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Abstract

:

Phase change material (PCM)-enhanced building envelopes can control indoor temperatures and save energy. However, PCM needs to undergo a phase change transition from solid to liquid and back to be fully effective. Furthermore, most previous research integrated PCM with high embodied energy materials. This study aims to advance the existing research on integrating PCM into carbon-negative wall assemblies composed of hempcrete and applying temperature control strategies to improve wall systems’ performance while considering the hysteresis phenomenon. Four hempcrete and hempcrete-PCM (HPCM) wall design configurations were simulated and compared under different control strategies designed to reduce energy demand while enhancing the phase change transition of the microencapsulated PCM. The HPCM wall types outperformed the hempcrete wall assembly through heating (~3–7%) and cooling (~7.8–20.7%) energy savings. HPCM walls also maintained higher wall surface temperatures during the coldest days, lower during the warmest days, and within a tighter range than hempcrete assembly, thus improving the thermal comfort. However, the results also show that the optimal performance of thermal energy storage materials requires temperature controls that facilitate their charge and discharge. Hence, applied control strategies reduced heating and cooling energy demand in the range of ~4.4–21.5% and ~14.5–55%, respectively.






Keywords:


phase change materials; hysteresis; hempcrete; passive application; temperature controls; thermal energy storage; thermal mass; wall assembly; finite volume method












1. Introduction


Latent heat storage systems with phase change materials (PCMs) are promising technology capable of storing and releasing significant quantities of heat per unit of mass through a phase change from liquid to solid and back near room temperature [1,2]. As a result, the PCM can better control indoor temperatures and save energy by absorbing part of a building’s heat load during the daytime as it melts and releasing this heat during the cooler nighttime as it returns to its solid phase. In passive applications, PCMs are typically embedded into the building fabrics of walls, floors, roofs, fenestration, façade, shutter, and shading systems without relying on auxiliary equipment, which increases the envelope’s thermal storage capacity [1,2]. PCM is integrated into the building fabrics through different approaches such as PCM-enhanced covering materials, including plasterboards, wallboards or gypsum boards [3,4,5], concrete [6,7], ceramics [8,9], microencapsulated PCM panels [10,11,12], multi PCM structure [13,14,15,16], and PCM-impregnated insulations [17,18,19]. The initial capital cost of PCM is still high [2,20]. Furthermore, PCM needs to undergo a phase change transition from solid to liquid and back to be fully effective. Hence, applying an appropriate control strategy is required to maximize the energy savings during its operation.



Different control strategies have been used in buildings with PCM-enhanced envelopes to control the operation of the mechanical systems and hence ensure indoor comfort while minimizing energy consumption, cost, and CO2 emissions [2]. Some studies investigated natural ventilation techniques alone or combined with HVAC setpoint control strategies to lower the cooling demand and discomfort time. Thus, Solgi et al. [21] implemented a night ventilation strategy that solidifies the PCM when the outdoor temperature dropped below 30 °C to reduce the cooling energy demand of an office building exposed to a hot-arid climate. Barzin et al. [22] constructed two identical lightweight experimental huts, a reference with impregnated gypsum boards and one finished with PCM-enhanced gypsum boards, equipped with air conditioning units. While using an air conditioning unit without night ventilation achieved very little savings in electricity, using night ventilation to charge the PCM instead resulted in 73% weekly electricity savings. Other studies applied more advanced control strategies than classical controls to handle disturbances, time-dependent parameters, and nonlinear systems. For example, Zhu et al. [23] performed a numerical study to evaluate the impact of optimal control methods in commercial buildings enhanced with shape stabilized PCM and equipped with air conditioning units. The results showed that the use of PCM in the building envelope reduced electricity and peak load by 11% and 20%, respectively. Konstantinidou et al. [24] carried out a simulation-based study using an EN adaptive comfort model combined with multi-objective optimization to implement a control strategy for air conditioning and ventilation patterns to minimize the cooling demand and discomfort time in undivided and subdivided office buildings enhanced with PCM. The findings showed that PCM could reduce demand and discomfort hours of the undivided office building but not of the entire subdivided space where the reduction occurred only in the south and east orientations of the buildings, probably due to their exposure to solar radiation.



A fewer number of studies applied temperature control strategies to reduce heating energy requirements while maintaining thermal comfort. For example, Bastani et al. [25] investigated the impact of an on/off control, using five different room setpoint temperature ranges (20–25, 19–24, 18–23, 20–24, and 20–23 °C) on shifting heating peak demand of a bungalow with PCM wallboards in Canada. The findings suggest that a broader range of room operational temperatures results in higher energy consumption during the charging period and the entire day. At the same time, a wider operating temperature range avoided the heater’s operation for space conditioning for a more extended period after the charging hours. Another study conducted in cold climates evaluated seventeen PCMs and their performance in a standard Danish office with a cooling setpoint of 25 °C and a heating setpoint of 22 °C [26]. During off-peak hours the setpoint indoor air temperatures were 21–23 °C, and during peak hours, 17–19 °C. Over the six days, the PCM-enhanced hut achieved 21.5% and 26.7% power and cost savings, respectively, compared to the structure without PCM. The results suggest building insulation level, room cooling, heating setpoints, and ambient weather conditions are critical parameters in identifying the best performing PCM. The optimal control method can also be applied to buildings integrated with PCM passively. Barzin et al. [27] evaluated two experimental huts in New Zealand equipped with identical electric heaters, one having gypsum boards and the other DuPont PCM wallboards with a melting temperature of 21.7 °C. Most previous studies examined embedding PCMs into conventional envelope systems [1,2] and building materials with high embodied energy, such as gypsum [28], concrete [29], and cement mortars [30]. However, the energy intensity of construction materials is becoming more critical with decreasing the operational loads through tightening the building energy codes. Hempcrete, made of the hemp plant’s inner woody core combined with a lime-based binder, is a lightweight, carbon-negative biocomposite material that can considerably enhance energy performance, indoor environmental quality, and sustainability of buildings [31,32]. In this regard, hempcrete is a non-structural material used with a load-bearing frame that offers a beneficial compromise between thermal conductivity and thermal inertia, thus enabling a passive control of the indoor building environment [33]. For example, low thermal diffusivity of hempcrete, ranging from 1.48 × 10−7 m2/s in the dry state to 0.98 × 10−7 m2/s in the fully saturated condition, and its high specific heat capacity from 1000 to 1590 J/(kg K) [34,35,36,37] can provide better thermal performance than suggested by its thermal transmittance in the range of 0.06–0.14 W/(m K) [35,36,38]. Moreover, hempcrete envelopes can also meet building code requirements and simplify envelope construction [39]. A limited number of research studies investigated the integration of microencapsulated PCMs into hemp–lime composites [40,41]. Furthermore, although experimental results showed a pronounced hysteresis effect of hempcrete-PCM composites, the previous numerical analysis did not investigate this phenomenon [40].



