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Abstract 

This research explores the thermal performance of biomass-based composite panels 

enhanced with Phase Change Materials (PCM) for energy-efficient building 

applications. The experimental method under lab-controlled conditions was used 

to investigate thermal performances. Four samples of PCM-biomass-based 

composite were fabricated using encapsulated PCM, straw, and mortar as a binding 

material, and four sample without PCM as a reference. The effective thermal 

conductivity of each sample was determined using the guarded hot plate method 

under steady-state conditions. Results indicate that the incorporation of PCM does 

not significantly alter the thermal conductivity of the composite, but it enhances 

the material’s ability to store thermal energy. Compared to conventional 

construction materials, both the reference and PCM-enhanced samples exhibit 

superior thermal insulation properties, making them promising candidates for 

sustainable building applications. The findings suggest that optimizing PCM 

concentration and distribution could further enhance thermal performance, 

contributing to the development of passive energy-saving solutions. 
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1. Introduction  

To reduce environmental impact and enhance energy efficiency, the construction industry is increasingly 

seeking sustainable materials and solution [1]. Therefore, pursuing sustainable development practices caused a 

growing demand for eco-friendly and energy-efficient building materials [2]. Conventional nonrenewable 

construction materials (concrete, steel, etc.) [3] are resource-intensive and have a significant environmental 

footprint [4]. On the other hand, adaptive facades [5] and natural and renewable materials like straw, may offer 

a sustainable alternative due to low embodied energy and very good thermal insulation properties [6]. Straw as 

an agricultural byproduct is a renewable and eco-friendly, that may be used as building material. It poses a low 

thermal conductivity [7] and carbon footprint, making it a promising option in sustainable construction [8]. Due 

to high thermal resistance, straw bales have been used in construction for centuries. However, straw-based 

materials alone may not fully address the need for thermal energy storage, especially in regions with significant 

temperature fluctuations.  

To improve energy storage properties of straw bales, Phase Change Materials (PCMs) may play an important 

role in reducing this limitation by integrating PCMs into straw-based composites. PCMs are substances that 

https://creativecommons.org/licenses/by/4.0/
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have the ability to store and release thermal energy during its melting and solidifying. Due to this property, 

PCMs can enhance the thermal mass and energy storage capacity of PCM-straw-based composite if combined 

with straw [9]. This way, thermal performance of straw-based buildings can be improved by stabilizing indoor 

temperature fluctuation and consequently reducing energy consumption [10]. The integration of PCMs into 

straw-based composites indicates that adding PCMs to straw composites can enhance thermal storage without 

significantly increasing thermal conductivity [11].  

Even though the integration of PCMs into straw-based materials is still in its early stages, several challenges 

are identified to overcome including manufacturing process optimization, long-term performance evaluation, 

PCM-straw composites durability and cost-effectiveness. 

1.1. Straw as a building material 

Straw bales for walls have been used in construction for centuries. The walls formed in this way are plastered 

with clay or lime, which offers good thermal insulation, sustainability, and cost-effectiveness [12]. Straw is a 

renewable resource and can be locally obtained. This reduces transportation emissions, and associated costs. 

Such walls have high thermal resistance helping to maintain indoor thermal comfort and reduce heating / cooling 

energy consumption [13]. Additionally, straw can capture CO2 during its growth and contributes to greenhouse 

gas emissions reduction. The comparison of straw properties with conventional building materials is presented 

in Table 1. 

Table 1. Comparison of straw and conventional building materials 

Property Straw Bales Concrete Fiberglass Insulation 

Thermal 

conductivity 

Low (approximately 0.055 - 0.076 

W/mK) [7], [14] 

High (approximately 1.4 

W/mK) [15] 

Low (approximately 

0.045 W/mK) [15] 

Cost Low [16] High [16] Medium [16] 

Sustainability High [17] Low [4] Medium [17] 

Carbon capture Yes [17] No [18] No [19] 

Fire resistance Moderate (depends on treatment) 

[16]  

High [16], [20] High [21] 

Table 1 highlights the advantages of straw bales as an environmentally sustainable and cost-effective material 

with low thermal conductivity and carbon capture potential. It is observed that conventional materials like 

concrete and fiberglass offer higher fire resistance but lack sustainability benefits. As drawbacks of straw can 

be considered vulnerability to moisture, moderate fire resistance, and structural stability. However, these issues 

can be mitigated through proper design, treatment, and the use of protective coatings [22].  

