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Abstract: In the sharply continental and hot climate of Kazakhstan, improving building
energy efficiency requires adaptive composite envelope systems capable of dynamically
responding to external thermal loads. This study provides experimental validation of a newly
developed adaptive energy-efficient wall assembly with alternating air channels and a radiant
barrier, previously proposed and numerically investigated by the authors. The experiments
were conducted in a climatic chamber using a full-scale 3x3 m wall fragment under two
operating modes: cold conditions (-14.3 °C) and hot conditions (+26.4 °C with exterior
cladding heated up to +46 °C). Interlayer temperatures, heat flux density, and thermal
bridging in the bracket zone were measured, and both calculated and effective thermal
transmittance resistance values were determined in accordance with regulatory requirements.
The experimental results demonstrated strong agreement with numerical simulations:
deviations in interlayer temperatures did not exceed 3-7%, while heat flux density differed by
6-9%. The wall configuration Scheme 3/50/75/50 exhibited pronounced adaptive behavior;
switching to the ventilation mode during the hot period reduced heat flux density by up to
14% and decreased the temperature gradient within the air channel by an average of 3-5 °C.
Under cold conditions, the system increased thermal resistance by up to 18% compared with
assemblies without a reflective layer. The obtained effective thermal resistance values comply
with the building standards of the Republic of Kazakhstan and confirm the energy efficiency
of the wall system for operation in extreme climates. Overall, the experimental validation
confirms the reliability of the model and the high practical applicability of the adaptive wall
technology. The findings provide a scientifically grounded basis for the development of
fagade design standards optimized for Central Asian climates and demonstrate the potential
for implementation in both new construction and retrofit projects.

Keywords: adaptive composite wall system, model validation, thermal resistance, climatic
chamber testing, ventilated facade, radiant barrier, life safety

*Corresponding author E-mail: timurtursunkululy@gmail.com

Received September 4, 2025; Received in revised form November 8, 2025; Accepted February 28, 2026


mailto:timurtursunkululy@gmail.com
https://orcid.org/0000-0002-8153-1449
https://orcid.org/0009-0001-6230-0645
https://orcid.org/0000-0002-6784-5775
https://orcid.org/0009-0004-9786-1348
https://orcid.org/0000-0002-8060-6234
https://orcid.org/0000-0001-6215-7677
https://orcid.org/0000-0002-8153-1449�
https://orcid.org/0009-0001-6230-0645�
https://orcid.org/0000-0002-6784-5775�
https://orcid.org/0009-0004-9786-1348�
https://orcid.org/0000-0002-8060-6234�
https://orcid.org/0000-0001-6215-7677�

CrtpourebHble MaTepuabl U n3geaus/Construction Materials and Products. 2026. 9 (1)

Please cite this article as: Zhangabay N.Zh., Oner A K., Ibrahim M.N.M., Ibraimova U.B.,
Kolesnikov A.S., Tursunkululy T. Experimental evaluation of the thermophysical performance of an
adaptive composite wall system under dynamic climatic conditions. Construction Materials and
Products. 2026. 9 (1). 8. DOI: 10.58224/2618-7183-2026-9-1-8

1. INTRODUCTION

Adaptive building envelope systems incorporating air cavities are considered among the most
promising solutions for improving building energy efficiency under significant climatic loads. In
regions with hot and sharply continental climates, such as southern and central Kazakhstan, envelope
structures are exposed to combined effects of high ambient temperatures, intense solar radiation, large
diurnal temperature variations, and variable aecrodynamic loads. These factors necessitate scientifically
grounded design solutions aimed at enhancing the thermal performance of fagades and ensuring their
durability [1].

Despite the availability of theoretical and numerical studies addressing the behavior of ventilated
fagades, the scientific literature lacks data obtained under conditions corresponding to extreme
radiative loads and high air temperatures [2-4] typical of Kazakhstan’s climate [5]. This highlights the
need for a comprehensive review of existing research and for dedicated experimental investigations.
Ventilated fagade systems with air channels have been investigated in a wide range of experimental,
theoretical, and numerical studies, confirming their relevance for improving building energy efficiency
and enhancing envelope resilience to external climatic loads. Borodulin and Nizovtsev [6-8] model
coupled heat and moisture transfer processes in panel fagade systems with ventilation channels and
identify a significant potential of such structures to reduce thermal loads, improve moisture exchange,
and prevent condensation accumulation. Their results emphasize the importance of proper channel-
parameter selection to enhance natural ventilation and maintain stable temperature conditions.
Experimental studies by Statsenko et al. [9] confirm the effectiveness of ventilated facades under real
operating conditions. The study demonstrates that an air cavity contributes to smoothing temperature
differences, reduces the amplitude of diurnal temperature fluctuations, and improves the moisture
regime of the envelope. The authors also stress the need to account for channel height, wind speed,
and cladding material properties, since these parameters significantly influence the intensity of natural
convection.