This study aims to advance the existing research on integrating hempcrete and hempcrete-PCM composites into wall assembly systems and applying the temperature control strategies to improve their performance in cold climates while considering the hysteresis phenomenon. First, we developed four hempcrete and hempcrete-PCM (HPCM) wall designs using thermophysical properties experimentally derived in our previous study [40]. Second, their performance was analyzed and compared under the base case control strategy. Then, best-performing wall configurations were further investigated under four different control strategies designed to reduce heating and cooling energy demand while improving the phase change transition of the microencapsulated PCM. Hence, this work provides valuable guidance and recommendations for the integrated building design that considers the interaction between the building thermal mass and HVAC systems.



Furthermore, most existing studies have researched PCM applications for cooling savings in temperate and hot weather conditions [1,21,22,23,24]. In contrast, this study seeks to expand our knowledge of PCM use under various temperature control strategies in buildings exposed to cold climates and heating energy savings. Moreover, unlike previous research conducted in cold environments [25,26], we implemented setback temperature profiles during dormant hours and within the comfort range during the daytime. This control strategy aimed to decrease discomfort during active periods and heating energy demand through lower indoor–outdoor temperature differences during the coldest part of the day. This study also moves the field forward and fills the gap regarding implementing user-defined functions for modeling hysteresis phenomena and temperature controls in ANSYS Fluent (ANSYS Inc., Canonsburg, PA, USA). In this respect, the Supplementary Materials of this paper details the developed user-defined functions.




2. Materials and Methods


2.1. Geometry and Materials


Numerical simulations allowed the extension of the experimental results [31] by comparing the performance of hempcrete and three design options of hempcrete-phase change material (HPCM) wall assemblies under different control strategies. Figure 1 illustrates the wall model developed in ANSYS Design Modeler (ANSYS Inc., Canonsburg, PA, USA) and simulated design options, including (1) a wall with 30 cm of hempcrete infill, (2) a wall with 10 cm of HPCM and 20 cm of hempcrete infill (HPCM10), (3) a wall with 20 cm of HPCM and 10 cm hempcrete infill (HPCM20), and (4) a wall with 30 cm of HPCM infill (HPCM30). Furthermore, measurement points at (X = 0, 0.5 L, L), where L is 10 cm for HPCM10, 20 cm for HPCM20, and 30 cm for HPCM30 (see Figure 1), allowed insight into the wall temperatures and the effectiveness of integrated phase change materials at different wall thicknesses.



The hempcrete infill consists of hemp hurd, binder (50% hydrated lime and 50% metakaolin by weight), and water at the ratio of 1:1:3 by weight, respectively. Because of the microencapsulated phase change material’s (MPCM) high price, negative impact on the mechanical properties [42], and hindering effect on energy savings when used in higher percentages [40], HPCM infill consists of approximately 9% MPCM (Nextek 18D) and 91% hempcrete. The Nextek 18D product has an 18 ± 1 °C phase change temperature, 15–30 µm particle size, ~300–400 kg/m3 bulk density, and ≥190 J/g heat of fusion [43]. This MPCM product was selected due to its high shell integrity and volumetric heat capacity, on the one hand, and low agglomeration rate and high encapsulation efficiency on the other hand [40,43]. Table 1 summarizes the materials’ thermophysical properties used to simulate the four wall design types. The experimental results show that the HPCM has lower thermal conductivity than hempcrete despite approximately 3% higher dry density due to about 30–40% lower thermal conductivity of the MPCM than hempcrete [40]. For example, the thermal conductivity of MPCM ranges from 0.061 to 0.071 W/(m K) over the temperature range of 16–25 °C and the thermal conductivity of hempcrete ranges from 0.1023 to 0.1048 W/(m K) over the temperature range of 14–24 °C. Consequently, all HPCM wall types (i.e., 10, 20, and 30 cm thick HPCM layers) have between 3.7% (HPCM10) and 8.8% (HPCM30) lower overall thermal transmittance than the base hempcrete case with 0.344 W/(m2 K). Values for hempcrete and HPCM infills are taken from the experimental study [40] and common building materials such as gypsum and cement lime plaster from the WUFI software library [44]. Thermal diffusivities are calculated according to [45].




2.2. Climate and Controls


The wall design types, hempcrete, HPCM10, HPCM20, and HPCM30, were simulated for weather conditions in Winnipeg, Canada. The Canadian Weather for Energy Calculations file (DOE, Washington, DC, USA), composed of hourly weather data records selected from a 30-year database for Winnipeg [46], and the building modeling tool EnergyPlus (DOE, Washington, DC, USA)were used to generate solar flux data, outside temperature, and wind speed for south wall orientation with the external heat transfer coefficient calculated by the Liu and Harris model [47], and the internal heat transfer coefficient calculated by the Awbi and Hatton model [48]. Winnipeg experiences temperature differences between summer and winter of more than 60 °C. Winters are long and extremely cold, with average outdoor air temperatures ranging from −5 to −20 °C, and summers are short and warm, with average outdoor air temperatures ranging from 5 to 25 °C. The city also has relatively low evening and night temperatures, with an average of approximately 15 °C during the three warmest summer months. As a result, the predominant energy use in buildings is heating. Therefore, this study investigated phase change material with the temperature range suitable for the winter setpoint and setback temperatures to reduce the space heating energy consumption.