1.2. Integration of PCMs in building materials 

Substances that absorb and release thermal energy during phase transitions, like melting and solidification, are 

known as Phase Change Materials. By storing extra heat during the day and releasing it at night, PCMs can be 

incorporated into building materials to control indoor temperature fluctuation and save energy. PCMs help 

maintain thermal comfort without largely relying on mechanical heating and cooling systems, they are 

especially effective in climates with significant temperature variations [23]. Better temperature regulation, 

increased energy efficiency, and peak load shifting are just a few advantages of incorporating PCMs into 

building materials. PCMs can minimize energy expenses and carbon footprint by reducing the requirement for 

HVAC systems [24]. Nevertheless, issues including PCM high price, incompatibility with construction 

materials and potential leakage can hinder the widespread adoption of PCMs in building applications. These 

challenges are essential for widespread applications of PCMs in practice [25]. Comparison of PCM properties 

with common storage materials is presented in Table 2. 

Table 2. Comparison of PCM with common storage material 

Property PCMs Water Stone 

Storage 

mechanism 

Latent heat (phase change) 

[26] 

Sensible heat 

(temperature change) 

[27], [28] 

Sensible heat (temperature 

change) [27], [28] 
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Property PCMs Water Stone 

Energy density High (e.g., 200 kJ/kg for 

paraffin) [29] 

Moderate (4.2 kJ/kg·K) 

[30] 

Low (0.8–1.47 kJ/kg·K) [31] 

Temperature range Tailored (e.g., 0°C to 

100°C+) [29] 

0°C to 100°C (before 

boiling) [30] 

High (up to several hundred 

°C) [32] 

Thermal inertia High (maintains 

temperature during phase 

change) [33] 

Moderate (stores heat as 

temperature rises) [30] 

Low (requires large mass for 

significant storage) [33] 

Volume required Low (high energy density) 

[33] 

Moderate (higher than 

PCMs) [33] 

High (low energy density) 

[32], [33] 

Cost High (expensive materials 

and encapsulation) [33] 

Low (cheap and widely 

available) [30] 

Very Low (abundant and 

inexpensive) [5] 

Advantages High energy density, 

compact, precise 

temperature control [33] 

Low cost, non-toxic, 

high specific heat [30] 

High temperature tolerance, 

durable, low cost [32] 

Disadvantages Higher cost, phase 

separation, subcooling [33] 

Lower energy density, 

requires large volumes 

[30], [33]  

Very low energy density, 

requires large volumes [32], 

[33] 

Typical 

applications 

Energy storage in 

buildings, electronic 

cooling, solar energy 

storage [29] 

Domestic hot water, solar 

thermal systems [30] 

High-temperature thermal 

storage (e.g., solar power 

plants) [34] 

Table 2 shows that PCMs offer significant advantages over conventional storage materials like water and stone 

utilizing its latent heat energy storage across different temperature ranges. The higher cost and potential issues 

such as phase separation and subcooling are considered as challenges. Despite these limitations, PCMs are still 

well-suited for energy-efficient applications in buildings.   

1.3. Position of PCM within a building wall 

The effective position of PCM layer in building wall depends on building orientation, climate, and the thermal 

performance objectives. A layer of PCM within the structure can increase energy savings by 1% to 7% [35], 

[36]. Optimal placement depends on wall material, insulation properties, and the specific thermal characteristics 

of the PCM used. Achieving a full daily melting and solidification cycle is essential for PCM placement to 

guarantee preparedness for the next day. By absorbing extra heat during the day and releasing it at night, PCMs 

can reduce the need for mechanical heating and cooling systems [37].  Table 3 shows a short analysis of PCM 

layer position within a building wall as well as its recommended thickness. 

 Table 3. Position of PCM layer within a building wall and its thickness 

PCM 

placement 
Optimal climate/conditions Benefits Source 

External 

layer 
Hot climates 

Absorbs excess heat during the day and releases it 

to the outdoor environment at night, reducing 

indoor heat gain. 

[38] 

Internal layer Cold climates 

Stores heat from indoor sources during the day and 

releases it back at night, enhancing thermal 

comfort. 

[38] 

Middle of the 

wall 

Regions with significant diurnal 

temperature variations 

Balances heat absorption and release over a 24-

hour cycle, optimizing thermal performance. 