Works [10, 11] examine heat transfer characteristics in multilayer envelope systems and provide a
detailed analysis of how airflow velocity and direction depend on channel geometry, surface
roughness of materials, and temperature gradients. These findings confirm that even minor
modifications of the cavity configuration may substantially affect facade thermal behavior. The study
by Yuan [12] highlights the importance of assessing thermal inertia and the decrement factor
(attenuation of temperature fluctuations), which determine the ability of envelope structures to store
and delay heat transfer. This aspect is particularly relevant for adaptive fagade systems in hot climates,
where the magnitude of thermal load is governed not only by solar radiation intensity but also by the
ability of materials to compensate for short-term temperature peaks.

Optimization of thermal insulation materials is addressed in detail in the studies by Ozturan [13],
Shahid [14], and Ugar [15], which establish relationships between insulation thickness, regional
climatic features, and building energy consumption. These studies indicate that the optimal insulation
thickness should be determined with consideration of local climatic conditions, including the number
of sunny days, radiative heating levels, and diurnal temperature variations. Aggarwal [16]
demonstrates that the performance of thermal insulation materials varies significantly across climate
zones. The author shows that in hot climates preference should be given to materials with high solar
reflectance and low thermal inertia, whereas in cold regions materials with high heat storage capacity
are more effective. This study emphasizes the need for an adaptive approach to envelope design and
material selection accounting not only for annual mean temperatures but also for extreme climatic
conditions. A comprehensive review of climate-adaptive facade designs with an air cavity is provided
by Vasileva et al. [17], with particular attention to the interplay between ventilation channel geometry,
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thermophysical properties of materials, and external climatic factors. The authors show that the
performance of adaptive facades largely depends on the air-gap configuration, including cavity height,
thickness, shape, and the arrangement of inlet and outlet openings. It is also emphasized that using
materials with different reflective and absorptive characteristics enables control over the facade
thermal regime and improves energy efficiency under variable solar radiation. The study justifies the
need for an integrated fagade design approach combining aerodynamic modeling, heat-flux analysis,
and assessment of dynamic temperature evolution. The review by Cuce and Cuce [18] complements
this perspective by considering ventilated facades as a key technology for low-carbon and energy-
efficient construction. The authors conclude that such systems provide multifunctional benefits,
including reduction of operational energy use, mitigation of thermal loads on load-bearing walls,
enhancement of natural ventilation, and improvement of indoor comfort through microclimate
stabilization. The review also highlights the role of innovative materials such as nanostructured
coatings, photoreflective layers, and materials with variable thermal conductivity capable of adapting
to temperature fluctuations and solar loads. Further development of the technology is expected to
involve the integration of active adaptive elements and intelligent thermal-flow control systems. The
experiment reported by Lin et al. [19] provides evidence of the real behavior of ventilated fagades in
cold climates and demonstrates the dominance of thermoconvective processes under large temperature
differences. The authors record variations in airflow velocity inside the channel, formation of stable
and unstable convective cells, and non-uniform temperature distribution as a function of facade-
element height. These experimental findings confirm the need to account for spatial and temporal non-
uniformities in fagade modeling and also indicate that conclusions derived for cold climates cannot be
directly transferred to hot climates without appropriate adaptations [20-23]. To analyze envelope
durability and resistance to thermomechanical effects, it is recommended to employ studies on fatigue
crack propagation in multilayer structures [24-26]. These works show that cyclic thermal loads caused
by diurnal temperature variations and periodic solar heating may lead to a gradual degradation of
mechanical strength in cladding and structural elements. The studies consider crack initiation and
growth mechanisms, the influence of material heterogeneity on service life, and the impact of thermal
gradients on local stress states. These findings are particularly relevant for the design of adaptive
facade systems, as they allow risk assessment of defect formation, prediction of service life, and
justification of additional reinforcing or damping elements.

The conducted literature analysis allows several critical limitations to be identified, which restrict
the direct applicability of existing findings to the climatic conditions of Kazakhstan:

. Focus on temperate climates. Studies [6-8, 14-16] consider temperature ranges that are not
comparable with extreme heat (+40...+50 °C) and high solar radiation typical for Kazakhstan.
. Limited experimental evidence. Only studies [9] and [16] include full-scale field

investigations; however, they do not account for intense solar radiation and cladding heating above
+45 °C.