Figure 2 shows the flow chart of the implemented control logic. Furthermore, Figure 3 presents the simulated control strategies. The base case (BC) schedule applied setpoint temperatures within the thermal comfort range of 20–24 °C at all times. Hence, heating started when the temperature fell below 20 °C, whereas cooling began when the temperature raised above 24 °C. Schedule 1 (SCH1) introduced heating and cooling setback temperatures of 18 and 26 °C during the dormant hours in winter and summer, respectively. The goal of this control strategy was to, on the one hand, increase heating and cooling energy savings, and on the other hand, facilitate the phase change transition of the modeled microencapsulated PCM (see Section 2.1). However, our previous research showed the pronounced hysteresis effect of hempcrete-PCM composites. As a result, the solidification of the modeled MPCM starts at lower temperatures of around 16 °C [40]. Therefore, Schedule 2 (SCH2) further reduced the heating setback temperature to 16 °C and kept the cooling setback temperature to 26 °C. Schedule 3 (SCH3) applied heating setback temperature ramp-up and cooling setback temperature ramp-down of 0.5 °C every 30 min from 05:00 to 07:00 to avoid the heating and cooling energy peaks in the morning hours. Finally, Schedule 4 (SCH4) implemented a heating setback temperature ramp-up of 1 °C every 30 min from 05:00 to 07:00 while maintaining the cooling controls from SCH3.




2.3. Governing Equations and Hysteresis


Numerical analysis is carried out with the software ANSYS Fluent using a finite volume method. The model solves the following time-dependent governing energy equation.


  ρ   ∂ h   ∂ t   = ∇ ·  (  k ∇ T  )  +  S E  ,  



(1)




where ρ is the density, t is time, h is the specific sensible enthalpy (    ∫      C  p , s e n s i b l e     d T  ), k is thermal conductivity, T is temperature, and SE is the source term to simulate the effect of latent energy and hysteresis, defined by the following Equations (2) and (3).


   S E  = − ρ   ∂ Δ H   ∂ t    



(2)






  Δ H = β  ( T )  ∗ L ,  



(3)




where ΔH is the latent energy at a certain liquid fraction β, L is the total latent energy of the HPCM, and β(T) is the liquid fraction of HPCM as a function of temperature.



For the hysteresis effect with complete cycles of melting–freezing phase change, temperature change with time determines the liquid fraction equation used in the source term, as shown in Equations (4) and (5).


   β  ( T )  =  β m   ( T )    ,   if     d T   d t   ≥ 0   



(4)






   β  ( T )  =  β f   ( T )    ,   if       d T   d t   < 0   



(5)




where βm (T) is the liquid fraction of the melting curve, and βf (T) is the liquid fraction of the freezing curve, as shown in Figure 4.



However, in real-world applications and integration of the PCMs into the envelope systems, they often experience incomplete melting and freezing conditions [49]. Hence, a hysteresis model is used to simulate the hysteresis effect and the transition between melting and freezing curves in cases of incomplete phase change, as shown in Figure 4. The hysteresis model and the liquid fraction transition curves are developed using the mathematical scaling technique provided by [40], as shown in Equations (6) and (7) and Figure 4.


   β  m − f    ( T )  =    β m   (   T o   )     β  h y s t    (   T o   )     β  h y s t    ( T )  ,    



(6)






  1 −  β  f − m    ( T )  =   1 −  β f   (   T o   )    1 −  β  h y s t    (   T o   )     (  1 −  β  h y s t    ( T )   )  ,  



(7)




where βm (To) is the liquid fraction at To on the melting curve, βf (To) is the liquid fraction at To on the freezing curve, βm−f (T) is the liquid fraction for the transition from melting to the freezing process, βf−m (T) is the liquid fraction for the change from freezing to melting process, and βhyst (To) is the liquid fraction at To on the middle transition curve, as shown in Figure 4.



Confidence in the numerical modeling of the hysteresis effect required validation against the experimental results. In this regard, the developed hysteresis model is validated against the experimental results presented in [50]. In this study, researchers applied a temperature step change for heating and cooling modes on a bio-based PCM product to measure its temperature change and observe the interrupted phase change process. Thus, the same temperature step profile (see Figure 5), geometry, and PCM properties, presented in Figure S3 and Table S2 of the Supplementary Materials, were simulated. The numerical predictions were then compared against experimental measurements provided in [50]. The hysteresis modeling section in the Supplementary Materials presents additional information about the developed model and validation approach. Figure 5 shows a good agreement between the numerical and measured temperatures (with RMSE of 0.65 and 0.35 °C for heating and cooling, respectively, and a maximum temperature difference of 1.1 °C in both cases) and nearly the same profile behavior for temperature change. Consequently, the developed hysteresis model can accurately simulate the interrupted freezing and melting of the PCM.



It is also important to note that the developed finite volume model of the wall applies symmetry boundary conditions at the stud and cavity centerlines. At the same time, it does not consider the interfaces and corners between walls, solar gains through windows, internal loads, and radiation exchange between interior surfaces.