[37], 

[39] 

Optimum 

thickness 

 Optimal PCM thickness of 

3 cm  

Balanced trade-off between energy savings and 

material costs.  
[37] 
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External layer may be beneficial to place the PCM closer to the outside in areas with hotter climates. This 

configuration lowers interior heat gain by allowing the PCM to collect surplus heat during the day and release 

it back to the outside environment at night [38]. Internal layer may be beneficial to place the PCM closer to the 

interior in areas with colder climates. This configuration improves thermal comfort and lowers heating needs 

by allowing the PCM to store heat from interior sources during the day and release it back into the indoor 

environment at night [38]. Middle of the wall may balance heat absorption and release throughout a 24-hour 

cycle, some research indicates that placing the PCM in the center of the wall can maximize thermal performance. 

In areas with notable daily temperature fluctuations, this location may work well [37], [39].  

An optimal PCM thickness of 3 cm offers a balanced trade-off between energy savings and material costs. For 

example, in research on educational buildings, a PCM layer of 3 cm can reduce heat transfer by 13.4%, with an 

estimated payback period of around 50 months [37]. It is important to note that the optimal placement can also 

be influenced by factors such as wall material, insulation properties, and the specific thermal characteristics of 

the PCM used. Therefore, a detailed analysis considering these variables is recommended to determine the most 

effective placement for PCMs in building walls. 

1.4. PCM-straw-based composites 

A new method for improving thermal performances of a building is the combination of PCMs and straw-based 

materials. Straw has a good insulation capacity while PCM has a capacity to store heat. Combining the two 

advantages in PCM-straw composites may be promising in creating an effective construction material. These 

composites can be applied to floors, walls, and roofs to increase occupant comfort and energy efficiency [11]. 

These composites can save energy, improve indoor comfort, improved thermal performance, reduce the demand 

for mechanical heating and cooling [40].  

Establishing compatibility between PCMs and straw, streamlining the production process, and assessing long-

term performance are some of the obstacles facing composite development. In addition, a lot of research in these 

areas is required to reach a large-scale application [11], [41] as well as to solve issues associated with financing 

green technologies [42]. Some of the advantages and challenges of PCM-straw-based composites are 

highlighted in Table 4. 

Table 4. Advantages and challenges of PCM-straw composites 

Aspect Advantages Challenges 

Thermal 

performance 

Enhanced thermal storage due to the 

high latent heat of PCMs [40].  

Compatibility with straw, as the addition of PCM 

to straw-based composites can affect thermal 

conductivity [11].  

Energy 

efficiency 

Reduced HVAC energy consumption 

by utilizing the thermal storage 

properties of PCMs [40].  

High cost of PCMs, which can impact the overall 

cost-effectiveness of the composite materials 

[40].  

Sustainability Eco-friendly and renewable, utilizing 

agricultural residues like straw [43], 

[44].  

Long-term durability concerns, as the integration 

of PCMs may affect the lifespan and stability of 

the composite [11].  

Comfort Stable indoor temperatures due to the 

thermal buffering capacity of PCMs 

[6], [43], [44].   

Manufacturing complexity, as incorporating 

PCMs into straw composites may require 

specialized processing techniques [11].  

Reffering to Table 4, it is observed that PCM-straw composites may offer improved thermal storage of a 

building structure. However, challenges such as high costs of PCMs, potential impacts on material durability, 

and the complexity of manufacturing processes has to be addressed to improve feasibility and long-term 

performance.  

This research focuses on combining the distinct advantages of straw and PCM in creating a PCM-straw-based 

composite by considering the position and thickness of the layer within a composite structure. The main goal is 

to assess how PCM affects PCM-straw-based composite thermal performance. The project is to investigate how 

this arrangement improves heat control and energy efficiency by carefully positioning the PCM layer on the 

inside side of the wall. The results will advance our knowledge of how to best utilize sustainable building 

materials for better thermal control. 
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2. Research method  

The research method relies on a series of experiments conducted in the laboratory environment, which includes 

sample preparation, testing and data analysis. 

2.1. Sample preparation  

Four PCM-straw-composite samples were made using the following materials: straw, encapsulated PCM and 

mortar as binding material. To provide a baseline for assessing the thermal performance of the PCM-enhanced 

composites, another group of four samples was produced without PCM as a reference. The dimension of each 

sample was approximately A x B x H = 15 cm x 17 cm x 22 cm. The binding material was applied to both sides 

of the test sample, as it is shown in Figure 1.  

 

Figure 1. Test samples (four samples based on PCM-straw and four without PCM) 

Each sample utilized approximately the same amount of straw and maintained a consistent volumetric ratio of 

binder. The PCM used was RT22HC, encapsulated in approximately 10 mm capsules and incorporated as a 

layer within the mortar, with the aim of enhancing the thermal storage capacity of the interior sample layer. The 

PCM properties re shown in Table 5. 

