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Abstract:



Net zero energy buildings (nZEB) require the development of innovative technologies such as the use of phase change materials (PCMs) in walls for the energy requalification of low inertia buildings. The presence of a PCM layer in the external building wall, due to the effect of storage and release of latent energy phenomena, modifies the energy behavior, both during the summer and winter periods. This paper addresses the problem of the definition of the energetic behavior of a layer subject to phase change with periodic non-sinusoidal boundary conditions, characterizing the external walls of air-conditioned buildings. In such conditions, the layer is the site of the formation of one or more bi-phase interfaces, which originate on the boundary surfaces, or are always present and fluctuate within the layer. It is also possible that the layer does not undergo any phase change. The study has been developed by a finite difference numeric calculation model which explicitly determines the number and the position of the bi-phase interfaces that originate in the layer and the temperature and the heat flux fields. The surface heat fluxes are used to evaluate the PCM layer energetic behavior in terms of energy transferred through the boundary surfaces and of stored energy in sensible and latent form. The proposed method employs the characteristic day that it is periodically repeated for all the days of the considered month. The use of the characteristic days drastically reduces the computational burden of the numerical calculation and it allows to obtain guidance on the behaviour of the PCM throughout the year, in accordance with the variability of external climatic conditions, in order to select the PCM with the most suitable thermophysical properties. The methodology developed is applied to PCM layers with different melting temperatures and subject to climatic conditions of two locations, one with a continental climate and the second one with a Mediterranean climate. The results obtained allowed us to identify which PCM is more suitable in improving the energetic performances of building walls in the heating or cooling period during the year. In particular, the energy analysis highlighted that, in both localities, during the winter period: the lowest energy exiting from the indoor environment is ensured by a PCM with a melting temperature of 15 °C; the highest contribution of energy entering the indoor environment, mainly due to solar radiation, is recorded for a PCM with a melting temperature of 26 °C. During the summer period: the lowest value of energy entering the indoor environment is obtained by a PCM with melting temperature of 26 °C; the highest value of energy exiting from the indoor environment is ensured by a melting temperature equal to 20 °C. In both locations, a PCM with a melting temperature intermediate between those of the winter and summer set points of the indoor environment is the best compromise between winter and summer energy needs for an air-conditioned environment, as it allows obtainment of the highest values of the yearly total stored energy.
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1. Introduction


Thermal energy storage (TES) technologies, such as phase change materials (PCMs), are considered one of the proper materials for achieving nZEB targets. The recent reviews of Souayfane et al. [1] and of Zhou et al. [2] highlight that, in recent decades, different passive and active technology systems with PCM were realized to improve the energy efficiency in the building envelope and to contain the temperature fluctuations in the indoor environment within a specific comfort range. Passive systems include PCM in building envelopes, i.e., walls, roofs, floors and windows as part of the building materials or as a building component. In the first case, PCMs are incorporated in a building construction material such as plaster, gypsum plasterboards, bricks, concrete and panels, or are blended with thermal insulations. Some other panels, such as PVC panels, CSM panels, plastic and aluminium foils are also used to encapsulate PCMs. In the second case, the component can be manufactured before the building is being constructed and have a particular design. In contrast to previous passive systems, PCM active systems lead to a better heat transfer coefficient by replacing free convection by forced convection, with the help of small fans, to complete the solidification of the PCM.



PCM provides a high latent energy storage and a reduced temperature range during the solid-liquid phase-change process. PCMs integrated in an external building envelope accumulate solar heating and melt during the daytime, and release the heat stored and solidifies during nighttime, due to the external infrared radiative heat exchange and the reduction of the external air temperature. This prevents overheating during the daytime in warm months and reduces heating needs during nighttime in the winter [3]. PCMs can also be considered as possible solutions to mitigate negative inter-building influences and improve energy efficiency within urban building networks [4]. An effective passive PCM system is able to fully release the accumulated heat during nighttime in warm periods. Ascione et al. [5] found that during the summer, the period where the PCM solidifies would not always be sufficient for the PCM to fully solidify and that during the winter, the heat available during the day would not be enough to completely melt the PCM. Also Halford and Boehm [6] predict that the fraction of the mass melting is relatively low, maximum 5–11%, through most of the expected range of temperatures (307–314 K).



The storage and release of latent energy phenomena are highly dependent on the thermal exchanges between the external surface of building wall and the outdoor environment as well as on the thermal exchanges between the internal surface of building wall and the indoor environment.