3. Results and Discussion


3.1. Wall Type Comparison for Base Case Schedule


Table 2 summarizes the annual heating, cooling, and total energy consumption with the corresponding percentage savings of the four wall types, hempcrete, HPCM10, HPCM20, and HPCM30, under the BC schedule (see Figure 3). Overall, all HPCM wall types reduced energy consumption compared to the hempcrete wall. For example, HPCM30 achieved the highest total energy savings of approximately 7.8%, followed by HPCM20 with around 6%, and HPCM10 with 3.2%. The improved storage capacity of HPCM walls coupled with their 10% lower thermal conductivity than the hempcrete wall (see Table 1) is the likely reason for the overall better thermal performance of HPCM walls than the hempcrete wall. Therefore, HPCM30 composed entirely of hempcrete-phase change material composite outperformed HPCM20 and HPCM10 with 20 cm and 10 cm thick HPCM layers. The findings also show that HPCMs achieved higher cooling than heating energy savings, ranging from 7.77% to 20.75%. However, due to the cold and long winters in Winnipeg, heating energy reductions range from 1125 to 2735 W h/m2, whereas cooling savings are between 79 and 211 W h/m2. Considering that these savings are per square meter, the energy reductions for the entire envelope are likely to be significantly higher, especially for buildings with a high exposed surface area to volume ratio. Furthermore, compared to the photovoltaic panel’s (P.V.) power output of around 1000 W/m2 under the standard testing conditions [51], the heating energy savings of HPCM walls are significantly higher.



Table 3 summarizes the interior (i.e., wall surface in contact with the air) temperatures’ descriptive statistics for the wall cases. Additionally, Figure 6 compares assemblies’ hourly wall surface temperatures during the coldest and warmest weeks. The findings suggest that HPCM walls maintained higher wall surface temperatures during the coldest days, lower during the warmest days, and within a tighter range than hempcrete. For example, as presented in Figure 6a, HPCM wall types provided 0.1 to 0.6 °C higher temperatures than the hempcrete wall assembly during a week with the lowest outdoor air temperatures in January. Similarly, HPCM wall types kept approximately 0.2 to 0.4 °C lower temperatures during the warmest summer days than the hempcrete wall. These findings support the results of previous studies about the ability of PCM-enhanced envelope components to maintain more comfortable indoor conditions compared to the conventional building envelope systems in the cold region [52].



A thorough comprehension of the impact of MPCMs’ integration into hempcrete requires detailed knowledge of their phase change behavior throughout the year. In this respect, Figure 7 compares the number of phase change hours between the HPCM wall types at three points—the internal, the middle, and the external. As presented, the HPCM walls had a similar number of phase change hours (~5050) in the inner layer (i.e., at X = 0). In contrast, the HPCM10 wall had approximately 42% and 38% more phase change hours in the middle (i.e., at X = 0.5 L) than HPCM20 and HPCM30 walls, respectively. Similarly, the HPCM10 case exhibited around 29% and 49% more phase change hours than HPCM20 and HPCM30 walls, respectively, at the exterior (i.e., at X = L). Additional analysis of monthly phase change hours revealed two main reasons for these findings. First, because microencapsulated phase change material was selected to perform during the heating season and thus has a low operating phase change temperature of 18 ± 1 °C (see Section 2.1), it stayed melted most of the summer in all walls. As a result, HPCM walls effectively behaved as sensible heat storage during the summer months. Yet, their higher heat storage capacity than hempcrete (see Table 1) led to lower interior surface temperatures during warm days. Second, low winter temperatures prevented the phase change cycle in the assemblies with HPCM closer to the external environment. Consequently, a significant amount of HPCM30 and HPCM20 stayed frequently solid during the winter months. Considering these results and the current high price of the microencapsulated phase change materials, we selected HPCM10 to explore control strategies and different schedules further.




3.2. The Performance of HPCM10 under Schedules 1 and 2


Table 4 summarizes and compares the energy consumption of hempcrete and HPCM10 wall types under three control strategies—BC, SCH1, and SCH2 (see Figure 3). As anticipated, the introduction of setback temperatures during the night under SCH1 and SCH2 reduced heating and cooling energy consumption of both wall assemblies compared to the BC schedule. Thus, heating setpoint reduction of 2 °C during the dormant hours in SCH1 achieved 4.41% and 4.15% heating energy savings for hempcrete and HPCM10 walls, respectively, compared to the BC schedule. Additional reduction of setback temperature to 16 °C under SCH2 further increased heating energy savings to 7.46% for the hempcrete wall and 7.82% for HPCM10 assembly. The cooling setpoint increase to 26 °C under both scenarios resulted in more significant cooling energy savings. Hence, hempcrete and HPCM10 walls achieved energy savings of 16.1% and 14.5%, respectively, under SCH1. Likewise, hempcrete and HPCM10 assemblies reduced cooling energy consumption by 15.7% and 14.4%, respectively, under SCH2. Furthermore, similar to previous findings, HPCM10 wall assembly achieved higher energy savings than the hempcrete wall under SHC1 and SCH2.



Further understanding of the hempcrete and HPCM10 wall type performances requires analyzing monthly and hourly energy consumption and interior surface temperatures. In this respect, Figure 8 presents the average monthly heating and cooling energy consumption during active and dormant periods for hempcrete and HPCM10 walls under BC, SCH1, and SCH2 control strategies. As presented, both walls exhibited higher energy consumption under SCH1 and SCH2 than BC during active hours. Thus, the energy consumption of the hempcrete wall was 123–303 and 137–600 W h/m2 higher under SCH1 and SCH2, respectively, than BC.



On the other hand, both schedules with setback temperatures reduced energy consumption during the night compared to the BC controls throughout the year. For instance, hempcrete and HPCM10 walls reduced energy consumption from 18% in January to 84% in July under the SCH1. Furthermore, the application of SCH2 further decreased energy use by 22–31% for hempcrete and 44–60% for HPCM10 from November to January under SCH2. Hence, SCH1 and SCH2 almost eliminated heating energy needs during the nights from May to September and significantly reduced them during the rest of the dormant periods compared to the BC schedule.



