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Abstract: Nowadays buildings contain innovative materials, materials from local resources, production surpluses and rapidly renewable natural resources. Phase Change Materials (PCM) are one such group of novel materials which reduce building energy consumption. With the wider availability of microencapsulated PCM, there is an opportunity to develop a new type of insulating materials, combinate PCM with traditional insulation materials for latent heat energy storage. These materials are typically flammable and are located on the interior wall finishing yet there has been no detailed assessment of their fire performance. In this research work prototypes of low-density insulating boards for indoor spaces from hemp shives using carbamide resin binder and cold pressing were studied. Bench-scale cone calorimeter tests were conducted to evaluate fire risk, with a focus on assessing material flammability properties and the influence of PCM on the results. In this research, the amount of smoke, heat release rate, effective heat of combustion, specific extinction coefficient, mass loss, carbon dioxide yield, specific loss factor, ignition time of hemp straws samples and samples of hemp straws with 10% and without PCM admixture were compared. There is a risk of flammability for PCM and their fire reaction has not been evaluated when incorporating PCM into interior wall finishing boards. The obtained results can be used by designers to balance the potential energy savings of using PCM with a more complete understanding and predictability of the associated fire risk when using the proposed boards. It also allows for appropriate risk mitigation strategies.
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1  Introduction

Nowadays, the rising energy needs of buildings and the severity of global warming are significant problems. To address these issues, thermal energy storage (TES) building materials are being prepared by incorporating phase change materials (PCM) into construction materials [1–4]. PCM are a group of smart materials, which are becoming increasingly popular because of their potential for reducing building energy consumption [5]. The ability of PCM to absorb and release thermal energy suggests that they might be used to mitigate the effects of temperature fluctuations on building performance as passive thermal control [6–10]. Thus, PCM will serve to simultaneously provide thermal comfort and reduce energy consumption in buildings [11–15].

Over the last decade, there has been a significant surge in academic interest in PCM as a result which are used to stabilize indoor temperatures of the widespread availability of products at affordable prices and potential areas of utilization in building applications [16]. Walls, ceilings, and roofs are all examples of building components or structural members that can integrate PCM [17–19]. To develop lighter material structures, PCM integration often reduces the mass density of the final product. The usage of latent heat storage materials like PCM was extensively researched by the technical community due to their significant perspective in relation to the enhanced heat of melting [20–24].

The standard guidelines on the selection process of an adequate PCM for each application depend on two classes of criteria [25–27], as follows:

I Main class criteria: a. The temperature range over which the phase transition process occurs; b. Enthalpy variation during phase transition.

II Secondary class criteria: a. Chemical compatibility with the rest of the system components; b. Constraints related to mass/volume or storage density; c. Supercooling; d. Thermo-physical properties stability; e. Flammability; f. Cost; g. Lifecycle considerations and environmental impact.

While the discussion on PCM from biobased raw materials is relatively new, there are other sectors like the one of plastic production, where biobased materials are being developed and have been discussed for decades. Biobased plastics are typically compared to their fossil-based counterparts in terms of production and end-life sustainability, and it is clear that biobased plastics are not necessarily biodegradable or compostable. Biobased PCM are made of organic components that can be partially or fully obtained from biomass, vegetable and tropical oils or animal/fish fats. Even though it is often assumed that they are biodegradable, this is a point that needs to be carefully studied for the different types of biobased PCM. Biobased PCM are generally nontoxic and can be used in relatively wide temperature ranges for low to high temperature applications (−80 to 275°C). However, one of the major drawbacks of organic PCM implementation is flammability [28]. Plant-based organic PCM, used as a renewable and environmentally friendly, better fire resistance, alternative to paraffin PCM in this study, offers advantages such as non-toxicity and recyclability for thousands of cycles without material degradation. These hydrogenated hydrocarbons possess a saturated electronic configuration, ensuring chemical stability, non-corrosiveness, and potential for long-term use. Nonetheless, bio-based PCM may present some limitations, including a restricted temperature range, limitations in energy storage due to low thermal conductivity, limited commercial availability, and lower thermal conductivity [29–32]. To be protected from the environment, PCMs need to be encapsulated. This also prevents any leakage when the PCM is in the liquid state. Microencapsulation has become a common method to protect the PCMs and thus incorporate it in various components [33].

