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Abstract

:

A comprehensive investigation regarding the hygrothermal behavior of a constructive solution containing phase change materials (PCMs) was performed on a full-scale test cell, divided into two similar compartments. This involved hygrothermal monitoring (indoor air temperature) of the two compartments, in which one had PCM incorporated into the floor mortar. The main goal of this research was to investigate the potential of this kind of solution for overheating mitigation. The numerical study was conducted using EnergyPlus® software (version 9.0), exploring different natural ventilation flow rates to gauge the novel solution’s potential to reduce overheating rates. The results from the monitoring studies revealed prolonged periods of thermal discomfort in both test cells, particularly overheating. However, it was proven that the PCM application in one of the test cells led to a reduction of almost 10 °C in the maximum peak of air temperature. In the simulation analysis, the increase in the ventilation rate led to a linear decrease in the overheating hours of up to one renovation per hour, and then the reductions were attenuated.
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1. Introduction


The building sector has attracted global attention as a significant contributor to energy-related issues, accounting for 40% of worldwide energy consumption [1] and approximately 30% of total greenhouse gas emissions [2]. In this regard, the refurbishment of existing buildings will play a crucial role in achieving energy and climate objectives outlined in the European Union (EU) Sustainable Development Goals (SDGs) for Agenda 2030 [3], given that 35% of the European Union’s buildings are over 50 years old and about 75% of the building stock is considered energy inefficient [4]. Accordingly, there is an urgent need to refurbish and retrofit old and energy-inefficient buildings and find effective solutions to enhance thermal and energy performance, thereby reducing overall energy consumption [5].



One potential strategy to tackle this challenge involves the use of thermal energy storage (TES) systems incorporating phase change materials (PCMs) since they provide an effective means of mitigating indoor temperature fluctuations and energy demands [6]. These materials, with a designated melting and crystallization temperature range, demonstrate the capacity to store and release thermal energy upon demand [7]. Essentially, energy is stored in a latent form during the transition from a solid to a liquid state, and during the reverse process (i.e., from a liquid to a solid state), the stored energy is released [8]. Notably, the U.S. Department of Energy (DOE) has recognized the use of PCMs as the system most capable of thermal latent heat storage in passive solar designs [9]. Due to their promising capabilities, PCMs have been extensively researched for innovative applications in buildings in recent years, including mortars and concrete [8,10,11,12,13], masonry technologies and bricks [14,15], plastic foams [16], gypsum boards [17,18], and passive solar applications [19,20]. The integration of PCMs into building materials or systems offers a promising means of mitigating indoor temperature fluctuations, thereby enhancing overall energy efficiency. Notably, the study by Christen et al. [10] demonstrated a significant reduction in maximum indoor temperatures, by up to 3.9 °C, achieved through the use of 3D-printed concrete with PCM incorporated via vacuum impregnation. Likewise, Mahdaoui et al. [15] explored the application of a hollow building brick with microencapsulated PCM, achieving a 2 °C reduction in daily thermal amplitude. Similar positive outcomes were observed in the studies of gypsum boards modified with microencapsulated PCM [18] and a Trombe wall system enhanced with macroencapsulated PCM [20,21].



Nevertheless, applications of PCM in refurbishment remain a relatively unexplored research domain, marked by a scarcity of studies on the matter, especially those adopting an experimental approach. Experimental tests play a crucial role in this field, allowing for the consideration of real conditions in thermal performance analysis. In this context, novel approaches for deriving environmental and energy parameters in building monitoring are making the process more accessible and accurate [22]. One of the pioneering investigations on using PCM to enhance building envelope refurbishment was conducted by Ascione et al. [23] in Italy in 2014, employing simulation analysis. Their findings revealed a reduction in cooling season energy demand with an increase in the thickness of the PCM wallboard. Moreover, a collection of additional studies and review papers addressing the retrofit of new and existing buildings is available in the literature [24,25,26,27,28,29,30,31,32,33,34]. In a more recent study, Imafidon and Ting [28] investigated the potential energy savings achieved by incorporating a layer of honeycomb PCM wallboard into the wall assembly of a prefabricated retrofit panel across various climates. Their simulation-based investigation concluded that optimal performance was achieved when the PCM layer was positioned closer to the indoor environment than the outdoors, resulting in a 13% reduction in heat loss and an 8% reduction in heat gain. Regarding experimental research, Berardi and Soudian [26] examined a composite PCM system with varying melting temperatures, evaluating its influence on indoor air and surface building temperatures through monitoring conducted in two test cells. Their findings indicated a notable reduction in peak indoor and surface temperatures, with decreases of up to 6 °C.