Figure 9 shows the average hourly walls’ energy consumption under three schedules during active and dormant hours from November to March. The most significant increase in the walls’ heating energy consumption under SCH1 and SCH2 compared to the BC schedule occurred in the early morning hours when the outdoor air temperatures were at their lows and heating setback temperature changes to the setpoint (see Figure 3). Furthermore, because of the higher difference between setback and setpoints of 4 °C, SCH2 had a more pronounced energy peak at 08:00 than SCH1. In contrast, at night, both walls had a significantly lower energy consumption under SCH1 and SCH2 than their counterparts under the BC scenario. Furthermore, the HPCM10 wall type outperformed the hempcrete case during dormant hours. In this respect, the HPCM10 case had 5–7% and 16–20% lower average hourly energy consumption than the hempcrete wall type at night under SCH1 and SCH2, respectively.



Figure 10 illustrates the average interior surface temperatures of hempcrete and HPCM10 walls under SCH1 and SCH2 from November to March to provide additional insight into the performance of the latent heat storage. We can observe that the HPCM10 wall type maintained higher interior surface temperatures than hempcrete assembly, particularly under SCH2 during dormant hours. For example, HPCM10 achieved between 0.01 and 0.18 °C higher inside wall surface temperatures than hempcrete under SCH1. This temperature difference between HPCM10 and hempcrete walls was higher under SCH2, ranging from 0.08 to 0.34 °C.



A possible explanation for better performance of the HPCM10 wall than the hempcrete case during the night may lie in significantly lower thermal diffusivity (i.e., the lower rate at which heat disperses throughout the material) of the HPCM10 assembly than the hempcrete wall. In this respect, due to around 8.7% lower thermal conductivity and 17–73% higher specific heat capacity of HPCM than hempcrete, HPCM has 26–76% lower thermal diffusivity than hempcrete (see Table 1). Consequently, the HPCM10 wall had a lower heat transfer from the inside (hot) to the outside (cold) than hempcrete assembly, thus maintaining higher indoor surface temperatures and reducing the heating energy consumption during the night.



However, the comparison of the HPCM10, hempcrete, and HPCM10 theoretical wall with the same overall heat transfer coefficient as hempcrete wall hourly energy consumption under SCH2 from January 12th to 15th, presented in Figure 11a, indicates another cause for the differences in their performance. Thus, on the one hand, the HPCM10 wall had higher energy consumption than the hempcrete wall during the active hours of the 12th and 13th. On the other hand, the HPCM10 wall had lower energy consumption than the hempcrete wall during the daytime hours of the 14th and 15th. The lower thermal diffusivity of the HPCM10 compared to the hempcrete wall does not entirely explain these findings. In this regard, the HPCM10 wall should consistently achieve higher heating energy savings than the hempcrete wall due to the lower heat transfer rate throughout the HPCM layer.



Furthermore, Figure 11b illustrates that outdoor air temperatures significantly declined over the presented period from the average of −3 °C on the 12th to −22 °C on the 15th. Contrastingly, all four days had high solar radiation (~23–31% lower than the annual maximum 1128 W/m2), especially the 12th with the maximum of 870 W/m2. Hence, the phase change material in the HPCM10 melted and absorbed solar energy during the less cold and sunny winter days of the 12th and 13th, at the expense of higher energy input of the heating system compared to the hempcrete case. Previous studies support the explanation that phase change materials sometimes can increase energy consumption due to the absorption of the thermal energy (e.g., solar radiation) that otherwise would heat the space and reduce heating requirements [53]. Then, when outdoor air temperature declined on the 14th and 15th, the HPCM10 wall released the stored heat back to the interior space, reducing energy consumption compared to the hempcrete wall.



Analysis of the hypothetical HPCM10 wall type additionally contributes to these findings. In this respect, Figure 11a indicates that an increase in the overall thermal heat transfer coefficient of the HPCM10 wall had a dual effect on its performance. On the one hand, the theoretical case had higher energy consumption than the original HPCM10 and hempcrete assemblies during the daytime. On the other hand, the hypothetical case achieved almost identical heating energy savings as the original HPCM10 during the night.



Previous studies showed that increasing the conductivity of PCMs could improve the efficiency of the latent thermal energy storage because it reduces the material’s charging and discharging time [54]. Nevertheless, an excessive increase in thermal conductivity can negatively affect the system’s storage capacity. Hence, there should be a trade-off between thermal conductivity and thermal storage capacity. Therefore, an increase in the heat transfer coefficient of the HPCM10 increased energy consumption compared to the original case while melting and absorbing the heat during the daytime. At the same time, an increase in heat transfer coefficient improved the heat discharge at night, thus achieving similar energy savings to the original case and outperforming the hempcrete wall.



Although overall SCH1 and SCH2 achieved energy savings compared to the base case controls, energy increase in the daytime and peaks in the mornings may cause higher energy prices due to the high energy demand during the on-peak hours. Therefore, our further investigation included applying the modified control strategies that use temperature ramping to reduce the energy peaks during the morning and active hours.




3.3. The Performance of HPCM10 under Schedules 3 and 4


Table 5 summarizes and compares the energy consumption of hempcrete and HPCM10 wall assemblies using the control strategies BC, SCH3, and SCH4 (see Figure 3). Overall, applying the temperature ramping under SCH3 and SCH4 resulted in significant heating and cooling energy savings in investigated wall assemblies compared to BC and their counterparts without ramping, SCH1 and SCH2, respectively. For example, the heating energy savings of SCH3 and SCH4 schedules for both wall types were approximately 11% and 21% higher, respectively, compared to the BC controls. The cooling energy savings for the walls were around 54% higher than the BC schedule. Furthermore, both wall assemblies’ heating energy savings were approximately 7% higher for the SCH3 than SCH1, whereas the cooling savings were around 45%. The temperature ramping in SCH4 achieved heating energy savings of about 15% compared to the SCH2 and the cooling energy savings of approximately 46% in both wall types. Similar to previously, HPCM10 performed somewhat better than the hempcrete wall. These results show that despite 0.2 and 0.4 °C higher average heating setback temperatures of SCH3 and SCH4 than their counterparts without ramping, a gradual increase in the setback temperatures over two hours improved the overall walls’ energy performance. The likely reason is the high thermal storage capacity of both hempcrete and HPCM10 walls due to their high specific heat capacity combined with moderately high density (see Table 1).