Table 5. Properties obtained from Rubitherm data sheets [45]for RT22 HC 

Property Value 

Melting and congealing area 20–23°C 

Heat storage capacity 190 kJ/kg 

Specific heat capacity 2 kJ/kg·K 

Density (solid at 15°C) 0.77 kg/l 

Density (liquid at 40°C) 0.88 kg/l 

Volume expansion 12.5% 

Heat conductivity 0.2 W/(mK) 

Max operating temperature 50°C 

For both types of samples, a homogeneous mixture of straw and mortar was created. The mixture was molded 

into panels with the specified dimensions, ensuring uniform distribution of straw and binder. For the PCM-

enhanced samples, the encapsulated PCM capsules were evenly distributed and layered within the mortar during 

the sample fabrication process. 

 
Figure 2. Cured test samples 

All samples were cured in a controlled environment for a minimum of 28 days to allow the mortar to set 

properly and achieve optimal bonding (Figure 2). 
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2.2. Testing procedure 

The guarded hot plate method is employed to determine the thermal conductivity of straw-based samples. The 

experimental setup is depicted in Figure 3, illustrating the cross section of the guarded hot plate configuration.  

 

Figure 3. Experimental setup 

Each sample was positioned between the hot and cold plates, ensuring good thermal contact and proper 

alignment with the guard ring. During the test period, T1 and T2 temperatures are recorder on both sides of the 

test sample under known constant heat flow conditions. Data collection continued for each sample until the 

steady-state conditions were achieved. A Vernier LabQuest 2 data logger is used for temperature measurements. 

The accuracy of the surface temperature sensors is ±0.2°C at 0°C and ±0.5°C at 100°C, which is sufficiently 

precise for this study.  

The effective thermal conductivity is determined based on the recorded data. It describes the entire heat 

conduction behavior of a system composed of several layers or materials, accounting for their thicknesses, 

thermal characteristics, and layout [46]. While the term thermal conductivity describes an inherent capacity of 

a single homogeneous material to transmit heat. Overall, thermal conductivity of the material remains constant 

regardless of its size or shape, while the effective thermal conductivity represents overall thermal behavior of a 

system. The effective thermal conductivity of each sample was calculated using Fourier's Law and following 

the principles outlined in ASTM C177 and ISO 8302 [47], [48].  

𝜆𝑒𝑓𝑓 =
𝑄∙𝐻

𝐴∙(𝑇1−𝑇2)
 (1) 

where Q represents heat flow rate (W), H is thickness of the sample (m), A is cross-sectional area of the sample 

(m²), T1 is temperature of the hot plate (°C), T2 is temperature of the cold plate (°C). 

3. Results and discussion 

Based on the recorded data for the steady state heat transfer, and the Equation (1), effective thermal 

conductivities of each sample were calculated, and the results are shown in Table 6. The reference samples 

without PCMs and the samples with PCMs are the two groups into which the table is separated.  

Table 6. Measured temperatures and calculated effective thermal conductivities for each sample 

Type  Sample  
Hot plate  

T1 (oC) 

Cold plate  

T2 (oC) 

λeff  

(W/mK) 

R
ef

er
en

ce
 

sa
m

p
le

 

(N
O

 P
C

M
) S1 95.3 18.5 0.13 

S2 93 27 0.15 

S3 86.3 23.8 0.16 

S4 98 26.5 0.14 

P
C

M
 

sa
m

p
le

s 

S5 93.3 27 0.15 

S6 89.1 26.3 0.16 

S7 91.9 26.2 0.15 

S8 93.7 25.68 0.15 
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Referring to Table 6, samples S1 to S4 exhibit effective thermal conductivities ranging from 0.13 to 0.16 W/mK. 

These values are typical for materials without PCMs, indicating standard thermal performance. Samples S5 to 

S8, which incorporate PCMs, show effective thermal conductivities between 0.15 and 0.16 W/mK. This 

suggests that the inclusion of PCMs does not significantly alter the thermal conductivity compared to the 

reference samples. A comparison of the effective thermal conductivities is shown in Figure 4. 

 
Figure 4. The influence of PCM on the effective thermal conductivity of composites 

The fact that there was little difference in the reference and PCM samples' effective thermal conductivity 

suggests that the PCMs used may not substantially increase the thermal conductivity of the composite. This 

outcome could be due to the thermal conductivity of PCMs used (0.2 W/mK) is lower than those of the mortar. 

