sample was measured at multiple points using the micrometer screw
gauge, which provided highly accurate readings with a precision of up to 0.05 mm. These
precise thickness measurements were critical for the subsequent calculation of thermal
conductivity values.

Prior to initiating the direct measurements, essential data were entered into the elec-
tronic control unit, including the actual sample thickness, the target temperature for the
cooling plate (Tx), and the set temperature for the heating plate (TH). These input values
were selected based on the sample’s physical characteristics and the operational guide-
lines provided in the device’s user manual. The settings for Tx and TH were determined
according to recommended values that vary depending on the sample’s thickness and the
estimated range of its thermal conductivity coefficient. This ensured that the device would
operate under optimal conditions, thereby enhancing the accuracy and reliability of the
measurements.

Once the measurement process began, the device’s software precisely controlled both
the heating and cooling units to achieve and maintain the specified surface temperatures—
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TH (hot side) and Tx (cold side)—with a high degree of accuracy (±0.2 ◦C). Maintaining
these temperature conditions was essential for establishing a thermal steady state conducive
to precise measurement. The system continuously monitored the heat flow through the
sample and automatically adjusted the operation to maintain equilibrium. Upon reaching a
stable heat flux, the device automatically calculated the thermal conductivity coefficient (λ)
and thermal resistance (R). These values were recorded in the device’s data archive, with
the entire measurement process governed by integrated software to ensure consistency and
data integrity. An audible signal indicated the successful completion of each measurement,
confirming that the sample’s thermal properties had been accurately determined.

The results of the study are presented in Table 4, providing a comprehensive overview
of the measured values. The table includes thermal conductivity coefficients along with
other relevant parameters for each tested sample, enabling a detailed comparison of the
materials and highlighting their respective thermal performance characteristics.

Table 4. The results of the study of thermal conductivity of samples of insulating materials depending
on the change in geometric dimensions and physical properties. xi is the current value obtained from
each individual sample;
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The visualization of the research findings on the variation in the thermal conductivity
coefficient as a function of insulation mixture composition is presented in Figure 2. The
graphical data illustrate how different proportions of components within the insulation
mixtures influence thermal conductivity values. Analysis of the graphs reveals discernible
trends in the increase or decrease in thermal conductivity depending on the content of
cement, ash–slag, fly ash, and aluminosilicates in each sample. Notably, samples with a
higher content of aluminosilicate exhibited lower thermal conductivity coefficients, con-
firming its effectiveness as a component in insulation materials. Furthermore, the inclusion
of fly ash was observed to reduce thermal conductivity, thereby enhancing the insulating
properties, particularly when used in combination with cement. The results presented in
Figure 2 demonstrate that optimizing the composition of the insulation mixture can lead to
significant improvements in thermal performance, which is essential for the development
of efficient insulation materials for technical applications.
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Figure 2. Dependence of thermal conductivity and sample density on the weight composition of
components. All samples contain a constant amount of Portland cement (50 g) and a variable share of
one of the following additives: fly ash, fly ash–slag mixture, or aluminosilicate. Thermal conductivity
is represented by a dashed line, while density is indicated by a dotted line.

Visualizing the data through a chart provides a clear representation of the interdepen-
dence between sample composition, density, and thermal conductivity. The chart illustrates
that the samples composed of fly ash and cement (Group 1) exhibit the lowest thermal
conductivity, recorded at 0.24 W/m·K. Slightly higher thermal conductivity is observed
in the samples made from ash–slag and cement (Group 3), with a value of 0.249 W/m·K.
Interestingly, and somewhat counterintuitively, samples composed of equal parts fly ash,
ash–slag, and cement exhibit an 8% higher thermal conductivity compared to the lowest
values recorded in Groups 1 and 3. The highest thermal conductivity is observed in the
samples made of cement and aluminosilicate (Group 4), reaching 0.299 W/m·K (Figure 3).