In addition to the overall energy savings, the temperature ramping in SCH3 and SCH4 drastically improved hempcrete and HPCM10 wall types’ heating and cooling energy demand profiles. Figure 12 and Figure 13 compare average monthly and hourly heating and cooling energy consumption of hempcrete and HPCM10 walls under SCH3 and SCH4 against the BC control. As presented in Figure 12, the monthly heating and cooling energy demands of SCH3 and SCH4 are lower than the BC schedule during active and dormant periods throughout the year. For instance, both wall types achieved 7% to 32% and 14% to 64% higher energy savings under SCH3 and SCH4, respectively, than BC controls during the active heating periods. These percent savings translate to absolute heating energy reductions in the range of 300–690 W h/m2. The percent cooling energy savings were significantly higher, ranging from 16% to 70%. Yet, in the absolute numbers, cooling energy savings were in the range of 32–140 W h/m2. The results also show lower energy savings of SCH3 and SCH4 compared to the BC schedule than those achieved by their counterparts without ramping during the dormant hours. Hence, both wall types had approximately 5% to 22% and 10% to 48% higher energy savings under SCH3 and SCH4, respectively, than BC controls during the active heating periods. The cooling energy savings range from around 21% to 60%. Figure 13 illustrates that SCH3 and SCH4 led to heating energy reductions compared to the BC during most day hours. Moreover, unlike SCH1 and SCH2 (see Figure 7), the lowest hourly heating energy demand was during the morning (i.e., 07:00 and 08:00) and early afternoon hours, when the outdoor temperatures were at their minimum. As a result, implementing the gradual increase in the heating setback temperatures may decrease energy prices due to the lower energy demand during the on-peak hours.



Figure 14 provides further insight into the performance of the HPCM10 wall under control strategies with (SCH3 and 4) and without (SCH1 and 2) ramping of the heating setpoint temperatures during the winter months of November to March. Comparing the average hourly heating energy consumption of HPCM10 assembly shows very different performances between the four control strategies. For example, the SCH1 and SCH2 had 13% to 51%, respectively, higher heating energy demand during active hours than SCH3 and SCH4. Morning hours between 08:00 and 09:00 had a particularly pronounced energy demand difference ranging between 25% and 51%. In contrast, the SCH1 and SCH2 exhibited between 46% and 81% lower heating energy demand during the dormant hours than the SCH3 and SCH4. These findings provide additional evidence about the ability of HPCM10 walls to behave as thermal batteries. Thus, sudden setpoint temperature change under SCH1 and SCH2 caused the wall assemblies to charge during the morning and early afternoon hours, increasing energy consumption. The walls released this heat back to space during the night, thus reducing energy consumption. On the other hand, the gradual heating setback temperature increase under SCH3 and SCH4 reduced energy demand during the daytime. However, SCH3 and SCH4 also reduced the charge and discharge of the walls during the active and dormant hours, respectively.



Figure 14 also shows that SCH2 with the heating setback point of 16 °C achieved 32% to 67% higher heating energy savings during the nighttime than SCH1 with the heating setback point of 18 °C. Furthermore, the most significant difference in the heating energy consumption of the two control strategies was at midnight when the setpoint changed to the setback temperature. However, during the daytime, SCH1 outperformed SCH2 by reducing energy consumption between 4% in the afternoon and 18% in the morning hours. In contrast, their counterparts with ramping, SCH3 and SCH4, exhibited more consistent heating energy profiles. Thus, SCH4 achieved around 8% higher heating energy savings than SCH3 during the dormant hours and 8% to 16% during the active hours. The only time SCH3 outperformed SCH4 was at 06:00, an hour after the ramping period start. These results support our previous findings regarding the impact of the setpoint and setback temperature difference and the implementation time frame. In this respect, in a high thermal mass material, the sudden temperature rise over a short time requires more energy than a gradual temperature increase over an extended period.



Figure 15 provides additional insights into the performance of the HPCM10 wall type through the investigation of the phase change hours in the three layers—internal, mid, and external—under all five investigated control strategies. As presented, the phase change hours of the inner layer increased as the control strategies changed from the BC schedule to SCH4, and the opposite applied to the middle and exterior layers of the HPCM10 wall assembly. Hence, the interior layer exhibited 24% (SCH2 and 3) to 27% (SCH4) more phase change hours than the BC controls. The middle section performed the best under BC, SCH1, and SCH2 with approximately 6000 phase change hours, and the worst under SCH4 and SCH3 with 9% and 29% fewer hours, respectively. The external layer performed the best under the BC scenario owing to its distance from heating controls, followed by SCH3 and SCH2 with approximately 17% and SCH4 with 25% fewer phase change hours. Considering that the layers closer to the indoor space have the most considerable impact on the interior temperatures and thermal comfort, these results suggest that the HPCM10 wall performed better under SCH2, SCH3, and SCH4 controls compared to the BC and SCH1 strategies.



Finally, Figure 16 graphically depicts and compares the interior surface temperature distributions of hempcrete and HPCM10 wall types through their quartiles, averages, and variability outside the upper and lower quartiles. As presented, both wall types had the least variable interior surface temperatures under the BC schedule, whereas the temperatures of SCH4 exhibited the most significant degree of dispersion. These results are due to tighter setpoint and setback temperature ranges implemented in the BC schedule than other control strategies. Furthermore, while hempcrete and HPCM10 walls show similar behavior for the same control strategy, the HPCM10 wall type consistently maintained higher temperatures and a tighter temperature range than the hempcrete assembly. Moreover, Figure 16 provides additional explanations for the differences in the phase change hours between the schedules (see Figure 15). In this respect, the hempcrete and HPCM10 wall types had the lowest average interior surface temperatures under SCH4 and the highest under the BC schedule. As a result, the middle and external layers of the HPCM10 wall had a lower number of phase change hours under SCH4 compared to other controls.