. Lack of data on foil-based reflective layers. The presence of a reflective coating (foil) may
significantly alter the solar energy absorption spectrum, yet this aspect remains largely unexplored.
. Insufficient durability and defect formation data. Studies [24-26] highlight the importance

of assessing thermocyclic stresses; however, such processes are rarely analyzed specifically for
ventilated fagade systems.

Given these gaps, experimental investigations under conditions representative of Kazakhstan’s
climatic regions are scientifically and practically justified. In addition, experimental studies will
enable validation against the authors’ previous research, which will further contribute to the
development of climate-adapted recommendations for the design and operation of ventilated facades.

Thus, experimental research represents a key stage in establishing reliable heat and mass transfer
models, ensuring the durability of building envelope structures, and improving building energy
efficiency under high solar loads and hot-climate conditions.

2. METHODS AND MATERIALS

The methodology of the experimental study was based on a set of established rules and standards
aimed at reproducing the operational, geometric, and structural parameters of real conditions. The
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experimental program involved the use of appropriate test equipment, measuring instruments, and data
acquisition systems, as well as modern software tools for data processing and analysis.

Since numerical simulations demonstrated a significant performance improvement of the proposed
wall assembly due to the application of radiant barriers on the inner surfaces of alternating air
channels, the following research tasks were defined prior to experimental testing:

- to develop a thermal insulation layer made of fibrous (mineral wool) insulation incorporating air
channels and a radiant barrier;

- to construct a full-scale model of the adaptive wall system inside an experimental climatic
chamber to reproduce the required thermal loading conditions, based on the most efficient
configuration Scheme 3/50/75/50 identified in [27];

- to determine the thermophysical parameters of the adaptive wall assembly in the climatic chamber
using a combined experimental-analytical approach in accordance with regulatory documentation,
including thermal resistance (R-value), interlayer temperatures, and heat flux under both cold and hot
operating periods;

- to evaluate, using experimental and analytical methods, the thermal resistance and heat flux
through the investigated external wall envelope structure;

- to verify the agreement between the experimental results and the theoretical/mumerical findings
reported in the authors’ previous study [27].

2.1 Description of the Adaptive Energy-Efficient External Wall System

A full-scale model of the developed adaptive external wall assembly was selected as the object of
study. The model corresponds to the most efficient design configuration (Scheme 3/50/75/50)
proposed in the authors’ previous work [27]. The main design solutions and geometric parameters of
the investigated envelope system are presented in Fig. 1 and Table 1.
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Fig. 1. Structural layout of the adaptive energy-efficient wall model: (a) side view; (b) general view.
(1 — cement-sand plaster; 2 — ceramic brick masonry; 3 — air channel; 4 — radiant barrier; 5 — thermal
insulation; 6 — air cavity; 7 — porcelain stoneware cladding).
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Table 1. Layer characteristics of the new adaptive energy-efficient wall assembly [27].
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2 wool boards
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6 |Air cavity 50 - |- - - -
7 |Porcelain stoneware cladding |10 - 1349 25.0 0.008

A fragment of the developed insulation layer incorporating alternating air channels and a radiant
barrier is shown in Fig. 2.

Fig. 2. Fragment of the insulation layer with alternating channels and a radiant barrier.

To meet the objectives of the experimental study, a full-scale wall fragment with dimensions of 3
m x 3 m was installed in the climatic chamber. Thermal regimes were reproduced for the cold and hot
periods [1]. The general view of the adaptive energy-efficient wall assembly prepared for climatic
chamber testing is shown in Fig. 3.

a b
Fig. 3. General view of the adaptive energy-efficient wall assembly prepared for climatic chamber
testing: (a) cold-climate mode; (b) hot-climate mode.
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2.2 Description of Experimental Instruments and Equipment

The thermal performance of the wall assembly under cold and hot operating conditions was
investigated using a specialized climatic chamber. The chamber reproduced indoor (room) temperature
conditions on one side GOST 30494-2011 and SP RK 2.04-107-2022, while on the opposite side it
simulated negative temperatures corresponding to the cold period (-14.3 °C, equal to the mean
temperature of the coldest five-day period) and hot-period conditions (+26.4 °C, equal to the mean
outdoor air temperature in July) [1]. In the hot-period scenario, the thermal load was additionally
simulated by heating both the cladding surface and the air using infrared lamps (Fig. 3b). The general
layout of the climatic chamber is shown in Fig. 4.
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Fig. 4. Climatic chamber layout: (a) chamber plan (1 — air cooler, 2 — fan, 3 — solar radiation
simulator); (b) structural scheme, mm; (c) general view of the climatic chamber, mm; (d) photograph
of the solar radiation simulator.