Now, addressing the identified gap in the literature involves incorporating solutions containing PCM into real-scale construction applications. To do so, in this study, we set out to introduce and investigate a novel constructive solution: a PCM containing mortar for a flooring application, to compensate for the thermal inertia losses caused by the use of thermal insulation materials in the inner surface of the building’s envelope. This scenario arises as a result of building refurbishment since national laws often require the preservation of the historical appearance, limiting the interventions that can be applied to the inner layer of exterior walls. Given that thermal comfort and energy efficiency are the paramount objectives when applying this innovative solution, real-condition experimental monitoring, complemented by a dynamic thermal simulation of a real-scale test cell, was carried out to analyze its performance.




2. Methodology


The main goal of this work was the development of and research into a novel constructive solution incorporating PCM for new or refurbished buildings, and thermal comfort and energy efficiency were the two main goals we considered. In this context, monitoring and dynamic thermal simulation of a test cell using EnergyPlus® (EnergyPlus is funded by the U.S. Department of Energy’s (DOE) Building Technologies Office (BTO), and managed by the National Renewable Energy Laboratory (NREL)) [35] were carried out to evaluate whether those goals were achieved.



Our methodology began with the development of an experimental setup of a test cell that could be used for real thermal characterization, as well as the validation of the numerical model. To record the values of temperatures and relative humidity (RH), thermo-hygrometer sensors were installed. The sensors were positioned inside the test cell in such a way as to avoid direct sun exposure through its glazed area, following the recommendations of the standard ISO 7726 [36].



To determine the passive solar building thermal performance using a test cell as a demonstrator, the novel developed PCM constructive solution was evaluated following the methodology depicted in Figure 1.



This methodology was divided into five main steps.



The first step was the experimental preparation and setup, where the slabs were produced from an expanded clay containing mortar with PCM (developed by Salgueiro et al. [37] in a previous study) for subsequent application on the floor of one test cell compartment.



The second step involved the characterization of the test cell (dimensions, orientation, and constructive solutions). In this step, to characterize the constructive solution (namely, slab boards), the transient plane source (TPS) method and a modulated differential scanning calorimeter (MDSC) were used.



The third step was the experimental tests, where the selected parameters were recorded using a data acquisition system. To do so, the outdoor parameters—relative humidity (RH), solar radiation (S) and air temperature (Tair)—were monitored with local weather data. Regarding the indoor environment’s conditions: air temperature, relativity humidity and heat flows were monitored. Data acquisition was carried out with a time step of 10 min for a period of approximately one month.



The fourth step focused on the numerical simulation of the building’s thermal performance, using Energy+®, where the experimental setup data of the previous step were used for calibration purposes. In this step, the fitness between the real and simulated data was evaluated for the model calibration. Then, the ventilation rate of the test cell was improved to mitigate overheating, using the total latent heat capacity of the PCM.



In the fifth and last step, the data obtained through experimental test monitoring and numerical simulations were analyzed, evaluated, and discussed.