4. Conclusions and Observations


This research provides new knowledge about the performance of hempcrete and HPCM composites by investigating different temperature control strategies to improve the performance of high thermal mass and latent heat storage wall systems in cold climates while considering the hysteresis phenomenon. The findings from this study provide beneficial recommendations for integrated building design that includes the interaction between the building envelope and HVAC systems and could interest an audience focused on high-performance envelope design. Furthermore, this study contributes to the field by providing user-defined functions for modeling hysteresis phenomena and temperature controls in ANSYS Fluent. The main conclusions of this study that point to the need for future work and investigation are as follows:




	
Overall, the HPCM wall types outperformed the hempcrete wall assembly under Winnipeg climate conditions and investigated control strategies. In this respect, under the base case (BC: 20–24 °C) schedule, HPCM wall types had between 3% and 7.5% higher heating energy savings and from 7.8% to 20.8% higher cooling energy savings compared to the hempcrete wall assembly. However, due to the cold and long winters in Winnipeg, heating energy reductions range from 1125 to 2735 W h/m2, whereas cooling savings are between 79 and 211 W h/m2. Considering that these savings are per square meter, the energy reductions for the entire envelope are likely to be significantly higher, especially for buildings with a high exposed surface area to volume ratio. Furthermore, HPCM walls maintained higher wall surface temperatures during the coldest days, lower during the warmest days, and within a tighter range than hempcrete, thus improving the thermal comfort. A possible explanation for the better performance of the HPCM wall types than the hempcrete wall may lie in its significantly lower thermal diffusivity (i.e., the lower rate at which heat disperses throughout the material). For example, the HPCM has 26–76% lower thermal diffusivity than the hempcrete due to its 8.7% lower thermal conductivity and 17–73% higher specific heat capacity. As a result, the HPCM walls had a lower heat transfer from the inside (hot) to the outside (cold) than hempcrete assembly, thus maintaining higher indoor surface temperatures and reducing the heating energy consumption. The subsequent study should verify the numerical analysis experimentally by conducting on-site testing of the hempcrete and HPCM wall assemblies.



	
The results also show that phase change hours of HPCM layers reduce significantly (~30–50%) beyond 10 cm (i.e., HPCM10), and the reasons are twofold. First, because microencapsulated phase change material was selected to perform during the heating season and thus has a low operating phase change temperature of 18 ± 1 °C, it stayed melted most of the summer in all wall types. Second, due to the low average winter temperatures of −15 °C or colder, MPCM stayed solid most of the winter in the wall sections of HPCM20 and HPCM30 close to the exterior environment. Therefore, future work should explore adding insulation on the exterior of the wall to improve the performance of the HPCM. Additionally, the follow-up study should investigate the application of MPCMs with higher melting temperatures that will perform well during the warmer months.



	
The implementation of heating (SCH1: 18 °C, SCH2: 16 °C) and cooling (SCH1 and 2: 26 °C) setback temperatures during the dormant hours (00:00–06:30) had a dual effect on the energy performance of the hempcrete and HPCM10 wall types. On the one hand, the SCH1 and SCH2 reduced heating (~4–8%) and cooling energy consumption (~14–17%) of hempcrete and HPCM10 wall assemblies compared to the BC controls. On the other hand, SCH1 and SCH2 increased heating and cooling energy consumption during the active hours, particularly in the early morning hours when the outdoor air temperatures were low and heating setback temperature changed to the setpoint. Energy increase in the daytime and peaks in the mornings may cause higher energy prices due to the high energy demand during the on-peak hours.



	
Therefore, modified control strategies, SCH3 and SCH4, with setback temperature ramping between 05:00 and 07:00, were introduced to reduce the energy peaks during the morning and active hours. Additionally, to the overall heating (~7–21%) and cooling (~45%) energy savings compared to the previous control strategies, the temperature ramping in SCH3 and SCH4 drastically improved hempcrete and HPCM10 assemblies’ heating and cooling energy demand profiles. In this respect, unlike SCH1 and SCH2, the lowest hourly heating energy demand was during the morning (i.e., 07:00 and 08:00) and early afternoon hours, when the outdoor temperatures were at their minimum. As a result, implementing the gradual increase in the heating setback temperatures may decrease energy prices due to the lower energy demand during the on-peak hours. Therefore, subsequent research should include experimental and numerical studies to test further, refine, and advance the developed control strategies. Furthermore, the follow-up numerical research should simulate the entire building to explore further the impact of the HPCM envelope on occupants’ thermal comfort and energy consumption.



	
This study shows that in high thermal mass materials such as hempcrete and HPCM, the sudden temperature rise over a short time requires more energy than a gradual temperature increase over an extended period. Thus, sudden setpoint temperature change under SCH1 and SCH2 caused the wall assemblies to charge during the morning and early afternoon hours, increasing energy consumption. The walls released this heat back to space during the night, thus reducing energy consumption. On the other hand, the gradual heating setback temperature increase under SCH3 and SCH4 reduced energy demand during the daytime. However, SCH3 and SCH4 also reduced the heating energy savings during the dormant periods compared to SCH1 and SCH2. Consequently, the optimal applications of thermal energy storage materials into building envelopes require their integration with HVAC systems and temperature controls that facilitate the charging and discharging of these thermal batteries.