When analyzing density in relation to composition, the samples with a mixed filler
(Group 2) demonstrate density values that fall between those of the single-component
samples in Groups 1 and 3. This trend is consistent with the behavior of composite
materials, whose properties typically reflect a balance between the characteristics of their
individual constituents. Notably, a decrease in density observed in Group 4 samples,
compared to the densities of Groups 2 and 3, is accompanied by a counterintuitive increase
in thermal conductivity.

This phenomenon may be attributed to the influence of microstructural factors that
extend beyond the material’s bulk density. Thermal conductivity is affected by various
factors, including the distribution and connectivity of pores, the presence of microspheres,
the degree of cement hydration, and the quality of contact between components within
the binding matrix. In some cases, materials with lower density may develop a more open
and irregular porous structure, which can result in increased thermal conductivity. Thus,
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the overall insulating efficiency of a composite depends not only on its density but, more
importantly, on the quality and architecture of its internal structure.

Energies 2025, 18, x FOR PEER REVIEW 14 of 19 
 

 

Visualizing the data through a chart provides a clear representation of the interde-
pendence between sample composition, density, and thermal conductivity. The chart il-
lustrates that the samples composed of fly ash and cement (Group 1) exhibit the lowest 
thermal conductivity, recorded at 0.24 W/m·K. Slightly higher thermal conductivity is ob-
served in the samples made from ash–slag and cement (Group 3), with a value of 0.249 
W/m·K. Interestingly, and somewhat counterintuitively, samples composed of equal parts 
fly ash, ash–slag, and cement exhibit an 8% higher thermal conductivity compared to the 
lowest values recorded in Groups 1 and 3. The highest thermal conductivity is observed 
in the samples made of cement and aluminosilicate (Group 4), reaching 0.299 W/m·K (Fig-
ure 3). 

 

Figure 3. Comparison of the average thermal conductivity coefficient (λ) for different mixture com-
positions. 

When analyzing density in relation to composition, the samples with a mixed filler 
(Group 2) demonstrate density values that fall between those of the single-component 
samples in Groups 1 and 3. This trend is consistent with the behavior of composite mate-
rials, whose properties typically reflect a balance between the characteristics of their indi-
vidual constituents. Notably, a decrease in density observed in Group 4 samples, com-
pared to the densities of Groups 2 and 3, is accompanied by a counterintuitive increase in 
thermal conductivity. 

This phenomenon may be attributed to the influence of microstructural factors that 
extend beyond the material’s bulk density. Thermal conductivity is affected by various 
factors, including the distribution and connectivity of pores, the presence of microspheres, 
the degree of cement hydration, and the quality of contact between components within 
the binding matrix. In some cases, materials with lower density may develop a more open 
and irregular porous structure, which can result in increased thermal conductivity. Thus, 
the overall insulating efficiency of a composite depends not only on its density but, more 
importantly, on the quality and architecture of its internal structure. 

This unexpected outcome suggests that factors beyond density alone—such as mi-
crostructural configuration and specific interactions between components—may signifi-
cantly influence the thermal properties of the tested samples. The improvement in the 

Figure 3. Comparison of the average thermal conductivity coefficient (λ) for different mixture
compositions.

This unexpected outcome suggests that factors beyond density alone—such as mi-
crostructural configuration and specific interactions between components—may signifi-
cantly influence the thermal properties of the tested samples. The improvement in the
thermal insulation properties of the investigated materials results from the synergistic
action of several physicochemical mechanisms. A key role is played by the presence of
microspheres in fly ash, which, due to their hollow and spherical structure, reduce the
bulk density of the composite and limit heat transfer. Additionally, glassy phases rich in
silica and alumina contribute to the development of a porous and irregular microstructure,
acting as a barrier to heat conduction. Moreover, the high specific surface area of alumi-
nosilicates promotes an intense pozzolanic reaction with calcium ions released from cement
hydration, leading to the formation of additional hydration products and the filling of
microvoids. This process reduces the development of heat transport channels and improves
the compactness of the structure. Collectively, these mechanisms define the overall thermal
insulation efficiency of the composite.