In addition, the amount of PCM in the composite might not be enough to have a major impact on the total 

thermal conductivity. To get a more noticeable impact, higher PCM concentrations could be required. 

Designing energy-efficient structures requires comparing the findings of this study with those found in the 

literature for different building materials. Table 7 that follows provides an overview of common wall building 

materials, together with information on their compositions, usual uses and estimated ranges of thermal 

conductivity. 

Table 7. Common construction materials [49] 

Material Composition Thermal Conductivity 

(W/m·K)  

L
o

ad
-b

ea
ri

n
g
 Concrete Blocks Cement, sand, and aggregates 1.13 – 1.63 

Clay Bricks Fired clay 0.62 – 0.84 

Natural Stone Various types of stone (e.g., granite, 

limestone) 

1.21 – 1.63 

Masonry Brick, stone, or concrete blocks 0.62 – 0.84 

N
o

n
-l

o
ad

-b
ea

ri
n

g
 

Insulated Concrete Forms 

(ICFs) 

Interlocking foam blocks filled with 

concrete 

0.19 – 0.38 

Plasterboard (Drywall) Gypsum plaster sandwiched between 

paper layers 

0.17 – 0.25 

Autoclaved Aerated 

Concrete (AAC) 

Cement, lime, sand, and water, cured 

under pressure in an autoclave 

0.18 – 0.19 

Straw Bales Compressed straw from cereal crops 0.038 – 0.08 

 Mortar  Lime, cement, water, and aggregate (e.g., 

sand) 

0.82 – 1.13 

Referring to Figure 4, Table 6 and Table 7, it is observed that thermal conductivities of the reference and PCM 

samples, ranging from 0.13 to 0.16 W/mK, are notably lower than those of common construction materials. For 

0.00
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instance, concrete blocks have thermal conductivities between 1.13 and 1.63 W/mK, clay bricks range from 

0.62 to 0.84 W/mK, and natural stone varies from 1.21 to 1.63 W/mK. The significantly lower thermal 

conductivities of the reference and PCM samples suggest they are more effective insulators compared to 

traditional construction materials. This property is advantageous for applications requiring enhanced thermal 

insulation, such as energy-efficient building designs. In contrast, materials like plasterboard (0.17–0.25 W/mK), 

autoclaved aerated concrete (0.18–0.19 W/mK), and straw bales (0.038–0.08 W/mK) exhibit thermal 

conductivities closer to those of the reference and PCM samples.  

The thermal behavior of a sample containing PCM during its melting and solidification processes is depicted in 

Figure 5. The figure clearly illustrates the capacity of the PCM to control temperature variations. The 

temperature transition range, melting and solidification times, and the important role that PCM integration plays 

in preserving a steady temperature environment are all explained in the diagram.  

 
Figure 5. The impact of RT 22HC on the thermal behavior of composites 

The diagram illustrates the melting and solidification times are approximately 240 minutes, demonstrating the 

ability of PCM to store and release thermal energy over a period of time. Rapid temperature changes are slowed 

down by the flattening effect of PCM during its melting and solidification processes, which was from 16°C to 

22°C. Without PCM, the temperature rises more quickly, leading to quicker oscillations that could result in 

thermal instability. Therefore, the addition of PCM to composite improves the composite capacity to mitigate 

temperature variations. This characteristic is useful in building and energy-efficient systems since it reduces the 

need for external heating or cooling while conserving energy. The integration of PCM in building materials 

promotes sustainable building practices and enhances building energy management. 

4. Conclusion 

The samples studied showed competitive thermal insulation qualities when compared to traditional building 

materials. Their potential use in energy-efficient building applications was indicated by the results, which were 

more equivalent to non-load-bearing materials. The results imply that the main advantage of PCM integration 

is its potential to store thermal energy. The encapsulation and dispersion of the PCM (RT22HC) within the 

composite, along with its comparatively low thermal conductivity (0.2 W/mK), does not significantly influence 

the thermal conductivity of the sample. To further improve thermal performance, future studies could investigate 

different PCM formulations or greater PCM concentrations as well as energy storage performances. Optimizing 

PCM integration and assessing long-term thermal performance in dynamic environments should be the main 

goals of future research. With a transition temperature range of 16°C to 22°C, PCM integration successfully 

reduces temperature fluctuations during both the melting and solidification phases, demonstrating its potential 

to increase thermal stability and energy efficiency in straw-based composites 
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