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Abstract: Phase Change Materials (PCMs) have high thermal inertia, and hemp concrete (HC), a bio-based concrete, has strong hygroscopic behavior. In previous studies, PCM has been extensively combined with many materials, however, most of these studies focused on thermal properties while neglecting hygroscopic aspects. In this study, the two materials have been combined into a building envelope and the related hygrothermal properties have been studied. In particular, numerical studies have been performed to investigate the temperature and relative humidity behavior inside the HC, and the effect of adding PCM on the hygrothermal behavior of the HC. The results show that there is a high coupling between temperature and relative humidity inside the HC, since the relative humidity changes on the second and third days are different, with values of 8% and 4%, respectively. Also, the variation of relative humidity with temperature indicates the dominant influence of temperature on relative humidity variation. With the presence of PCM, the temperature variation inside the HC is damped due to the high thermal inertia of the PCM, which also leads to suppression of moisture evaporation and thus damping of relative humidity variation. On the second and third days, the temperature changes at the central position are reduced by 4.6% and 5.1%, compared to the quarter position. For the relative humidity change, the reductions are 5.3% and 5.4% on the second and third days, respectively. Therefore, PCM, with high thermal inertia, acts as a temperature damper and has the potential to increase the moisture buffering capacity inside the HC. This makes it possible for such a combined envelope to have both thermal and hygric inertia.

Keywords: Phase change material (PCM); bio-based concrete; passive building envelope; heat and moisture transfer; hygrothermal performance



Nomenclature



	Chc
	heat capacity of HC (J/(kg·K))



	
C∗

	effective specific heat capacity of PCM (J/(kg·K))



	Kw
	liquid water permeability (kg/(Pa·m·s))



	Lv
	heat of vaporization (J/kg)



	Mw
	molar mass of water (kg/mol)



	pv,sat
	saturation pressure (Pa)



	qst
	isosteric heat (J/kg)



	R
	ideal gas constant (J/(mol·K))



	T
	temperature (°C)



	w
	volumetric moisture content (kg/m3)



	δp
	water vapor permeability (kg/(Pa·m·s))



	ξ
	sorption capacity



	ρhc
	density of HC (kg/m3)



	ρhc
	density of HC (kg/m3)



	ρw
	density of water (kg/m3)



	ρpcm
	density of PCM (kg/m3)



	
λ∗

	effective thermal conductivity of PCM (W/(m·K))



	λhc
	thermal conductivity of HC (W/(m·K))



	λhc
	thermal conductivity of HC (W/(m·K))



	φ
	relative humidity (%)




1  Introduction

Indoor temperature and relative humidity have a clear and direct impact on the comfort and health of occupants [1]. HVAC (heating, ventilation, and air conditioning) system is an active building method often used to manage indoor temperature and relative humidity, but it has the disadvantage of high energy consumption.

Bio-based materials are generally made from biologically renewable materials such as wood, hemp, cellulose wadding, straw, date palm fibers, etc. [2,3]. They have received a lot of attention in recent years based on their advantages. First, their raw materials come from natural plants and have low carbon emissions during manufacture, installation, utilization, maintenance, and demolition processes [4,5]. Besides, some bio-based materials have high porosity and low thermal conductivity and can be used as insulation for building envelopes to limit the heat transfer between indoor and outdoor environments [6]. Liu et al. [7] summarized four popular bio-based materials that can be used as building insulation materials: hemp, straw, flax, and wood. Moreover, the hygroscopic properties of bio-based materials can regulate the relative humidity in the surrounding environments, thus improving the indoor hygric environment, reducing the growth of mold, and saving energy [8,9]. The hygroscopic properties have been shown to be highly correlated with temperature properties. Poyet et al. [10] theoretically explained the relationship between vapor adsorption properties and temperature. Chennouf et al. [11], Rahim et al. [12], and Colinart et al. [13,14] experimentally and numerically investigated the relationship between temperature and hygroscopic properties; they concluded that hygroscopic properties are easily affected by temperature.

Several research projects on bio-based materials have been implemented by simulation and experimental methods [15,16]. In terms of simulation models, coupled heat and mass transfer has been studied for many years, and these models include single field [17,18], dual field [19], and triple field models [20], which were distinguished by different driving forces.