When using new materials in construction, research and tests must be carried out. An important aspect is the determination of the flammability properties of the boards and the effect of PCM on the overall results [34–38]. There is a risk of flammability for PCM and their fire reaction has not been evaluated when incorporating PCM into hemp shive wall finishing boards. The fundamental thermal decomposition behaviour is first obtained on a micro-scale under highly controlled conditions in the bench-scale cone calorimeter to evaluate the associated fire risk. This quantifies how the material behaves in a variety of conditions, evaluating its burning rate, rate of heat release, time to ignition, minimum energy for ignition, thermal evolution, and gas emissions. This is finally then validated in the intermediate scale to both understand the behaviour of these materials in the standard test method, as well as ensure that the study is scalable. Results can be used by designers to balance the potential energy savings from using PCM with a complete understanding of the associated fire risks. This also allows them to employ any risk mitigation strategies that they desire [39–41]. Researchers continue to work to improve the flame retardant performance of PCM [42].

The novelty of this research is in the determination of the flammability properties of the boards and the influence of PCM on the overall results. The risk of ignition for phase change materials has not been evaluated, particularly when incorporating PCM into interior wall finishing boards. The obtained results can assist designers in balancing the potential energy savings of using PCM with a comprehensive understanding and predictability of the associated fire risk when employing the proposed boards.

2  Materials

Hemp shives–a by-product of the hemp fiber variety “Bialobrzeskie” grown in Latvia. The average moisture content of hemp shives is 7.9%. Granulometric analysis of the raw materials-the average results of sieving of raw material particle samples are summarized (see Fig. 1). The amount of fractions in the range from 2000 to 5600 μm in the raw material is 48.46%. For hemp shives 29.56% of the fraction is in the size range of 500–2000 μm. Less than 20% of the material has fractions with a size greater than 5600 μm. The granulometric analysis revealed that the fractions which are less than 500 μm in hemp shives contain 3.74% and they are separated before the production of board as in the production of boards fractions larger than 500 μm are used.
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Figure 1: Results of granulometric analysis of hemp shives

Urea-formaldehyde resin adhesive Kleiberit 862.0 (UF) with hardener for cold pressing. The choice of a water-soluble binder was important because the PCM material was in the water emulsion slurry. And as well adhesive is selected based on its physical and chemical properties. The binder is supplied in the form of a white powder and is mixed with water at 18°C–20°C.

The encapsulated PCM microcapsule MikroCaps, Ltd. (Ljubljana, Slovenia) product–PCM S50. The appearance of a white aqueous dispersion of formaldehyde-free slurry, average microcapsules particles size 1–15 μm, polyurethane (formaldehyde-free) as a type of membrane, and a Biobased type of PCM with a melting temperature of 23°C–28°C, density 900–970 g/L. Bio-based PCM is a renewable and green alternative in comparison with paraffin PCM. They are non-toxic and can be recycled without material degradation. With PCM, it is possible to innovate traditional insulation materials-to store and release latent heat energy, using a PCM supplemented with microcapsules and incorporating it into heat and sound insulation materials of various structures.

Two groups of samples were prepared for testing varying with the type of raw material and the percentage of microencapsulated PCM with 10% maintaining the specified limits of the target density. The first group of boards is produced without PCM to get Hemp shives (H) basic data, but the second group-hemp shives with 10% PCM (H_10%PCM) to allow comparison of the data.

The publication is based on results obtained during the writing process of the doctoral thesis from Riga Technical University authored by Inga Zotova [43].

3  Methods and Technology

3.1 Production of Board Materials

Cold pressing is used to produce board samples (Fig. 2).
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Figure 2: Scheme of the production of board materials

First group samples: Weighing of lignocellulosic raw material; Preparation of binder; Being evenly leveled the mixed mass is formed into a matrix; Samples must be kept under pressure in the matrix for a minimum of 12 h.

Second group samples: Weighing of lignocellulosic raw material; Preparation of binder; After mixing PCM is added in the amount of 10% of the mass of the raw material; Mix the components to obtain a homogeneous consistency; Being evenly leveled the mixed mass is formed into a matrix; Samples must be kept under pressure in the matrix for a minimum of 12 h.

3.2 Fire Reaction Test

Tests are performed using a cone calorimeter GD-ISO5660. The device consists of a sample placement and weighing stand, a conical heating element with a spark ignition device, a combustion gas removal system and measuring instruments.

