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Abstract: The insulation performance of building envelopes is one of the areas with a significant impact
on the building energy intensity. In Poland, 71 % of the energy demand of the entire building
is used for heating households. Therefore, solutions are sought that will ensure the required
thermal comfort and reduce the energy demand. The paper presents the testing of the temper-
ature distribution inside an envelope made of structural insulated panels (SIPs) using state-
-of-the art FBG sensors. Compared to classic temperature measuring devices, FBG sensors are
characterized by high measuring resolution and reliability, reducing the testing invasiveness
to the minimum. A composite structural insulated panel (SIP) and a traditional two-layer wall
were tested. SIPs are modern building materials that are both a structural and an insulating
element of building envelopes. The three-layer structure consists of a light core (EPS) skinned
on both sides with magnesite boards which provide the panel with high strength, rigidity, fire
resistance and resistance to biological corrosion. The knowledge of the actual temperature
distribution inside the envelope can significantly improve the control of heating systems in
buildings and reduce energy consumption.
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Introduction

The primary reason to start searching for ecological and energy-efficient building
materials is to reduce greenhouse gas emissions and adapt to climate change in order
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to limit the negative effects of global warming. According to the Sixth Assessment
Report of the IPCC (Intergovernmental Panel on Climate Change) of 2023, the air
temperature rose by 1.1 °C compared to the global average temperature from the
years 1850-1900, and it is still rising (IPCC, 2023). The emissions into the atmos-
phere of harmful gases, such as CO, and SO, produced in the process of thermal
energy and electricity generation, cause negative changes to climate (Wieprzkowicz
& Heim, 2022) Extreme, complex weather phenomena, e.g. parallel heat waves,
droughts and floods, are more and more frequent, having an increasingly dangerous
impact on man and the environment. Buildings account for 39 % of global carbon
emissions and 50 % of global material consumption (Kietlinski, 2015). Additionally,
it is estimated that there will be a 50 % increase in the demand for energy by 2050
(World Green Building Council, 2020). In Poland, 71 % of the energy required by
the entire building is used for heating households. The structure of building enve-
lopes is usually multi-layered. Therefore, the knowledge of the actual temperature
distribution enables adequate modernization of the envelope, thus providing a better
comfort of life and reducing the demand for energy.

1. Layered structural insulated panel (SIP)

Structural insulated panels (SIPs) are simple three-layer composite elements con-
sisting of a core, being a thick layer of expanded polystyrene (EPS) insulation,
skinned on both sides as shown in Figure 1. They are mainly used as elements of the
building envelope structure, creating a compact and energy-efficient body. The outer
linings transfer bending stresses, while the core transfers tangential stresses and
stabilizes the outer linings, protecting them from buckling and providing adequate
rigidity. (Wawrzynowicz & Wojtkiewicz, 2024).

Expanded polystyrene
(EPS) insulation

‘ Fibre cement layer‘

Fiberglass mesh
reinforcement

Magnesite board
(MgO board)

Fig. 1. Multi-layer SIP (own research)

The cement-magnesite boards themselves are composites made of special (mag-
nesia) cement, fillers (volcanic sand), a fibreglass mesh layer, and some fibreglass
material. Fillers significantly reduce weight and thermal conductivity, increasing
noise insulation at the same time. Magnesite boards are a universal solution in terms
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of ecology and safety, which is in line with the global trends in the development of
construction. They are resistant to acids, fungi and mould, additionally demonstrat-
ing anti-allergic and antibacterial properties. Such boards are a durable, fire-resistant,
waterproof and light material. Due to their advanced structure and use in layered
walls, they are referred to as composite structural insulated panels (CSIPs) in the
literature (Rajeev et al., 2024).

SIPs or CSIPs usually act as cladding elements, with the load-bearing structure
located in the place of panel joints. A popular solution in construction is embedding
a wooden frame in the core of panels, in the areas of joints. In addition, CSIPs can
be reinforced with profiles placed on their edges. The result is a panel reinforced
both on the edges and on the entire surface by layers of steel sheet. Such a panel is
resistant to impact during assembly and disassembly and has better mechanical prop-
erties, which makes it a suitable load-bearing element (Smakosz et al., 2021).