Similarly, combining phase change material (PCM) into a building envelope has proved to be an interesting technique due to its high thermal storage capacity [21]. PCM has been used as part of building compounds to regulate the thermal environment and save energy [22,23], such as wallboard, floor, roof, and window [24,25]. Moreover, PCM can be used in different seasons, countries, and climates by designing different thermal parameters, combination methods, and positions within the building envelope [26]. For the heat transfer model, the effective heat capacity model [27,28] and the enthalpy model [29] are often used to simulate the heat transfer of PCM.

The combination of PCM with other materials, such as cement mortar [30], bricks [31,32], concrete [33], diatomite [34], etc., has been extensively studied. However, these studies have only focused on the thermal performance of the combined envelope. As mentioned above, bio-based concrete has thermal properties and hygroscopic properties. The hygroscopic properties, meanwhile, are highly related to temperature properties. Therefore, it is necessary to investigate both the thermal and hygroscopic behavior of the combined envelope and the effect of the PCM on the hygrothermal behavior of HC.

The objectives of this study are to explore the feasibility of combining PCM and hemp concrete (HC), to investigate the hygrothermal behavior of HC, and to investigate the effect of PCM on the hygrothermal behavior of HC. Therefore, in this study, PCM and HC are combined as a new building envelope and the hygrothermal behavior of the combined envelope is investigated numerically. First, the mathematical models of PCM and HC are presented and validated, the structure of the combined envelope is described. Then, the temperature and relative humidity behavior inside the HC is studied and the effect of PCM on HC is analyzed. Finally, the conclusions are summarized.

2  Mathematical Model

Heat and mass transfer in HC can be treated as transfer activities in a porous medium. In the present study, the model is based on Kunzel’s model [35], which takes into account the moisture transport of liquid and vapor. The driving forces for the liquid and vapor phases are capillary pressure and partial water vapor pressure, respectively. To describe the relationship between the sorption characteristics and temperature, Poyet’s model [10] is used to link the relationship between two different moisture states. These models can be expressed as follows:

Mass conservation equation:


∂w∂φ|T∂φ∂t+∂w∂T|φ∂T∂t=∇((δppv,sat+KwρwRTφMw)∇φ+(δpφdpv,satdT+KwρwRln⁡(φ)Mw)∇T)
(1)

Energy conservation equation:


ρhcChc∂T∂t=∇(λhc∇T)+Lv∇(δppv,sat∇φ+δpφdpv,satdT∇T)
(2)

Sorption characteristics at two different states (T1, φ1) and (T2, φ2):


φ2(T2,w)=φ1(T1,w)Pv,sat(T1)Pv,sat(T2)eqst(w)MwR(T2−T1T1T2)
(3)

Here, the latent heat of evaporation [36] and liquid water permeability [37] can be written as:


Lv=(2500−2.4T)×103
(4)


Kw=δpφMwpv,satRTρw
(5)

For the model of PCM, the effective heat capacity model [27,28] is chosen. This model treats the phase change latent capacity as effective heat capacity under the phase transition range. The phase change problem can be transformed into a single-phase nonlinear problem, which simplifies the mathematical calculation. The energy conservation equation can be expressed by:


ρpcmC∗∂T∂t=▽(λ∗▽T)
(6)

3  Simulation Procedure

Fig. 1 and Table 1 show the schematic diagram and dimensions of the single HC and the combined envelope. The combined envelope has a PCM layer arranged with four holes to ensure moisture migration through the HC. It should be noted that only the heat/mass transfer in the thickness direction is considered for both HC and PCM. Table 2 shows the physical properties of the two materials.
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Figure 1: HC (left) and combined envelope (right)
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The simulations were conducted with the commercial software COMSOL Multiphysics 5.3a, which uses finite element analysis to solve mathematical equations. The initial temperature of PCM and HC is 20°C and the initial relative humidity of HC is 50%. Fig. 2 shows the boundary conditions. For the external condition, the temperature increases from 10 to 20 and then 30°C; the relative humidity increases from 50% to 80% and then decreases back to 50%. Thus, there is an identical and an opposite trend in temperature and relative humidity over the three days variation, which helps to relate the hygrothermal behavior of the combined envelope to the obvious changes in temperature-relative humidity coupling.
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Figure 2: Internal and external boundary conditions of (a) Temperature and (b) Relative humidity

To investigate the effect of PCM on the hygrothermal behavior of HC, two positions were chosen as shown in Fig. 3:
•   Center position: in the geometric center of the HC layer;

•   Quarter position: at a position perpendicular to the center of the hole and in the middle of the HC layer.
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Figure 3: Center (above) and quarter (below) position of HC

Since only the heat/mass transfer along the thickness direction is considered, the two positions show the same hygrothermal behavior for single HC without PCM. In contrast, for the combined envelope, the transfer at the quarter position is not affected by the PCM, and the center position is affected by the PCM.