A cone calorimeter is a device used to investigate the resistance to ignition and reaction to fire of small samples of various materials. This device allows the surface of the sample to be exposed to heat radiation at various heat capacities. Table 1 shows samples data from the device before testing.
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Combustion is a complex chemical oxidation process that is difficult to predict under actual fire conditions [44]. The standard LVS ISO 5660-1:2015/A1:2021 [45] defines a method for assessing the rate of heat release and dynamic smoke generation rate of samples exposed to a controlled level of heat radiation with external ignition. The rate and amount of heat release are assessed by measuring the oxygen consumption obtained by determining the oxygen concentration in the combustion gases and their flow rate. In this test the time until the sample ignites is determined as well.

The dynamic smoke generation rate is calculated by measuring the weakening of the laser light beam in the combustion gas flow. Smoke generation is registered throughout the test, regardless of whether the sample ignites or not. In addition, the mass loss of the samples is measured throughout the test.

In the cone calorimeter fire reaction tests can be performed within the limits of 25–75 kW/m2 heat radiation, according to the standard LVS ISO 5660-1 methodology. A heat power of 50 kW/m2 and prepared samples of 100 mm ×100 mm were used in the research (see Fig. 3).
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Figure 3: a–sample in the specimen holder, b–sample during test, c–sample after the test

At the beginning of the test, the holder with the sample is placed on the testing base, which provides continuous fixing of the sample’s mass during the test. An ignition device is placed above the surface of the sample, which ignites the surface of the heated sample by an electric spark. The necessary heat radiation is conducted to the surface of the sample. The spark is removed after the sample is ignited, and if the sample goes out, the sample’s extinction is recorded, but the spark is not re-applied until the end of the test. If the sample re-ignites due to heat radiation, the second, third, etc. ignition of the sample is recorded. The ignition time of the sample is recorded.

During the test the amount of oxygen in the combustion gases is measured, and the mass of the sample at 5 s intervals. The device has a fixed gas extraction rate (0.024 ± 0.002) m3/s. The amount of smoke produced is also measured by measuring the attenuation of the laser beam as it passes through the combustion gases.

In the research, the changes of the samples are analysed for 10 min of test time, and basic data are collected for 1 min before the beginning of the test.

When calculating the amount of generated heat during the combustion process, it is assumed that 13.1 ×103 kJ of energy is released when 1 kg of oxygen is burned. The test results are applicable only to the behaviour of the samples under specific test conditions. They cannot be used as the only criterion to assess the potential fire hazard of the product in use.

Statistical processing methods are used for data processing: descriptive statistics and mutual comparison of data; correlation and regression analysis.

Since the sample groups of fire reaction research are small, the assessment of the influence of factors’ significance is implemented with standardized methods of statistical data processing. It determines the use of an approximate method of assessment of the significance of factors. The factor affecting the fire response is considered significant if the average value of the factor exceeds the limit of one standard deviation for the parameter being compared.

4  Results of Physicochemical Properties

4.1 Fire Reaction Test

The fire reaction characteristics of the materials were determined for the H and H_10%PCM sample groups. The heat release of both sample groups is similar, but the H_10%PCM group has 6 MJ/m² or 15% higher heat output than the H group. For both sample groups the total amount of released heat is in the range of 45 to 51 MJ/m², but the consumed oxygen is in the range of 28 to 32 g, where the H_10%PCM group has consumed 14 % or 4.5 g more oxygen in comparison with H group samples. This could be explained by the addition of raw material, which also requires more oxygen for combustion. The difference in mass loss for both groups of samples is within 1 %. The specific loss factor differs by 0.3% between the sample groups, where the H group has a loss of 6.89 g/(cm2) and the H_10%PCM group has a loss of 6.97 g/(cm2). Samples with PCM in the composition ignited 1.49 times faster than samples without PCM, which means that the capsules contribute to the combustion of the samples and additional protection against ignition should be considered. The H group samples ignited in 9.67 s and the H_10%PCM group in 6.5 s.