Mazzeo et al. [7,8] in previous works have concluded that periodical thermal loadings could lead to one or more bi-phase interfaces originating in the layer. Such multiple bi-phase interfaces and the associated storage and the release processes of latent energy at the melting temperature, compared to the monophase layer, modifies the fluctuant field of the temperature and of the heat flux, both during the summer and winter periods. In particular, the authors have found that the heat flux shows a sharp variation at the beginning and at the end of the phase change at the interested portions of the layer, and the temperature, in the correspondent time period, stays constant. During the process, such modifications propagate also to the adjacent portions not interested by phase change. In these conditions, in a recent work [9], the same authors have defined a new set of parameters to evaluate the effective dynamic thermal behavior of a PCM layer. Such a set of dynamic parameters allows taking into account the modification that the thermal fluctuations undergo on the external and internal surfaces. In particular, the daily maximum excursions change, maximum and minimum peaks undergo a time lag, and in some cases, it can even happen that, in a fraction of the period, the thermal fluctuations are constant. In addition, the fluctuating energy, associated with the fluctuations of the surface heat fluxes, varies.



In energetic terms, the phase change within the layer causes a reduction of the lost energy towards the outdoor environment in the winter period and of the energy that the outdoor environment transfers to the indoor environment during the summer period. For example, studies have reported that PCMs can potentially save 10–30% of the annual cooling and heating loads for buildings in various climate zones in the world. By means of a year-round simulation, Diaconu and Cruceru [10] have studied the annual energy request in Bechar (Algeria) of a room built using a three-layer sandwich-type insulating panel with outer layers consisting of PCM wallboards and a middle layer of conventional thermal insulation. They have found that the reductions of the peak heating and cooling loads are both around 35.4%. The annual energy savings for space heating and cooling are respectively around 12.8% and 1.0%. Wang et al. [11] have evaluated the thermal behavior of a full-scale room with PCM wall in three seasons. The results show: for the summer cases, a reduction of about 0.2 °C and a time delay of about 1–2 h for the maximum interior surface temperature, and a reduction of 24.32% of the cooling load; for the midseason cases, a lower amplitude of the fluctuation of the interior surface temperature; for the winter cases, a reduction respectively of 10–19% and 10–30% of the heating load in continuous and in intermittent regime and of 9–72% of the heat lost in free floating. Chen et al. [12] have demonstrated that using PCM, when the phase change temperature is set at 23 °C, the thickness at 30 mm, the phase change enthalpy at 60 kJ/kg and the heating temperature at 20 °C, the energy saving rate of heating season can reach up to 17% or higher during a whole winter in Beijing, China. Qureshi et al. [13] have monitored a test facility at the University of Auckland (New Zealand) consisting of two identical offices; the first one has walls and ceilings finished with gypsum boards impregnated with PCM. The authors have concluded that, during the days characterized by lower average ambient temperatures and high solar radiation, the energy requirement for heating decreases to around 31%. Peippo et al. [14] have found that, through the use of passive solar heating with a PCM wall in a room of a residential building, direct energy savings of 5–20% could be expected, in Helsinki, Finland and Madison, Wisconsin. Athienitis et al. [15] have obtained a total heating load reduction of approximately 15% in Montreal in a passive solar test-room in which gypsum board is impregnated with a PCM. In the same locality, by means of a system that can simultaneously and efficiently store and manage heat from solar and electric sources, Hammou and Lacroix [16] have attained an electricity consumption for space heating during four consecutive winter months reduced by 32%. Castell et al. [17] have tested macro-encapsulated PCMs in typical Mediterranean building technologies. The authors, with reference to the cooling season, have concluded that the “RT27-Polyurethane cubicle” implied a reduction of 15% compared to the simple Polyurethane one, while the “SP25-Alveolar cubicle” obtained 17% of energy savings compared to the Alveolar solution. Lei et al. [18] have addressed the energy performance of building envelopes integrated with PCM for cooling load reduction in Singapore, with a tropical climate. For the cubic model integrated with 10 mm PCM layer (melting temperature 28 °C) and with an ideal heating, ventilating and air conditioning system (HVAC), they have found that the PCM can effectively reduce heat gains through building envelopes in a range of 21–32% throughout the whole year. Kosny et al. [19] have numerically analyzed a southern-oriented wall for the hot summer period between June 30th and July 3rd in three climatic locations: Warsaw (Poland), Marseille (France) and Cairo (Egypt). They have obtained that for an internal air temperature of 24 °C, hourly peaks of heat gains were reduced by 23–37% for Marseille and 21–25% for Cairo; similar effects were observed for Warsaw.