3. Case Study


3.1. Base Model: General Setup


The test cell is located at the University of Aveiro, Aveiro, Portugal. This test cell is divided into two identical compartments, without any shading system installed or mechanical/natural ventilation devices/grids (Figure 2). The glazed wall of the test cell faces due south, allowing for the maximization of passive solar gains [9]. As shown in Figure 2a, one of the compartments of the test cell was used as the reference compartment (C-REF) while slabs with PCM were placed in the other compartment (C-PCM).



The test cell structure has the shape of a rectangular parallelepiped (Figure 2b) and measures 7 m × 2.35 m × 2.57 m (L × W × H), which represents a total floor area of 16.45 m2 and an internal volume of each compartment of 21.14 m3.



Regarding the constructive solutions, the floor structure is composed of structural metal profiles and 18 mm of insulation material with a thermal conductivity of 0.30 W m−2 K−1 and vinyl finish. The external walls of the test cell are composed of 40 mm sandwich panels (with polyurethane foam as the insulation material), and the roof is also composed of sandwich panels with two additional layers of glass fiber and water vapor protection. The total thickness is equal to 80 mm.



As previously indicated, the test cell is divided into two internal compartments, which are separated by an internal partition wall composed of a sandwich panel with 40 mm of insulation material. Furthermore, to improve the thermal insulation and to reduce the energy transfer between compartments, for this study, an additional layer was applied on each partition wall surface containing 40 mm of XPS insulation material.



The front south façade is composed of four panes of double-glazed windows with air between the layers (5 + 12 + 5 mm), with an area of 1.80 × 2.28 m2.




3.2. Slab Boards’ Production


In the experimental work, the mixture used for the slab board production was that put forward by Salgueiro et al. [38], which was developed following the European Standard EN 998–1 [39], which is specific for plaster mortars.



Furthermore, the mortar was formulated according to NP EN 197–1 [40], composed of Portland cement (Type I, Class 42.5R (Cimpor) [41]), water, Leca® XS and microencapsulated PCM.



The microencapsulated PCM added to the mortar mixture was Micronal DS 5040 X. This is a powder that contains a paraffin wax core wrapped inside polymeric microcapsules with sizes ranging from 50 μm to 300 μm. The Micronal characteristics are shown in Table 1.



The slabs’ fabrication started with mixing the mortar in accordance with the mixture formulation presented in Table 2, following the procedure defined in NP EN 196–1 [43] to ensure homogeneity of all mortar aggregates.



After the mixing process, the mixture was immediately moved to the casts, which have a parallelepiped shape (0.30 × 0.30 × 0.02 m3), as presented in Figure 3.



The boards were left inside the molds for 48 h, with the curing process performed in a laboratory at 23 ± 2 °C and 50 ± 5% relative humidity.



After the curing process was finished, all slabs were painted with black matte paint (Figure 4) to maximize solar absorption. Additional information on the characterization of the slab boards can be found by consulting the studies conducted by Salgueiro et al. [44], Monteiro [45] and Nunes [46]. To construct the test cell with PCM slabs covering the entire floor, a total of 39 kg of PCM and 172 kg of mortar were utilized.




3.3. Slab Boards’ Thermal Characterization


The mortar used for the board’s fabrication was thermally characterized using the following approaches:




	
TPS (transient plane source) method using the Hot Disk AB TPS 2500 S equipment. In this method, a designated amount of heat is introduced through a sensor positioned between two specimens of the same material. The specimen absorbs this heat, and by assessing the energy released to the surroundings, the values for thermal conductivity and specific heat capacity are estimated [47];



	
MDSC (modulated differential scanning calorimeter) method using the TA Instruments Q100 equipment. In this test, a temperature increment is applied to both the specimen and a reference material, while sensors gauge the temperature difference between them. During a phase change in the specimen, the heat flux as a function of temperature is quantified [48].








A full description of the mortar thermal properties is presented in Salgueiro et al.’s work [38]. The most important mortar properties for this work are presented in Table 3.



The enthalpy evolution of the mortar containing PCM was experimentally measured by the MDSC method and evaluated by the mathematical integration of the specific heat as a function of the temperature (Figure 5).