Interlayer temperatures of the adaptive energy-efficient wall assembly were measured using
DS18B20 five-channel temperature sensors with an operating range of —55 °C to +125 °C. These
sensors were integrated into a universal multi-channel temperature monitoring unit that enabled
autonomous temperature recording and data storage on a memory card (Fig. 5). A dedicated software
package was developed for data acquisition and processing of interlayer temperature values. The
software ensured stable synchronization with Microsoft-based applications, facilitating data export and
subsequent analysis (KZ11206).
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Fig. 5. Universal five-channel temperature measurement system: (a) general view; (b) during
operation.

In parallel with the main measurements, thermal imaging was performed for both the cold and hot
test periods to support validation. Thermograms were obtained using a Testo thermal imager with the
IRSoft software for data analysis (Fig. 6a). Heat flux density was measured using the ITP MG-4.03
heat flux meter, designed for measuring and recording heat flux passing through single-layer and
multilayer building envelope structures (Fig. 6b). The thermal resistance (R-value) of the investigated
adaptive external wall assembly was determined using a combined experimental-analytical method in
accordance with GOST 26254-84.

]

Fig. 6. Measuring instruments used in the experiments: (a) Testo thermal imager with analysis
software; (b) ITP MG-4.03 heat flux density meter.

Measuring devices and primary transducers for temperature and heat flux were selected based on
the expected ranges of test parameters under the prescribed temperature and humidity conditions in the
climatic chamber and in accordance with the recommendations of GOST 25051.2-82.

The placement scheme of temperature sensors during climatic chamber testing on the wall
fragment is presented in Fig. 7.



CrtpourebHble MaTepuabl U n3aeaus/Construction Materials and Products. 2026. 9 (1)

Fig. 7. Sensor layout during climatic chamber testing: (a) sensor installation scheme on the cladding,
mm; (b, ¢) sensor installation scheme across envelope layers (numbering is provided in Table 4).

Photographs illustrating interlayer sensor placement during climatic chamber experiments are
presented in Fig. 8.

e
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Fig. 8. Sensor placement during climatic chamber testing: (a) temperature sensor on the interior wall
surface; (b) temperature sensors and data processing unit on the interior wall surface; (c) sensors
between ceramic brick layers and the insulation layer, including the bracket zone; (d) sensors on the
insulation surface; (e) sensors inside the air channel and on the cladding surface; (f) heat flux sensors
on the interior wall surface; (g) sensors in the negative-temperature chamber; (h) sensors in the room-
temperature chamber.

In accordance with the objectives of the experimental program, the tests evaluated interlayer
temperatures, heat flux passing through the developed adaptive wall system, and thermal resistance
under both cold and hot climatic conditions. Temperature and heat-flux sensors were fixed within the
active zone exposed to negative and positive thermal loads. Sensor placement was designed to
minimize measurement errors and to cover all vertical levels of the wall fragment installed in the
climatic chamber.

2.3 Experimental Procedure for Assessing the Thermophysical Characteristics of the
Adaptive Energy-Efficient Wall System

During the experimental study, the main thermophysical parameters of the proposed adaptive
energy-efficient external wall assembly were measured. As noted in Section 2.1, the experiments were
performed in a climatic chamber using a full-scale wall fragment under both cold and hot operating
conditions. The key thermophysical and geometric characteristics of the investigated system, as well
as the employed measuring instruments, are presented in the corresponding sections.

At the initial stage of testing, external and internal thermal loads were established by reproducing
the required temperature conditions in the climatic chamber for the cold and hot scenarios.
Subsequently, interlayer temperatures of the wall assembly were recorded. In addition, heat flux
values were measured, and the thermal resistance (R-value) was determined using a combined
experimental-analytical method in accordance with GOST 26254-84. All measured data were stored
after signal processing by the data acquisition (secondary conversion) system.

The main workflow diagram of the experimental testing procedure for the new adaptive energy-
efficient wall assembly in the climatic chamber, followed by validation against full-scale (field)
investigation results, is presented in Fig. 9.



CrtpourebHble MaTepuabl U n3aeaus/Construction Materials and Products. 2026. 9 (1)

Fig. 9. Main experimental testing workflow (flowchart).

The main experimental test series for measuring the interlayer temperature values of the
investigated wall assembly are summarized in Table 2.

Table 2. Experimental test series for interlayer temperature measurements.