The studies analyzed reveal that it is indispensable to select the correct phase change temperature in order to optimize the PCM thermal performance when it is integrated in the external walls of the buildings. The optimal phase change temperature in the cooling period is different from that in the heating period. This temperature has been studied by different researchers who have obtained very useful results. From the literature it emerges that, in order to minimize the thermal load of the building or maximize the heat storage, a phase change temperature roughly equal or 1–3 °C higher than the average indoor air temperature is necessary [14,20,21,22,23]. Jiang et al. [24] have proposed a simple analytical method that has been used to estimate in a passive solar room the optimal phase change temperature. This temperature is 1.1–3.3 °C higher than the lower limit of thermal comfort range. Ye et al. [25] have concluded that, in order to maximize the parameter energy saving index (ESI), the melting temperatures in Beijing and Shanghai are about 16 °C and 10 °C, respectively. Diaconu and Cruceru [10] have found that the melting temperature for which the peak of the cooling load reached a minimum is approximately 33.2 °C, while that for which the lowest peak of the heating load and minimum annual energy requirement for heating are, respectively, 19.0 and 19.8 °C. Arnault et al. [26] have obtained an optimal melting temperature to reduce energy cooling consumption of 33.9 °C and to reduce the yearly energy consumed of 26.1 °C. Sun et al. [27] have carried out, for a time period of three summer months in five different climate regions in China, a selection of the optimum melting temperatures of the PCMs, employing both energy and economic criteria, evaluating the energy savings ratio (ESR) and the simple payback period (SPP). Subsequently, the same authors [28] have concluded that the optimal melting temperatures, which resulted in the maximum energy and mass efficiency (EME) in an office building, are 24.1 °C in Shenyang, 25.0 °C in Kunming, 25.3 °C in Zhengzhou and 25.5 °C Changsha, respectively. Thiele et al. [29] have found that: the phase change temperature leading to the maximum energy reduction was equal to the desired indoor temperature regardless of the climate conditions; to achieve the maximum time delay, the optimum phase change temperature rose by increasing the average outdoor temperature. Zhou et al. [30] have stated that the optimal melting temperature depends on both the average outside temperature and the average room temperature.



As evidenced by the scientific literature, the choice of the most appropriate PCM for a given location in the two seasons of air-conditioning requires in-situ experimental testing or dynamic numerical simulations. In the first case, experimental equipment and high monitoring times and costs are required, while in the second case a high computational burden of calculation is required. Furthermore, the aforementioned studies are not generalizable since the choice of the PCM is made for a given building and given weather conditions. The effects produced by a particular PCM vary by varying the locality and, for a given locality, varying the climate conditions over the year. The selection of a PCM based on a specific melting temperature in one climate region will not be appropriate for another. Another critical point is that the PCM behavior should be evaluated under realistic conditions over a long period (on an annual basis), not just over a few days or weeks. Actually, the PCM could work improperly during very hot and sunny days, if solidification is not effectively performed; it could also become useless during cool and cloudy days, if melting is not produced. A study based on a few days of observation might not tackle these issues properly.



All these points induced the authors to elaborate a general methodology for the evaluation of the actual thermal performance of the PCM layer for the improvement of seasonal or annual thermal behavior in buildings. Such a methodology is general, based on a series of energy parameters evaluated in the monthly average day for every month through the year, and summarized on a seasonal and yearly level. It represents a simplified method of thermal dimensioning of the PCM layer that regards the choice of the melting temperature, of the thermophysical properties and of the most appropriate thickness for a given location and season.



This work addresses the issue of the thermal energy exchange of a PCM layer integrated in a vertical building external wall in which one or more bi-phase interfaces are formed, in the hypothesis that the thermal regime is a steady periodic regime. The analyses are developed with an explicit finite difference numerical model, which resolves the equation of conduction in solid phase and liquid phase and the equation of thermal balance at the bi-phase interfaces at the melting temperature. The temperature and heat flux trends on the external and internal surface are employed in order to evaluate the energy behavior of the PCM layer in terms of transferred energy and of stored energy in the layer in the sensible and latent form. The procedure is used in order to evaluate, for each month during the year, upon variation of the PCM melting temperature and of the climatic conditions, the number of bi-phase interfaces which are formed in the layer, the monthly and the seasonal values of the transferred energy, and the monthly and the yearly values of the stored energy in latent and sensible form.