As expected, the mortar’s measured enthalpy was lower than the values of the microencapsulated PCM. These results validated the values given by the manufacturer, with the heat of fusion reduced by 74% (from 95 kJ kg−1 to 25 kJ kg−1), which was equivalent to the PCM quantity in the mortar mixture.




3.4. Numerical Modeling: Monitoring and Validation


Computational models are becoming increasingly prevalent in various fields of science and engineering. These models are developed to predict and understand complex phenomena that are difficult or impossible to observe experimentally. However, the accuracy of these models depends on how well they can represent a real-world system. Therefore, validating numerical models is crucial for ensuring the accuracy and reliability of their results.



The hygrothermal and heat flow of the test cell were monitored, as well as the weather data (solar radiation, S, air temperature, Tair, and relative humidity, RH). These data are fundamental for the numerical model’s calibration and validation.



For the external monitoring (weather data), a pyranometer (LP PYRA 03) was used to measure and record the global radiation (W m−2) in compliance with the ISO 9060 standard [49] and meet the requirements defined by the Word Meteorological Organization (WMO). This pyranometer is designed to support extreme climatic conditions and was installed on the roof of the test cell.



The measurements of the outdoor air temperature and relative humidity were carried out using an HD 9008 TR hygrothermal device, which has a capacitive humidity sensor of type H6100 and a Pt100 temperature sensor. This device was installed on the roof and protected against the wind, solar radiation, and rain by a ring-type Delta Ohm.



For indoor monitoring, to record the temperature and relative humidity, thermo-hygrometer sensors were used (JUMO 907021/21): the temperature probe has an accuracy of 0.5 °C and a resolution of 0.1 °C, and the humidity probe has 3% RH accuracy and 0.1% RH resolution. The temperature was also monitored by Pt100 probes.



The internal heat flow through both internal compartments was measured and recorded using a Hukseflux HFP01 thermal flow meter. This has a ceramic–plastic body that keeps the thermal resistance low. Considering the temperature dependence, over the temperature range from −30 °C to 70 °C, the heat flux uncertainty was ±5%.



Figure 6 shows the locations of internal and external probes used in this experimental test.



The test cell was monitored for almost one month (from 23 September to 9 October). Sensors were positioned inside the test cell in order to avoid direct sun exposure through the glazed area. Furthermore, this distribution was in accordance with ISO 7726 [36], which serves to prevent the combined effect of solar radiation and exterior temperature of exterior walls.




3.5. Weather Files Used for Numerical Models


In accordance with the World Map of Köppen—Geiger Climate Classification, Aveiro is located in a Csa region (C—warm temperature; s—summer dry; a—hot summer). In terms of a detailed weather classification, to correspond with the parameters in the simulations, the climatic database from LNEG (National Laboratory for Energy and Geology) was used.



A summary of the weather data adopted for the simulation is shown in Table 4, where the average monthly values of the air temperature, relative humidity, direct normal irradiance (DNI), and diffuse horizontal irradiance (DHI) are presented.



To characterize the weather, the hottest months and those with higher irradiance are July and August; meanwhile, the lowest temperatures occur in December, January, and February, which also present the higher values of relative humidity.




3.6. Numerical Model Definition


In this sub-section, the model features of the whole dynamic building simulation are presented, which were developed to simulate the thermal and energy behavior of the case study. The model was created using SketchUp® with the OpenStudio® plugin, to reproduce the geometry of the case study. The numerical calculations were carried out using the Energy+® software.



A multi-zone model with two thermal zones was considered, which corresponded to the internal compartments (spaces with and without slab board containing PCM) of the test cell (see Figure 7). Both zones had the same indoor space and geometry, orientation, opaque constructive solutions, and glazed area, enabling them to be compared. As presented in Section 3.1, one of the compartments had PCM boards installed in the floor (C-PCM), and the other compartment without PCM was considered the reference compartment (C-REF) (Figure 7).