Temperature conditions, °C -14.3 +26.4
Test series 1 II-1/11-2
Temperature sensor labeling Temperature sensor numbering
A 1-5 1-5
B 6-10 6-10
C 11-15 11-15
D 16-20 16-20
E 21-25 21-25
F 26-30 26-30
Sensors located in the indoor (room-temperature) chamber
37(10 cm) 37(10 cm)
Y 38(10 cm) 38(10 cm)
(distance from the wall and | 39(15 cm) 39(15 cm)
spacing between sensors) 40(15 cm) 40(15 cm)
41(20 cm) 41(20 cm)

10
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Continuation of Table 2

Sensors located in the cold chamber
42(10 cm) 42(10 cm)
zZ 43(10 cm) 43(10 cm)
(distance from the wall and | 44(15 cm) 44(15 cm)
spacing between sensors) 45(15 cm) 45(15 cm)
46(20 cm) 46(20 cm)

During the hot-period test, the prescribed temperature represents the surface temperature of the
cladding subjected to heating, as well as the air temperature in the chamber, as described in Section
2.1. Temperature sensors placed inside the indoor (room-temperature) compartment were used to
measure the room temperature and validate the target temperature conditions maintained by the
climatic chamber. A similar control measurement was performed in the cold compartment of the
climatic chamber. The main experimental test series for measuring heat flux values through the
investigated wall assembly are provided in Table 3.

Table 3. Experimental test series for heat flux measurements.

Parameter Cold period, °C Hot period, °C
Temperature conditions, °C -14.3 +26.4
Sensor numbering 47-50

In addition, both heat flux values and thermal resistance (R-value) were determined during
experimental testing for the cold and hot scenarios.

3. RESULTS AND DISCUSSION

The experimental tests as a whole were carried out in two stages. The first stage corresponded to
climatic chamber testing under cold-period conditions, where the range of temperature loads
represented the environmental conditions, i.e., at —14.3 °C. At the second stage, the influence of hot
climate conditions on the thermophysical parameters was examined, where the thermal load was
simulated by heating the cladding of the investigated structure up to 46 °C [26] and by maintaining a
constant room temperature simulating the environment at +26.4 °C. At the same time, in parallel, the
heat flux passing through the proposed adaptive energy-efficient external wall envelope structure and
the temperature values in the bracket zone were experimentally investigated. In addition, the thermal
resistance of the specified structure was determined using a combined numerical-experimental
method. The main block diagram and the experimental test series are presented in Fig. 9 and in Tables
2 and 3.

In accordance with the objectives of the study, at the first stage the interlayer temperature values of
the proposed structure were determined under cold and hot climatic conditions. The reliability of the
obtained temperature values on the internal and external surfaces of the envelope was additionally
verified by thermal imaging (Fig. 10 and 11), the results of which showed consistency with the
interlayer temperature values measured by the sensors (Table 4).

11
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26T

26T

a. Ml1: -14.15°C; M2: -14.14°C; M3: .-14.18°C; b. MI1:19.54°C; M2:19.38°C; M3:19.33°C;
M4: -14.19°C; M5: -14.11°C; M6: -14.17°C. M4:19.47°C; M5:19.34°C; M6:19.47°C.

Fig. 10. Thermograms of the cladding and the interior surface of the living room under cold-climate
conditions at —14.3 °C: (a) cladding thermogram with characteristic temperature points; (b)
thermogram of the interior room surface with characteristic surface points.

Q a2nic
5.0

S il

407°C 22°C

a. Ml1:46.11°C;  M2:46.05°C; M3:46.15°C; b. MI1:24.35°C; M2:24.33°C; M3:24.40°C;
M4:46.12°C; M5:46.01°C; M6:46.13°C. M4:24.48°C; M5:24.31°C; M6:24.29°C.

Fig. 11. Thermograms of the cladding and the interior surface of the living room under hot-climate
conditions at +26.4 °C (with cladding heating): (a) cladding thermogram with characteristic

temperature points; (b) thermogram of the interior room surface with characteristic surface points.

Table 4. Interlayer temperature values measured by the sensors.