2. Methodology


2.1. Calculation Model


The numerical model and the algorithm used in this study for the determination of the thermal field in the layer, of the position of the several bi-phase interfaces in the layer, and of the configuration of the phases was extensively described by Mazzeo et al. in a previous work [8].



The authors used an explicit finite difference numerical model to solve the equations system: (i) the general equation of heat conduction in the solid phase and in the liquid phase (Equation (1)); (ii) the thermal balance equation at the bi-phase interface (Equation (2)); (iii) temperature continuity at the bi-phase interface (Equation (3)); (iv) boundary conditions on the external surface (Equation (4)); (v) boundary conditions on the internal surface (Equation (5)).
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In the previous equations: T is temperature at the abscissa x at the time instant t, a thermal diffusivity, k is thermal conductivity, subscripts l is liquid phase and s is solid phase, ρ is density, H is latent heat of fusion, TM is melting temperature, XM is position of the bi-phase interface, [image: there is no content] is total heat flux from the outdoor environment, [image: there is no content] is longwave radiative heat flux exchanged with the sky, [image: there is no content] is convective heat flux exchanged with the external air, [image: there is no content] is external surface absorption coefficient, [image: there is no content] is incident solar radiation, [image: there is no content] and [image: there is no content] are external radiative and convective heat transfer coefficients, [image: there is no content] is sky temperature, [image: there is no content] is external air temperature, [image: there is no content] is external surface temperature, [image: there is no content] is heat flux transferred in the indoor environment, [image: there is no content] is internal surface heat transfer coefficient, [image: there is no content] is internal surface temperature, [image: there is no content] is internal air temperature and L is thickness of the layer.



A sketch of the thermal exchanges between the PCM layer and the outdoor and indoor environments is shown in Figure 1.


Figure 1. Thermal exchanges schematization on the external and internal surface of the phase change material (PCM) layer.
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The spatial and temporal discretization of the equations system allows us to obtain the algebraic equations for the calculation of the temperatures in the nodes not subject to a phase change and of the liquid fractions present into the subvolume of nodes at the melting temperature. The calculation algorithm is used to identify nodes/subvolumes in phase change and those entirely in liquid phase or in solid phase and to associate the relative algebraic equations. Once the liquid fraction in all nodes is computed, it is possible to determine, as a function of time, the number and the position of the bi-phase interfaces present in the layer.




2.2. Transferred and Stored Energy


The temperature and heat flux trends on the external and internal surface are used to evaluate the energy behaviour of the PCM layer in terms of transferred energy and of stored energy in the layer in the sensible and latent form. The temperature and heat flux trends can be considered as a sum of a steady component and a fluctuant component.



The monthly average daily fluctuant energy on the internal surface [image: there is no content] and external surface [image: there is no content] of the layer are calculated by half of the numeric integral in time, extended to the period, of the absolute value of the surface fluctuant heat fluxes [image: there is no content] and [image: there is no content] (Equations (6) and (7)). The surface fluctuant heat fluxes [image: there is no content] and [image: there is no content] are equal to the difference between the relative total value and the steady mean value.
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The total energy stored [image: there is no content] is calculated by half of the numeric integral in time, extended to the period, of the difference in absolute value of the heat flux entering the layer and exiting from the layer (Equation (8)). Likewise, the advancing velocity of the bi-phase interface k, given by the ratio ([image: there is no content], is used to evaluate the latent energy stored [image: there is no content] associated to the k-th bi-phase interface, by the Equation (9).
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The sensible energy [image: there is no content] is given by half of the numeric integral in time of the difference, in absolute value, between the total stored energy per unit time and the latent energy stored per unit time (Equation (10)).




[image: there is no content]
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Furthermore, the surface heat fluxes are used to calculate the energy: (i) through the internal surface, entering the indoor environment [image: there is no content] and exiting from the indoor environment [image: there is no content]; (ii) through the external surface, entering the layer [image: there is no content] and exiting the layer [image: there is no content] (Figure 2). The superscripts + and − indicate the energy associated to the time interval in which the heat flux is respectively positive and negative.


Figure 2. Energy entering and energy exiting through the external surface, [image: there is no content] and [image: there is no content] and through the internal surface, [image: there is no content] and [image: there is no content] of the PCM layer.
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The monthly average daily values of the energy transferred through the layer and the stored energy values in the various months have been used for the calculation of the related seasonal and yearly values.