Ash–slag, although the second-best performing material in terms of thermal conduc-
tivity, presents certain limitations due to its significantly higher density—over 22% greater
than that of fly ash. This higher density may contribute to additional structural load, which
can be a limiting factor in applications where lightweight materials are essential. Nonethe-
less, its comparable thermal performance makes ash–slag a viable alternative when weight
constraints are not critical.

The results obtained in the present study are consistent with those reported by [43],
who observed thermal conductivity values ranging from 0.26 to 0.31 W/m·K in panels
composed of fly ash and lime. Similar values (0.22–0.28 W/m·K) were reported by Zhao
et al. [43,45] for fly ash–perlite composites. In comparison, the best-performing samples in
our study (fly ash + cement) achieved a thermal conductivity of 0.24 W/m·K, confirming
the effectiveness of the proposed formulation.
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Similarly, the findings of Kioupis et al. [46] for geopolymer mixtures with perlite
indicate comparable thermal insulation properties, while emphasizing the critical influence
of both micro- and macropore structures on thermal conductivity. The comparison of
results underscores that industrial waste materials—particularly fly ash—can serve as a
practical and effective alternative to commercial insulation products, offering both high
performance and significant environmental advantages [46,47].

In future studies, the authors plan to expand their research by investigating the thermal
conductivity of samples incorporating various additional materials, such as clay, sand, lime,
lignin, and others. This exploration will provide a broader understanding of how these
components influence the insulating properties of the resulting mixtures. Furthermore,
experiments will be conducted using different mass fractions of these additives, allowing
for a detailed assessment of how varying component ratios affect both thermal conductivity
and overall material performance. The objective of these investigations is to identify
optimal formulations for improved insulation efficiency, tailoring material compositions to
meet specific application requirements.

In the context of long-term material durability, it is essential to consider potential risks
associated with the use of waste-derived components such as fly ash, ash–slag mixtures,
and aluminosilicates. The literature suggests that some of these additives may, over time,
contribute to structural degradation through mechanisms such as ion leaching, microcrack-
ing, or uneven hydration processes. Although the present study did not include an analysis
of aging effects, this issue will be addressed in subsequent research phases, particularly
with regard to the performance of the material under technical operating conditions.

5. Conclusions
Based on the conducted research, it has been confirmed that the composition of the

mixtures plays a crucial role in determining their thermal insulation properties. The
lowest thermal conductivity (0.240 W/m·K) was recorded for samples containing fly ash
and cement (Group 1), while the highest value (0.299 W/m·K) was observed in mixtures
composed of cement and aluminosilicate (Group 4). This represents a nearly 20% difference,
highlighting the significant influence of material composition on thermal performance.

In comparison, conventional concrete has a typical thermal conductivity of approxi-
mately 1.7 W/m·K, meaning that the Group 1 mixture provides a reduction in heat transfer
of over 85%. This directly translates into significant energy savings and lower operational
costs for buildings, particularly in terms of heating and cooling in technical or industrial
applications.

The lowest recorded thermal conductivity coefficient was 0.24 W/m·K (fly ash with
cement), while the highest was 0.30 W/m·K (aluminosilicate with cement). This demon-
strates the significant influence of the type of industrial waste used and its proportion in
the composite on the thermal insulation properties.

Structurally, fly ash exhibits low density and a porous structure, which enhances
its thermal insulation properties. Although ash–slag-based mixtures demonstrated sim-
ilar thermal conductivity to fly ash, their density was over 22% higher, which may be a
limitation in applications where weight reduction is essential. Interestingly, some mixed
compositions (Group 3) showed unexpectedly higher thermal conductivity values, suggest-
ing that not all component combinations lead to beneficial synergistic effects.

Moreover, the results showed no clear correlation between density and thermal
conductivity—in some cases, samples with lower density displayed higher thermal conduc-
tivity. This indicates that the interactions between components, rather than their individual
properties, may have a dominant influence on overall thermal performance.
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From an economic perspective, incorporating industrial by-products such as fly ash
and ash–slag significantly reduces the cost of raw materials and contributes to a lower
embodied energy in the material. The use of lightweight, insulating mixtures can reduce
energy demand during building operations, leading to long-term financial savings. Addi-
tionally, such solutions support circular economy goals and reduce CO2 emissions, making
them not only cost-effective but also environmentally sustainable.