4  Results and Discussion

4.1 Model Validation

Experiments were performed to validate the mathematical model by placing an envelope between a climate chamber and a laboratory environment (Fig. 4). The experimented envelope consisted of one PCM layer and two HC layers. The PCM layer (50 × 50 × 2.12 cm3) was placed between the two HC layers (50 × 50 × 7 cm3) with a total dimension of 50 × 50 × 16.12 cm3. The physical properties of the HC and PCM were referenced to Table 2.
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Figure 4: Experiment for model validation

The climate chamber provides variable temperature and relative humidity, which evolve according to a sinusoidal function with time (day) as the variables: T = 27.5 + 12.5 × sin (πt/12) and φ = 60% − 35% × sin (πt/12). In contrast, the temperature and relative humidity are relatively stable within the laboratory environment, with fluctuations of less than ±0.2°C and ±1.6%, respectively. The measurement point is in the middle of the PCM and the second HC. The experiment was carried out for 48 h, and the time step for recording the experimental data was 120 s.

Fig. 5 shows the comparison of simulation and experimental results. The simulation and experimental results agree well. By calculation, the relative error range for the two measurement points is from −3.2% to 2.4% for temperature and from −2.4% to 1.2% for relative humidity. These data show that the models exhibit high accuracy and can be used for further studies.
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Figure 5: Comparison between the simulation and experimental results of (a) Temperature and (b) Relative humidity

4.2 Hygrothermal Behavior of HC Without PCM

Fig. 6 shows the temperature change of the HC at the center/quarter position without the PCM. Since the internal temperature remains constant, the temperature at the center/quarter position remains continuously increasing along with the external temperature.
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Figure 6: Temperature inside the HC without PCM

Fig. 7 shows the variation of relative humidity of HC at the center/quarter position. On the second day, the boundary temperature and relative humidity increase simultaneously, and the relative humidity inside the HC also increases. However, on the third day, when the external temperature increases and the relative humidity decreases, the relative humidity inside the HC still increases like the temperature inside the HC. That is, the trend of relative humidity inside the HC is not significantly affected by the boundary relative humidity, but remains consistent with the temperature. These phenomena can be explained by the moisture phase change caused by temperature. The increase in temperature leads to moisture evaporation inside the HC, which results in an increase in relative humidity. On the other hand, as temperature decreases, water vapor condensation occurs inside the HC and leads to a decrease in relative humidity. Thus, the successive increases in relative humidity on the second and third days are caused by the moisture evaporation.
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Figure 7: Relative humidity inside the HC without PCM

However, temperature is not the only factor guiding the relative humidity variation. The relative humidity change on the second and third day is not consistent with the values of 8.0% and 4.0%, respectively, because the relative humidity inside the HC is also affected by the boundary (external) relative humidity. As the external relative humidity increases, moisture diffuses from external to the HC and increases the relative humidity inside the HC. On the contrary, the decrease in external relative humidity causes the moisture vapor to evacuate from the HC to the external and decreases the relative humidity inside the HC. Therefore, both the boundary temperature and relative humidity promote the relative humidity increase inside HC on the second day. While on the third day, boundary temperature and relative humidity have opposite effects on relative humidity, with the former acting as a promoting effect to increase relative humidity and the latter acting as a suppressing effect to decrease relative humidity. The competition between the two effects indicates that the promoting effect is stronger and eventually leads to the increase of relative humidity, which is the reason that the relative humidity change on the third day is lower than that on the second day.

Consequently, the relative humidity change inside the HC highlights the coupling effect between temperature and relative humidity. Moreover, temperature plays a major role in determining the relative humidity variation.

4.3 Hygrothermal Behavior of HC with PCM

In this section, the hygrothermal behavior of HC is studied with the presence of PCM. Since only the heat and mass transfer in the thickness direction is considered, the temperature and relative humidity behavior at the quarter position is consistent with the results in Section 4.2 (without PCM). Thus, the comparison between the center and quarter positions reflects the effect of PCM on the hygrothermal properties of HC.