The test cell was simulated without considering human occupation or heating sources (lighting, electric equipment, and active systems for heating or cooling) to represent completely passive use.





4. Results’ Analyses and Discussion


4.1. Test Cell’s Performance (Real Data)


To achieve the main objective of the present research work, it was essential for us to evaluate and compare the thermal behaviors of the novel constructive solution containing PCM and the reference solution, both when applied under real environmental conditions. Figure 8 shows the indoor temperature measured in both compartments, where C-REF corresponds to the air temperature of the reference compartment and C-PCM corresponds to the air temperature of the PCM compartment.



When analyzing these results, the compartment with the PCM solution presents the following:




	
Thermal amplitude reduction of 21% (average);



	
Longer time delay, of between 60 min to 90 min, to reach the maximum and minimum indoor temperatures;



	
Lower maximum air temperature peak (average of 13%);



	
Higher minimum air temperature peak (average of 14%).








During the day, the PCM prevented high overheating values, and during the night, it contributes to preventing an excessive temperature drop. Despite periods of excessive overheating, as well as extreme indoor air temperatures in both compartments, the reference compartment showed a higher temperature amplitude.



During the night, the PCM compartment present higher minimum indoor air temperatures and also a longer time delay to reach the minimum temperature.



Both compartments have large south-facing glazed areas, meaning they are strongly influenced by solar radiation, which significantly increases the indoor air temperatures.




4.2. Dynamic Building Simulation


4.2.1. Numerical Model’s Validation


The numerical model was validated using monitoring data from the indoor environments of the test cells, as well as using data collected from the exterior weather station (located on the roof of the test cell) for the period under study.



A comparison between measured and numerical data was performed for the indoor air temperatures of the PCM test cell (see Figure 9).



The overlapping of results shows there was fairly good agreement between the numerical model and in situ measurements. The difference between the temperature curves was approximately 1 °C to 2 °C (Figure 10) with a maximum difference of 10 °C at the maximum peak of temperature on 29 September.



As can be observed in Figure 11, the correlation factor showed good agreement for both data: simulated and real. Thus, the model was considered validated.




4.2.2. Simulated Building’s Performance


Numerical simulations were carried out in order to analyze the PCM effect on the constructive solution, namely, on the floor. The numerical simulations allowed us to evaluate different strategies that we modeled for preventing overheating in the summer and consequently reducing the annual energy demand, thus preserving high thermal comfort inside the buildings.



Different scenarios were defined to evaluate the thermal behavior and optimize the use of the PCM to potentiate the charge and discharge process during a daily cycle.



The strategy consisted of increasing the fresh air entering each thermal zone when the exterior temperature was suitable for passive ventilation and the exterior wind velocity was at a maximum of 4 m s−1. Thus, in the cooling period, passive ventilation was activated based on the differential dry bulb temperature, that is, the outdoor air inflow rate increased when the outdoor air temperature was lower than the indoor air temperature.



The PCM’s performance was characterized by evaluating the overheating rate during the summer season, which was considered to be between the months of May and October (Figure 11), and also for the reference year (Figure 12).



When analyzing the results from Figure 11 and Figure 12, the following conclusions can be drawn:




	
The increase in ventilation leads to a linear decrease in the overheating hours until reaching one renovation per hour, for both scenarios (C-PCM and C-REF);



	
For higher levels of ventilation (above 1 h−1), the overheating decreases more smoothly;



	
From the trendline analyses in both figures, it seems the latent heat capacity of the PCM can attenuate the impact of the ventilation rate on the indoor environment;



	
For high levels of ventilation, the charge and discharge process of the PCM occurs faster. Thus, the amount of PCM should be adequately defined, taking into account the ventilation level.











5. Conclusions


The work carried out in this study has proven the applicability and potential of PCM in constructive solutions, which should be highly incentivized for southern European climates.