Test Sensor label and Installation location and sensor numbering (Figure 7)
series temperature value
1,6,11,16,21, | 2,7,12,17,22, | 3,8,13,18,23, | 4,9,14,19, | 5,10,15,20,
26 27 28 24,29 25,30
Temperature values for each sensor with closed channels under cold-climate conditions
A No. 1 No. 2 No. 3 No. 4 No. 5
t, °C 19.54 14.12 14.01 -13.61 -14.15
B No. 6 No. 7 No. 8 No. 9 No. 10
t, °C 19.38 14.11 14.05 -13.64 -14.14
C No. 11 No. 12 No. 13 No. 14 No. 15
I t, °C 19.33 14.15 14.18 -13.62 -14.18
(-143°C) | D No. 16 No. 17 No. 18 No. 19 No. 20
t, °C 19.47 14.19 14.03 -13.64 -14.19
E No. 21 No. 22 No. 23 No. 24 No. 25
t, °C 19.34 14.15 14.07 -13.66 -14.11
F No. 26 No. 27 No. 28 No. 29 No. 30
t, °C 19.47 14.13 14.09 -13.63 -14.17

12
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Continuation of Table 4

Temperature values for each sensor with closed channels under hot-climate conditions
A No. 1 No. 2 No. 3 No. 4 No. 5
t, °C 26.12 26.49 26.71 45.12 46.11
B No. 6 No. 7 No. 8 No. 9 No. 10
t, °C 26.01 26.47 26.68 45.08 46.05
L1 C No. 11 No. 12 No. 13 No. 14 No. 15
(+26.4°C t, °C 26.41 26.51 26.78 45.17 46.15
D No. 16 No. 17 No. 18 No. 19 No. 20
) t, °C 26.23 26.35 26.75 45.14 46.12
E No. 21 No. 22 No. 23 No. 24 No. 25
t, °C 26.12 26.35 26.61 44.99 46.01
F No. 26 No. 27 No. 28 No. 29 No. 30
t, °C 26.25 26.49 26.77 45.15 46.13
Temperature values for each sensor with ventilated channels under hot-climate conditions
A No. 1 No. 2 No. 3 No. 4 No. 5
t, °C 24.35 26.51 26.41 45.11 46.07
B No. 6 No. 7 No. 8 No. 9 No. 10
t, °C 24.33 26.41 26.36 45.15 46.13
.2 C No. 11 No. 12 No. 13 No. 14 No. 15
(+26.4°C t, °C 24.40 26.48 26.30 45.14 46.09
) D No. 16 No. 17 No. 18 No. 19 No. 20
t, °C 24.48 26.30 26.25 45.01 46.05
E No. 21 No. 22 No. 23 No. 24 No. 25
t, °C 24.31 26.32 26.28 45.21 46.18
F No. 26 No. 27 No. 28 No. 29 No. 30
t, °C 24.29 26.44 26.32 45.28 46.23

Based on the established overall interlayer temperature values of the developed envelope under
different climatic conditions (cold and hot) and design configurations (closed and ventilated air
channels within the insulation layer), averaged values were determined, which are presented in Fig.

12.
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Fig. 12. Averaged interlayer temperature values under different climatic conditions (cold and hot): (a)
temperature values for each sensor with closed channels under cold-climate conditions; (b)
temperature values for each sensor with closed channels under hot-climate conditions; (c) temperature
values for each sensor with ventilated channels under hot-climate conditions.

The analysis of the plots showed that the numerical studies [27] demonstrate sufficient agreement
with the experimental data, confirming the effectiveness of the developed structure under both cold
and hot climatic loads. At the same time, the reliability of the prescribed indoor temperature was
monitored using additional temperature sensors (Fig. 8g, h), which also showed consistency with the
target temperature values maintained by the climatic chamber (Table 5), indicating high quality of the
obtained results.

Table 5. Temperature values in the chamber, where Y denotes temperature sensors installed in the
indoor (room-temperature) chamber, and Z denotes temperature sensors installed in the outdoor
chamber simulating the ambient environment.

Sensor label and Sensor number and temperature value of each sensor and its
installation location position (distance from the wall and spacing between sensors) g &)
Test series 10 cm 10 cm 15 cm 15 cm 20 cm g °
No. 37 No. 38 No. 39 No. 40 No. 41
1(-14.30°C) Y 20.55 20.68 20.72 20.75 20.75 20.69
11-1 (26.40°C) 26.05 25.71 25.32 24.54 24.01 25.13
11-2 (26.40°C) 25.41 25.35 25.22 24.12 23.85 24.79
Test series No. 42 No. 43 No. 44 No. 45 No. 46
1(-14.30°C) 7 -14.25 -14.39 -14.30 -14.31 -14.31 -14.32
11-1 (26.40°C) 26.38 26.39 26.40 26.41 26.41 26.40
11-2 (26.40°C) 24.38 24.11 24.02 23.98 23.95 24.09

According to the methodology presented in Fig. 9, the heat flux values for cold and hot climatic
conditions were determined and are presented in Fig. 13.
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Fig. 13. Heat flux values for the cold and hot periods (Fig. 8f).