4.2 The Amount of Smoke

As a result of the smoke release the total amount of smoke in the time period from 0–605 s is 33.70 m²/m² for the H group and 43.95 m²/m² for the H_10%PCM group, as a result, H_10%PCM emitted 30 % more than the H group during the entire test. The H sample group released 3.6 times more smoke than the H_10%PCM sample group in the first 10 s, which is the non-flaming phase. But in the period from 10 to 605 s, in the flaming phase, 1.4 times more smoke was released by samples with PCM composition, respectively H released 31.67, and H_10%PCM 43.4 m²/m². The obtained results lead to the conclusion that the amount of smoke is affected by the PCM composition in the samples (see Fig. 4).
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Figure 4: The amount of smoke of the samples

4.3 The Heat Release

Analyzing the heat release data the conclusion can be made that the sample group with PCM at 60 s has a higher result of 136.92 kW/m2, and for the H group 120.7 kW/m2, which also decreased with a similar difference in results, obtaining that 605 s still has a higher heat release speed 87.11 against 75.82 for H group (see Fig. 5).
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Figure 5: Heat release rate

4.4 The Effective Heat of Combustion

Fig. 6 shows the results of the effective heat of combustion, where in the first 60 s the heat of combustion is released rapidly, after 10 s, when the flaming phase begins, the heat of combustion increases rapidly up to 60 s. In the period of time from 60 to 605 s changes occur, stabilizing the result, reaching 12 MJ/kg for the H_10%PCM group and 10.41 MJ/kg for the H group.
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Figure 6: Effective heat of combustion

4.5 The Coefficient of Specific Extinction

The coefficient of specific extinction is drastically different for both groups. As can be seen for the group with PCM it happens more slowly and evenly in the first 60 s, reaching a maximum value of 41.78 m²/kg and then this value decreases steadily, while for the samples of the H group, the maximum value is already reached in the first 11 s, reaching 65.3 m²/kg and by 60 s, it is already rapidly falling and then steadily decreased. The value of group H reaches four times higher specific extinction coefficient in the first 11 s (see Fig. 7).
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Figure 7: Specific extinction coefficient

4.6 The Mass Loss

Mass loss measurements are used to analyse the development of smouldering in hemp shives insulation boards. The mass loss rate rapidly peaks at 12.1 g/(s·m²) for the H group and 12.64 g/(s·m²) for the H_10% PCM group. The mass loss for both groups of samples starts to decrease from 60 s and it continues to decrease equally for the rest of the test time. Most of the total mass loss is during the downward smouldering regime, despite the low release of recorded temperatures. The reason for that is that the initial combustion involves the pyrolysis process, during which most of the mass is lost, the further process involves reactions of charring oxidation and thus the mass loss is less. Materials containing PCM experience a higher rate of mass loss compared to PCM-free materials due to factors such as the presence of volatile PCM components and PCM decomposition. Interactions with other components and changes in combustion characteristics also play a role in influencing different rates of mass loss. Additionally, the chosen PCM S50 encapsulated PCM membrane is made from polyurethane (formaldehyde-free), which affect or increase flammability.

4.7 The Carbon Dioxide Yield

The first 60 s is the fastest burning process during which carbon dioxide (CO2) is released. It can be seen that the amount of emitted CO2 during the subsequent combustion process decreases. The results of the H_10%PCM group are slightly higher, which could be influenced by the added microencapsulated PCM dispersion (see Fig. 8).
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Figure 8: Carbon dioxide yield

5  Conclusion

•   The technology developed to produce insulation boards with integrated PCM dispersion, made from hemp shives in the cold pressing process using urea-formaldehyde resin glue, allows for the creation of low-density boards.

•   According to the published studies, the bio-based phase change material has lower flammability and reaction to fire, however, in the conducted study the results are influenced by the encapsulated PCM composition and its interaction with other board materials. In the conducted tests, it was determined that the inclusion of PCM resulted in faster ignition time, increased smoke output throughout the test, higher oxygen consumption, and a higher heat release rate.

•   PCM itself may possess specific flammability characteristics, and integrating it into board materials could impact the overall flammability of the composite material. In this study, while samples with PCM exhibited slower ignition, the group with PCM emitted 30% more smoke than the group without PCM throughout the entire test.

•   Lignocellulosic board materials pose a high risk of ignition. To reduce flammability in the process of making the material the addition of microcapsules with flame retardant filling or treat hemp shives pre-treatment with a flame retardant recommended.
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Table 1: Samples data for the test of the reaction to fire with cone calorimeter

Average data of Thickness of the Initial mass, g Ambient Surface area, cm® E, MJ/  Heat Distance from the
sample groups materials, mm pressure, kg flux, sample to the source
kPa kW/m? of heat radiation, mm
H 22,03 69,00 102,20
88,4 13,1 50 25
H PCM 23,65 66,65 102,15
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