Based on our assessment of the discomfort time for the heating season, it is possible to conclude that the PCM provides a potential thermal regulation effect (average thermal amplitude reduction of 18%), reducing the discomfort level through the attenuation of the temperature swing and peak temperatures reached in indoor spaces. However, the chosen melting point was essentially defined to improve the indoor comfort for the cooling season.



PCMs are a promising technology for improving energy efficiency and reducing greenhouse gas emissions. By incorporating PCMs in buildings, it is possible to reduce energy consumption for heating and cooling and provide a reliable form of thermal energy storage. With the continuous development of new and innovative systems incorporating PCMs, it is possible to unlock even more potential for sustainable energy storage.



However, to provide a more comprehensive evaluation of the impact of PCMs on indoor temperature fluctuations and thermal inertia, enhanced experimentation should be conducted. This must involve the combination of different passive strategies, so that those work together, aiming to reduce the excessive indoor air temperature reached in the test cell. This may include, e.g., shading devices to minimize the solar radiation inside the compartments. Furthermore, to optimize PCM behavior in terms of charging and discharging processes and thereby enhance energy-saving efficiency and thermal comfort in the test cell, additional exploration through numerical simulation regarding different PCM phase change ranges is deemed necessary.
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Figure 1. Methodology: experimental tests and numerical simulation of the novel PCM constructive solution’s application. 
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Figure 2. Test cell: (a) floor plan and dimensions; (b) real view of the test cell (south façade). 
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Figure 3. Slab boards’ production. 
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Figure 4. Single slab board (during the curing process) and painted with black matte paint (after the curing process). 
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Figure 5. Mortar’s enthalpy evolution with temperature. 
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Figure 6. Internal and external instrumentation schematic. 
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Figure 7. Numerical model layout: C-REF and C-PCM. 
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Figure 8. Air temperature behavior: (a) for the monitored period, and (b) for a detailed period of 3 days. 
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Figure 9. Comparison between the measured and simulated temperatures. 
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Figure 10. Correlation factor between simulated and measured temperatures. 
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Figure 11. Overheating rate as a function of the ventilation level (considered for between May and October). 
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Figure 12. Overheating rate as a function of the ventilation level (one year). 
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Table 1. Micronal characteristics (adapted from [42]).
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Micronal DS 5040 X






	
Density (kg m−3)

	
300–400




	
Melting point (°C)

	
23




	
Operating range (°C)

	
10–30




	
Latent heat capacity (kJ kg−1)

	
100











 





Table 2. Mortar formulation and the mixture percentages.
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Mixture Components, w (%)

	
Water/Solid Ratio




	
Cement

	
Leca® XS

	
PCM






	
15

	
60

	
25

	
36











 





Table 3. Mortar’s thermal properties.
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	Thermal Property
	Unit
	PCM Mortar Formulation





	Peak melting
	°C
	20.58



	Peak crystallization
	°C
	17.83



	Melting range
	°C
	10.26–24.85



	Crystallization range
	°C
	9.33–23.16



	Thermal conductivity
	W m−1 K−1
	0.20



	Specific heat capacity
	kJ kg−1 K−1
	1.40



	Thermal diffusivity
	m2 s−1
	168 × 10−9



	Thermal inertia
	J m−2 K−1 s−0.5
	488










 





Table 4. Main properties of weather data (monthly averages).
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	Month
	Tair

(°C)
	RH

(%)
	DNI

(W m−2)
	DHI

(W m−2)





	January
	9
	81
	95
	37



	February
	9
	79
	126
	49



	March
	11
	76
	135
	67



	April
	13
	74
	176
	86



	May
	15
	74
	199
	97



	June
	18
	75
	212
	100



	July
	20
	73
	238
	104



	August
	20
	74
	230
	91



	September
	18
	76
	179
	75



	October
	16
	77
	153
	56



	November
	11
	80
	123
	40



	December
	9
	81
	100
	33
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