Figs. 8 and 9 show the temperature and relative humidity behavior at the center and quarter positions. Both positions show an increasing trend in temperature, but the increase is different. On the second and third day, the temperature increase at the quarter position is 5.60°C and 3.34°C, respectively. In contrast, at the central position, the temperature increases less with values of 5.34°C and 3.17°C, which are 4.6% and 5.1% reduced, respectively, compared to the quarter position. That is, the temperature at the central position changes more slowly than the quarter position during the same time period. Because PCM has a larger heat storage energy capacity (high thermal inertia) in the phase transition range due to the large specific heat capacity. As a result, a large amount of thermal energy is stored in the PCM layer, which dampens the temperature transfer and variation inside the combined envelope.
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Figure 8: Temperature of HC at center and quarter with PCM
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Figure 9: Relative humidity of HC at center and quarter with PCM

In terms of relative humidity in Fig. 9, an increasing trend is observed both on the second and third days at both positions due to the main effect of temperature. As for the relative humidity change, the values at the center position are 7.2% and 3.5% on the second and third day, respectively, which are 5.3% and 5.4% lower than those for the quarter position (7.6% and 3.7% on the second and third day, respectively). In other words, the relative humidity change is reduced at the center position during the same time period with the presence of PCM, meaning that the hygric inertia of HC is enhanced by PCM. This phenomenon can be explained from two aspects. On the one hand, the temperature has a major effect on the relative humidity inside the HC, and the relative humidity varies with temperature. As mentioned in Section 4.2, the increase in temperature increases the relative humidity by inducing moisture evaporation inside the HC. On the other hand, the center temperature is damped by the thermal inertia of the PCM and has a smaller temperature change than the quarter position. Therefore, the moisture evaporation phenomenon inside the HC is suppressed with the presence of PCM, leading to a decrease in relative humidity change compared to the quarter position.

Consequently, these results demonstrate the dual effect of PCM on heat and moisture transfer. The presence of PCM can improve the thermal inertia of the combined envelope by slowing down the temperature change inside the PCM and HC. In addition, PCM can also improve the hygric inertia of the combined envelope by slowing down the relative humidity change inside the HC.

5  Conclusions

In this study, PCM was combined with HC to explore the potential of combining thermal and hygric inertia. The hygrothermal behavior inside HC and the effect of PCM were studied numerically.

Temperature and relative humidity in the single HC show high coupling between heat and mass transfer. The changes of relative humidity on the second and third day are 8% and 4%, respectively, due to the dual effects of temperature and relative humidity (heat and mass transfer). Moreover, relative humidity variation is mainly influenced by temperature, caused by evaporation and condensation of moisture. Regardless of whether the trends of boundary temperature and relative humidity are the same, the relative humidity inside HC only shows the same variation trend as the temperature.

With the presence of PCM, the temperature variation within the HC is dampened. On the second and third day, the temperature changes at the center position are 5.34°C and 3.17°C, respectively, which are reduced by 4.6% and 5.1% compared to the quarter position (5.6°C and 3.34°C). Moreover, the relative humidity change at the central position is also dampened by PCM due to the damping of moisture evaporation caused by the damping of temperature. The relative humidity changes at the central position on the second and third day are 7.2% and 3.5%, which are 5.3% and 5.4% lower than those at the quarter position (7.6% and 3.7%).

Consequently, PCM can dampen not only the change of temperature, but also the change of relative humidity inside the HC. With the presence of PCM, it is possible to increase both the thermal and hygric inertia of the combined envelope. The current work is a start, and future research aims to explore the hygrothermal and energy performance of the combined envelope in real-climate applications.
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Table 1: Dimensions of HC and PCM

Dimension HC PCM Holes
(Iength x width X thickness) (Iength % width X thickness) (radius and thickness)
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Table 2: Physical properties of HC and PCM

HC PCM [38]
Density [kg/m’] 478 810
Thermal conductivity [W/(m'K)] 0.125+3.36 x 10w A =0.18; 2,=0.14
Specific heat capacity [kJ/(kg'K)] 1.08 +8.8 x 10w Cp,=4.0; Cp;=3.8
Water vapor permeability [kg/(Pa'm's)] 1.26 x 107 x exp(2.260) —
Latent heat [kJ/kg] — 136.2

Phase transition range [°C] — 10-28
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