The obtained heat flux density values also indicate satisfactory agreement with the authors’
numerical studies [27]. In addition, in the present study the authors further evaluated the temperature
values in the zone of steel brackets; these values were also determined and summarized in Table 6.

Table 6. Temperature values in the bracket zone for the cold and hot periods (Fig. 8c). Values without
a prime correspond to temperature sensors positioned horizontally, whereas prime-marked values
correspond to sensors positioned vertically.

Test series Bracket number and temperature value, °C
VI-1 VI-2 VI-3
I(-14.30°C) 9.81 9.98’ 10.05 9.95’ 9.07 9.91°
I1-1 (26.40°C) 27.01 26.98° 27.00 26.95 27.05 26.93°
11-2 (26.40°C) 26.41 26.48° 26.40 26412 26.45 26.48’

The performed analysis of temperature values in the bracket zone makes it possible to
quantitatively assess the thermal bridge effect. The comparison confirmed that, despite their presence
(brackets), the overall thermal resistance of the structure remains within the regulatory requirements,
which is also consistent with the assumptions adopted in the modeling.

The interlayer temperature values of the adaptive envelope and the heat flux values established
above contributed to determining the thermal resistance of the developed adaptive envelope for cold
and hot climates SP RK 2.04-107-2022, (Fig. 14).
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Fig. 14. Thermal resistance values as a function of the test series for the cold and hot periods.

The thermal resistance values obtained during the experimental studies also showed agreement
with the values established in the modeling of the developed envelope, which serves as the final
confirmation of the energy efficiency of the structure.

The conducted experimental tests confirm the high efficiency of the structure and the reliability of
the thermophysical values determined in the modeling of the developed adaptive structure under
different temperature loads [27], where the most important results were obtained in the hot-climate
simulation mode. In this mode, the structure demonstrated the ability to adapt by switching the air
cavity to the ventilation mode, which was confirmed by a sharp decrease in heat flux density. The
parallel investigation of thermal bridges confirmed that, despite their presence (brackets), the overall
thermal resistance of the structure remains within the regulatory requirements, which is also consistent
with the assumptions adopted in the modeling. Thus, this work translates the results of the numerical
study [27] into the domain of an empirically proven, implementation-ready technology.

The obtained results demonstrate high consistency with the heat and mass transfer patterns
established in international studies on adaptive facade systems. A systematic review [28] shows that
the use of facades with a controllable air channel can reduce annual building energy consumption by
approximately 15%, which lies within the same range as the effect identified in the present study. As
noted in [17], the geometric parameters of the air cavity have a critical influence on the development
of natural convection and the thermal response of envelope structures; this statement is fully
confirmed by the obtained data, according to which reducing the thickness of the air layer from 100 to
50 mm leads to a noticeable increase in the thermal efficiency of the system. The results of [29] also
confirm the importance of intensifying ventilation of the air gap, demonstrating a reduction in the
external surface temperature by 3-5 °C, which correlates with the experimental values recorded in this
study. Similar conclusions are reported in [29], emphasizing that the maximum efficiency of adaptive
facades is achieved in climates with high solar radiation intensity — such as the climate of the southern
regions of Kazakhstan [30].

Nevertheless, the study has a number of limitations inherent to the experimental-numerical
approach. The model did not account for wind gusts with speeds above 6 m/s, which can potentially
reorganize airflow patterns inside the channel and enhance convective heat transfer. Solar radiation
effects were simulated without considering variable cloudiness, reflected radiation, and local shading,
which may result in underestimation of short-term fluctuations in thermal load. In addition,
aerodynamic processes typical of the upper zones of high-rise buildings were not considered, where
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vortex formations and unstable convective regimes may occur. These factors may become the subject
of further research.

Taking into account the indicated limitations, the results have significant practical value. The
adaptive composite fagcade scheme demonstrates the ability to reduce heat losses in the winter period
by up to 18% and summer heat gains by up to 14%, which provides a tangible reduction in operating
costs. Due to the modularity of the structure and the absence of the need for complex engineering
systems, the adaptive facade can be effectively applied both in new construction and in modernization
projects for buildings with a height of 5-25 storeys. This makes the proposed technology a promising
solution for the climatic conditions of Central Asian countries.

An important outcome is that the experimental data confirmed the correctness of previously
obtained model predictions. This demonstrates the reliability of the methodological approach and also
confirms the high energy-efficiency potential of the developed structure under the hot climatic
conditions of Kazakhstan (KZ11495, KZ36701.).