2. Testing facility — measuring stand

The temperature distribution was tested for two different envelope structures.
One measuring stand concerned a two-layer wall made of cellular concrete and
extended polystyrene (EPS). The other measuring stand was an envelope made of
a structural insulated panel (SIP), composed of an EPS core sandwiched between
magnesite boards. The structures of the envelopes, along with the location of FBG
temperature sensors (Al, A2, A3, A4, B1, B2, B3, B4), are shown in Figure 2.
The temperature on the internal surfaces of the envelopes was measured using
DS18B20 digital contact sensors, marked as A5 and B5 in the figures.

TWO-LAYER ENVELOPE SIP
ext. [ > Alint ext. || T~ T~ A[int
\1] [AZ] [A3 B1 B2l B3l [B4 B5]
measuring measuring ®
points / points
10 y 180 | 240 w10 15 | 410 w 15
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A A A A
external plaster, thickness:1 [cm], 2=0.90 [W/m-K] MgO Panel, thickness:1,5 [cm], 2=0,50 [W/m-K]
expanded polystyrene (EPS), thickness: 18 [cm],A=0,038[W/m K] expanded polystyrene (EPS), thickness:18 [cm],A=0,038[W/m K]
cellurar concrete, thickness:24 [cm], 2=0,13 [W/m-K] MgO Panel, thickness:1,5 [cm], 2=0,50 [W/m-K]
internal plaster, thickness:1 [cm], 2=1,00 [W/m-K]

Fig. 2. Arrangement of the sensors in the tested envelopes (own research)

The boundary conditions on the outer surfaces of the analysed envelopes were
identical, which means that the temperature and humidity on the inside of the tested
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envelopes were the same, and the ambient conditions on the outside were identical
for both the two-layer wall and the SIP.

The design of the measuring probe is a novel solution, purpose-made for a given
thickness of the envelope, with FiSense FBG temperature sensors. A diagram of the
adopted design solutions is presented in Figure 3. The measuring path was made of
a string of fibre optic sensors with four Bragg gratings with a reference wavelength of
850 nm and a FiSpec FBG X100 interrogator. Before the probe was mounted on the
test stand, the FBG sensor measuring path had been calibrated using a CTM9100-150
temperature bath calibrator. During the calibration, the actual value of the FBG
sensor sensitivity to temperature was determined and the coefficients of the linear
approximation function describing the temperature dependence on the reflected Bragg
wavelength were calculated. The total measuring accuracy of the path determined
in this way is £0.3 °C. The design of the sensor enables embedding it in a 6 mm hole
drilled in the envelope (Juraszek & Antonik-Popiotek, 2021; Satltawa & Juraszek,
2024).
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Fig. 3. Measuring probe design details (own research)

3. Results of temperature measurements in the envelope

Example results of the testing of the temperature distribution in the envelope in
the period from 2.10.2025 to 8.10.2025 were recorded using a measuring system
based on FBG sensors. The collected results were used to prepare graphs illustrating
temperature changes over the analysed period (Fig. 4).
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Fig. 4. Temperature changes inside the two-layer envelope (A) and inside the SIP (B)
over the analysed period of time (own research)

A comparative analysis of the temperature distribution in the tested envelopes
was conducted based on the results of temperature measurements recorded between
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2 October 2025 and 3 October 2025. Graphs A and B show the measured 24-hour
temperature distribution for the two-layer envelope and the SIP. Marked on the graph
are also selected points where a detailed analysis and a comparison of the tempera-
ture distribution inside the tested envelopes were carried out (Fig. 5).
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Fig. 5. 24-hour temperature distribution in the two-layer envelope (A) and in the SIP (B)
(own research)

The points corresponding to 00:00, 6:00, 12:00 hours were selected for further
analysis. This selection makes it possible to trace the changes in ambient temperature
over a 24-hour period and to conduct a comparative analysis of the impact of these
changes on the temperature distribution in the tested envelopes (Fig. 6).
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Fig. 6. Comparison of the temperature distribution in the two-layer envelope and in the SIP in
selected measuring points (own research)

For comparison purposes, the graphs include curves illustrating changes in the
thermal resistance values in the envelopes, with particular emphasis on the points
where temperatures were measured. The thermal resistance values at these points are
gathered in Table 1.

Due to high thermal resistance values above R =5 (m?>K)/W, the multi-layer
envelopes that satisfy the thermal specifications of the WT (technical conditions)
2021 regulation are usually characterized by a linear distribution of temperatures
inside them. A consequence of the high thermal resistance values is a low energy
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flux density, due to which the temperature distribution inside the envelope proceeds
in quasi-steady conditions. This regularity is maintained for all internal layers, in-
cluding the insulation layer.