	
Furthermore, the results show that despite lower thermal diffusivity than the hempcrete wall, the HPCM10 case had periods during the daytime with higher energy consumption. Therefore, another possible rationale for the difference in thermal and energy performance of the two assemblies may be the latent nature of HPCM wall types. Hence, when outdoor air temperatures and solar radiation allowed phase change material to melt and absorb heat, the HPCM case increased energy use compared to the hempcrete wall during daytime hours. Nevertheless, the HPCM10 wall released stored heat back to the space during subsequent cold days and nights, thus using less energy than the hempcrete wall. In particular, introducing a setback temperature of 16 °C that is close to the MPCM’s freezing point facilitated the release of heat stored in the HPCM layer during the night, thus having lower energy consumption than the hempcrete wall type. The follow-up numerical study should conduct sensitivity analysis and investigate different case studies (e.g., MPCMs with other properties and maintaining specific parameters consistent between the cases) to further understand the impact of the MPCM incorporation into hempcrete and optimize the design.
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Figure 1. Wall geometry and design configurations, where HPCM is the layer with thickness L. 






Figure 1. Wall geometry and design configurations, where HPCM is the layer with thickness L.



[image: Energies 14 05343 g001]







[image: Energies 14 05343 g002 550] 





Figure 2. Heating and cooling control strategy (Thsb and Tcsb are heating and cooling setpoint temperatures that depend on the schedule). 
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Figure 3. Heating and cooling schedules. 
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Figure 4. Illustration for hysteresis model in incomplete phase change process: (a) transition from melting to freezing, (b) transition from freezing to melting. 
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Figure 5. Validation of hysteresis model with [50]: (a) interrupted melting, (b) interrupted freezing. 






Figure 5. Validation of hysteresis model with [50]: (a) interrupted melting, (b) interrupted freezing.



[image: Energies 14 05343 g005]







[image: Energies 14 05343 g006 550] 





Figure 6. Interior surface temperatures of wall types during (a) coldest and (b) warmest weeks. 
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Figure 7. The number of phase change hours of HPCM10, 20, and 30. 
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Figure 8. Average monthly heating and cooling energy consumption under BC, SCH1, and SCH2. 
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Figure 9. Average hourly heating energy consumption under BC, SCH1, and SCH2. 
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Figure 10. Average hourly interior surface temperatures under BC, SCH1, and SCH2. 
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Figure 11. (a) Hourly heating energy consumption under SCH2 along with (b) solar radiation and outdoor air temperatures from January 12th to 15th. 
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Figure 12. Average monthly heating and cooling energy consumption under BC, SCH3, and SCH4. 
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Figure 13. Average monthly heating and cooling energy consumption under BC, SCH3, and SCH4. 
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Figure 14. Average hourly heating energy consumption of HPCM10 wall under four schedules. 
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Figure 15. The number of phase change hours of the HPVM10 wall under different temperature control strategies. 
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Figure 16. Distribution of interior surface temperatures of hempcrete (HC) and HPCM10 under five schedules. 
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Table 1. Thickness and thermophysical properties of the simulated materials [40,44].
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Common Building Materials

	
Infill Design Types






	
Material

	
Gypsum

	
Cement lime plaster

	
Hempcrete

	
HPCM




	
Thickness (cm)

	
2

	
1.5

	
30

	
10, 20, 30 cm




	
Density (kg/m3)

	
675

	
1900

	
318

	
327




	
Conductivity [W/(m K)]

	
0.202

	
0.803

	
0.103

	
0.094




	
Specific heat [J/(kg K)]

	
850

	
850

	
1500

	
Sensible = 1800

Maximum * = 5500




	
Thermal diffusivity (m2/s)

	
3.521 × 10−7

	
4.972 × 10−7

	
2.159 × 10−7

	
Sensible =

1.594 × 10−7

Maximum * = 5.215 × 10−8








Note: * the highest specific heat capacity in the melted state.
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Table 2. Annual energy consumption and percentage savings under BC schedule.
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Wall Type

	
Consumption (W h/m2)

	
Percentage Savings (%)




	
Heating

	
Cooling

	
Heating

	
Cooling






	
Hempcrete

	
36,975

	
1017

	
-

	
-




	
HPCM10

	
35,850

	
938

	
3

	
8




	
HPCM20

	
34,901

	
827

	
6

	
19




	
HPCM30

	
34,240

	
806

	
7

	
21
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Table 3. Descriptive statistics of assemblies’ interior surface temperatures.






Table 3. Descriptive statistics of assemblies’ interior surface temperatures.





	Wall Type
	Mean (°C)
	Standard

Deviation
	Minimum (°C)
	Maximum (°C)





	Hempcrete
	19.43
	2.16
	15.87
	24.86



	HPCM10
	19.46
	2.12
	16.00
	24.75



	HPCM20
	19.49
	2.09
	16.10
	24.65



	HPCM30
	19.51
	2.07
	16.19
	24.55
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Table 4. Annual energy consumption under BC, SCH1, and SCH2.






Table 4. Annual energy consumption under BC, SCH1, and SCH2.





	
Consumption

	
Base Case

	
Schedule 1

	
Schedule 2




	
(W h/m2)

	
Hempcrete

	
HPCM10

	
Hempcrete

	
HPCM10

	
Hempcrete

	
HPCM10






	
Heating

	
36,975

	
35,850

	
35,344

	
34,362

	
34,216

	
33,045




	
Cooling

	
1017

	
938

	
853

	
802

	
857

	
803
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Table 5. Annual energy consumption under BC, SCH3, and SCH4.






Table 5. Annual energy consumption under BC, SCH3, and SCH4.





	
Consumption

	
Base Case

	
Schedule 3

	
Schedule 4




	
(W h/m2)

	
Hempcrete

	
HPCM10

	
Hempcrete

	
HPCM10

	
Hempcrete

	
HPCM10






	
Heating

	
36,975

	
35,850

	
32,753

	
31,835

	
29,024

	
28,123




	
Cooling

	
1017

	
938

	
464

	
422

	
458

	
433
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