Given the above, fly ash emerges as the most promising component for the production
of lightweight and thermally efficient insulating materials in construction. Future studies
will focus on optimizing material formulations by introducing additional components such
as clay, lime, sand, and lignin. These efforts aim to further enhance thermal performance
and economic viability for a wide range of technical building applications.

In future research, the incorporation of lightweight additives of both natural and
industrial origin is also planned, including expanded perlite, cellulose fibers, lignin-based
biofillers, and amorphous silica. These materials exhibit very low thermal conductivity and
have a beneficial effect on the porous microstructure of composites, without compromising
their structural integrity. The use of perlite in combination with fly ash has been shown
to achieve thermal conductivity values below 0.20 W/m·K. Such solutions could enable
further optimization of the thermal insulation properties of the studied mixtures without
the need for petrochemical-based additives.
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Climate-Streamflow Relationship and Consequences of Its Instability in Large Rivers of Pakistan: An Elasticity Perspective. Water
2022, 14, 2033. [CrossRef]

3. Beshta, O.; Fedoreyko, V.; Palchyk, A.; Burega, N. Independent Power Supply of Menage Objects Based on Biosolid Oxide Fuel
Systems. Power Eng. Control Inf. Technol. Geotech. Syst. 2015, 33, 39. [CrossRef]

4. Cry, C.M. The Potential Use of Waste (Ash) Materials for EIFS Insulation and Related Components. Fuel Energy Abstr. 1996, 37,
187. Available online: https://www.researchgate.net/publication/294850101 (accessed on 2 May 2025). [CrossRef]

5. Kicki, J.; Jarosz, J.; Dyczko, A.; Puszcza, H. The Economic and Technical Aspects of Mine Closure in Poland. In Proceedings of the
14th International Symposium on Mine Planning and Equipment Selection (MPES 2005), Banff, AB, Canada, 1–3 November 2005.

6. Jankovic, L. Renewable Energy. In Designing Zero Carbon Buildings, 2nd ed.; Routledge: Abingdon, UK, 2024; pp. 195–208.
[CrossRef]

7. Adekanye, O.G.; Davis, A.; Azevedo, I.L. Federal Policy, Local Policy, and Green Building Certifications in the U.S. Energy Build.
2020, 209, 109700. [CrossRef]

https://doi.org/10.21511/ppm.20(1).2022.31
https://doi.org/10.3390/w14132033
https://doi.org/10.1201/b18475-6
https://www.researchgate.net/publication/294850101
https://doi.org/10.1016/0140-6701(96)88612-7
https://doi.org/10.4324/9781003342342-19
https://doi.org/10.1016/j.enbuild.2019.109700


Energies 2025, 18, 2339 17 of 18

8. Yuan, J.; Farnham, C.; Emura, K. Optimal Combination of Thermal Resistance of Insulation Materials and Primary Fuel Sources
for Six Climate Zones of Japan. Energy Build. 2017, 153, 403–411. [CrossRef]

9. Restuccia, L.; Reggio, A.; Ferro, G.A.; Tulliani, J.-M. New Self-Healing Techniques for Cement-Based Materials. Procedia Struct.
Integr. 2017, 3, 253–260. [CrossRef]

10. Latif, E.; Bevan, R.; Woolley, T. Thermal Insulation Materials for Building Applications; ICE Publishing: London, UK, 2019. [CrossRef]
11. Loftus, J.J. NBS Report No. 9988; Noncombustibility of Mineral Wool and Glass Fiber Insulation Materials. National Bureau of

Standards: Washington, DC, USA, 1969.
12. Tkaczewska, E.; Malata, G. Properties of the Cement, Slag and Fly Ash Mixture Composition Corresponding to CEM II/C-M and

CEM VI. Mater. Proc. 2023, 13, 11. [CrossRef]
13. Chmura, D.; Jagodziński, A.M.; Hutniczak, A.; Dyczko, A.; Woźniak, G. Novel Ecosystems in the Urban-Industrial Landscape–
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