Table 1. 24-hour thermal resistance values for the points in the two-layer envelope and in
the SIP (own research)

Thermal resistance R [m2K/W]
two-layer wall (A) SIP (B)
Al A2 A3 A4 A5 B1 B2 B3 B4 B5
0.051 2.420 4.788 5.711 6.774 1.133 3.238 4.554 112 10.646

In the 24-hour period selected for the analysis of the temperature distribution in-
side the envelope, the temperature change amplitude was 8 °C. Despite the envelope
exposure to such considerable changes in ambient conditions, the recorded temper-
atures in the internal load-bearing layers of the envelope varied only slightly in the
range from 1 °C to 2 °C. Such small changes in temperature indicate a low value of
the heat flux density and a low temperature gradient, which confirms the correctness
of the above-accepted assumptions concerning quasi-steady heat transfer conditions
in the envelope internal layers. The measured temperature values, within a measuring
error of 0.3 °C, are in accordance with the approximated linear temperature distribu-
tion. The application of this rule for the calculation of the temperature distribution
in load-bearing layers of envelopes made of cellular concrete is shown in the graphs
using dashed lines connecting points A3 to A5 for the two-layer envelope (Fig. 7).
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Fig. 7. Comparison of temperature in the two-layer envelope and in the SIP at selected
measuring points (own research)
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In the tested envelopes, the insulation layers were made of extended polystyrene
(EPS) with a density of 13.5 kg/m? and specific heat of 1200 J/(kg K). This insulation
layer type, which is usually 10 cm - 20 cm thick, is characterized by a low surface
mass, and therefore low heat accumulation capacity and a high thermal resistance
coefficient. For such parameters, the temperature distribution inside the layer is also
linear and can be mapped as heat transfer under quasi-steady conditions.

In the case of a two-layer envelope, where the insulating layer is the external layer
and thus exposed to changing ambient temperatures, the temperatures recorded dur-
ing the tests indicate compliance with the linear nature of the temperature distribu-
tion. The temperature calculations for this layer are shown in the graphs using dashed
straight lines approximating points A1, A2 and A3 (Fig. 7).

A similar method was used to determine the temperature distribution in the insu-
lation layer of the envelope made of a structural insulated panel (SIP). In the graph
it is the dashed line connecting points B1 and B4.

During the tested period, from 00:00 to 12:00 hours, the ambient temperature on
the outside of the envelopes changed by approximately 8 °C. During the same period
of time, the temperature values on the external surface of the inner load-bearing layer
(measuring points A3 and B3) change by 0.7 °C for the two-layer envelope and by
1.5 °C for the SIP-based one. Such small changes in temperature at these measuring
points over a relatively long period of time (12 h) point to a low dynamics of changes
in the heat flux density. It can be concluded that significant temperature changes in
well-insulated envelopes occur over a period of several dozen hours. It should be
noted that the temperature differences recorded over the tested period are often within
the measuring accuracy of the temperature sensor. It is therefore essential that FBG
sensors characterized by very high sensitivity and a low measuring error should be
used for this type of measurements. This may be particularly important in the case
of testing the temperature distribution inside collector-accumulation walls, for which
the essence of operation is a correct use of the heat transfer direction.

The building envelopes currently in use have a multi-layer structure. Two- or
three-layer envelopes are used the most often, with the inner layer always being
the load-bearing one. (Sattawa & Juraszek, 2025). The outer layer, depending on
the envelope structure, can be the insulating or the fagade layer. If the outer layer
is a facade layer, it usually does not make a significant contribution to meeting
the required thermal characteristics of the envelope. A separate category are layered
collector-accumulation envelopes, for which the outer layers of the so-called energy
absorber are an essential structural element in the management of the heat transfer
inside the envelope. The knowledge of the temperature distribution in such envel-
opes is absolutely necessary to make sure that they function properly.

Conclusions
The determined actual temperature distributions in the two-layer wall and in

the SIP indicate that compared to the two-layer envelope, the panel provides better
thermal properties, which translates into lower demand for energy needed to heat



262 Anna Sattawa, Maciej Famulok, Mateusz Ponka, Janusz Juraszek

the same volume. In addition, attention should be drawn to the much lower cost of
the SIP compared to the two-layer wall. The FBG temperature sensors mounted in
the two tested envelopes are highly reliable compared to classic electrical resistance
sensors. Further studies are planned which will focus on analysing the thermal com-
fort in rooms with these two different envelopes.
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