4. CONCLUSIONS

Based on the experimental testing of a full-scale model of the adaptive composite energy-efficient
wall structure in a climatic chamber, key conclusions were formulated, confirming both the scientific
validity and the practical relevance of the developed solution. It was experimentally established that
the Scheme 3/50/75/50 structure fully validates the results of the previously performed numerical
modeling, demonstrating optimal thermophysical characteristics under both low and high temperature
impacts. The determined reduced thermal resistance confirmed the high energy efficiency of the
system, showing its ability to meet and even exceed regulatory requirements under various climatic
regimes. Quantitative measurements of heat flux density and temperature gradients also demonstrated
the operability of the adaptive mechanism based on alternating air channels and the use of a radiant
barrier, which ensures a significant reduction in heat gains under conditions of intense solar radiation
due to the transition of the structure to the natural ventilation mode. Taking into account the identified
limitations of the study, the obtained results nevertheless have high practical value: the adaptive
fagade scheme demonstrates the ability to reduce heat losses in the winter period by up to 18% and
summer heat gains by up to 14%, which leads to lower operating costs and improved overall building
energy efficiency. Due to the modularity of the structure, ease of integration, and the absence of the
need for complex engineering systems, the developed fagade can be effectively applied both in new
construction and in modernization of buildings with heights of 5-25 storeys. This makes the presented
technology a promising solution for the climatic conditions of Central Asian countries and provides a
scientific and technical basis for further development of design standards for adaptive facade systems.
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	Thus, experimental research represents a key stage in establishing reliable heat and mass transfer models, ensuring the durability of building envelope structures, and improving building energy efficiency under high solar loads and hot-climate conditi...
	2. METHODS AND MATERIALS
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	Since numerical simulations demonstrated a significant performance improvement of the proposed wall assembly due to the application of radiant barriers on the inner surfaces of alternating air channels, the following research tasks were defined prior ...
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	- to determine the thermophysical parameters of the adaptive wall assembly in the climatic chamber using a combined experimental-analytical approach in accordance with regulatory documentation, including thermal resistance (R-value), interlayer temper...
	- to evaluate, using experimental and analytical methods, the thermal resistance and heat flux through the investigated external wall envelope structure;
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	The placement scheme of temperature sensors during climatic chamber testing on the wall fragment is presented in Fig. 7.
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	During the experimental study, the main thermophysical parameters of the proposed adaptive energy-efficient external wall assembly were measured. As noted in Section 2.1, the experiments were performed in a climatic chamber using a full-scale wall fra...
	At the initial stage of testing, external and internal thermal loads were established by reproducing the required temperature conditions in the climatic chamber for the cold and hot scenarios. Subsequently, interlayer temperatures of the wall assembly...
	The main workflow diagram of the experimental testing procedure for the new adaptive energy-efficient wall assembly in the climatic chamber, followed by validation against full-scale (field) investigation results, is presented in Fig. 9.
	Fig. 9. Main experimental testing workflow (flowchart).
	The main experimental test series for measuring the interlayer temperature values of the investigated wall assembly are summarized in Table 2.
	The analysis of the plots showed that the numerical studies [27] demonstrate sufficient agreement with the experimental data, confirming the effectiveness of the developed structure under both cold and hot climatic loads. At the same time, the reliabi...
	Table 5. Temperature values in the chamber, where Y denotes temperature sensors installed in the indoor (room-temperature) chamber, and Z denotes temperature sensors installed in the outdoor chamber simulating the ambient environment.
	The thermal resistance values obtained during the experimental studies also showed agreement with the values established in the modeling of the developed envelope, which serves as the final confirmation of the energy efficiency of the structure.
	The conducted experimental tests confirm the high efficiency of the structure and the reliability of the thermophysical values determined in the modeling of the developed adaptive structure under different temperature loads [27], where the most import...
	The obtained results demonstrate high consistency with the heat and mass transfer patterns established in international studies on adaptive façade systems. A systematic review [28] shows that the use of façades with a controllable air channel can redu...
	Nevertheless, the study has a number of limitations inherent to the experimental-numerical approach. The model did not account for wind gusts with speeds above 6 m/s, which can potentially reorganize airflow patterns inside the channel and enhance con...
	Taking into account the indicated limitations, the results have significant practical value. The adaptive composite façade scheme demonstrates the ability to reduce heat losses in the winter period by up to 18% and summer heat gains by up to 14%, whic...
	An important outcome is that the experimental data confirmed the correctness of previously obtained model predictions. This demonstrates the reliability of the methodological approach and also confirms the high energy-efficiency potential of the devel...
	4. CONCLUSIONS
	Based on the experimental testing of a full-scale model of the adaptive composite energy-efficient wall structure in a climatic chamber, key conclusions were formulated, confirming both the scientific validity and the practical relevance of the develo...