3. Case Study Description


The calculation procedure proposed by the authors was used in order to evaluate, on a monthly basis, the energetic behaviour of five different PCM typologies (see Table 1), with a thickness equal to 6 cm. Melting temperatures ranging from 15 °C to 32 °C were chosen in relation to the set point temperatures of air-conditioned environments in summer and winter periods.



Table 1. Thermophysical properties of the different types of PCM.







	
Company

	
PCM

	
TM

(°C)

	
H

(kJ/kg)

	
ρ

(kg/m3)

	
k

(W/(m K))

	
c

(J/(kg K))






	
EPS

Yaxley (UK)

	
S15

	
15

	
160

	
1510

	
0.43

	
1900




	
TEAP

Mumbai (India)

	
LATEST20T

	
20

	
175

	
1490

	
1

	
2000




	
savENRG

Arden, NC (USA)

	
HS22P

	
23

	
185

	
1690

	
0.815

	
3060




	
RUBITHERM

Berlin (Germany)

	
SP26E

	
26

	
190

	
1450

	
0.6

	
2000




	
CLIMATOR

Skövde (Sweden)

	
C32

	
32

	
162

	
1420

	
0.6

	
3600










Climatic data of two locations, Turin (TO) and Cosenza (CS), related to monthly average days of a whole year were used. The two locations are quite different regarding their climatic conditions. In particular, the Mediterranean climate of Cosenza, identified as Csa in the Köppen climate classification [31], has moderate temperatures with changeable and rainy weather in winter, while summers are hot and dry. The continental climate of Turin, classified as Dfb, is characterized by hot and humid summers, and winters that are cold with little rainfall, typical of the interior of a continent.



The external air temperature and solar irradiation on the horizontal plane data employed, relative to the monthly average days, are those from the national standard reference [32]. Starting from these values, using TRNSYS 17 [33] software (University of Wisconsin-Madison, Madison, WI (USA)), the climatic data relative to the characteristic day of each month were generated. Such climatic data have a period of 24 h and are represented through the monthly average hourly values of solar radiation on the vertical plane exposed to South, of the sky temperature and of external air temperature. Figure 3 shows the monthly average hourly trends of the characteristic day for all months of the year and for the two locations considered.


Figure 3. Characteristic day of the different months in Cosenza and Turin. In each image: incident solar radiation on the vertical plane exposed to South [image: there is no content] on the left axis, and sky temperature [image: there is no content] and external air temperature [image: there is no content] on the right axis.
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In the indoor environment, the air temperature values in continuous regime and the heating and cooling period were chosen according to the reference standard [34,35]. The internal temperature is set equal to 20 °C during the heating period, from October to April in Turin and from November to March in Cosenza; it is set equal to 26 °C during the cooling period, from June to August in Turin and from June to September in Cosenza; while in the intermediate period it is set equal to 23 °C. The numerical simulations considered: on the external surface a solar absorption coefficient equal to 0.60 and a convective and radiative heat transfer coefficient respectively equal to [image: there is no content] and [image: there is no content]; and on the internal surface a heat transfer coefficient equal to [image: there is no content]. The values of these coefficients were obtained by applying the technical reference standard EN ISO 6946 [36], while for the value of [image: there is no content], reference is made to a previous experimental work by some of the authors [37] developed for a vertical wall with southern exposure and corresponding to the average value of an entire year of measurements.



The layer was discretized with 19 nodes and the equation system was solved by an integration step Δt = 5 s. Such values verify the grid independence and the stability conditions.




4. Results and Discussion


Regarding the different PCMs and for the two locations: Section 4.1 shows, for each month, the number of bi-phase interfaces which are formed in the layer, the values of the total, latent and sensible stored energy and of the transferred energy on the two boundary surfaces, and explanations of the observed phenomena; Section 4.2 shows the seasonal values of the transferred energy on the two boundary surfaces and the yearly values of the total, latent and sensible stored energy.



4.1. Monthly Energy Behaviour of the Layer


4.1.1. Number of Bi-Phase Interfaces in the PCM Layer


The calculation procedure has allowed us to evaluate for each month of the year the number of bi-phase interfaces present in the layer and when the layer is entirely in solid or in liquid phase; see Table 2.



Table 2. Number (1, 2, 3) of bi-phase interfaces present in the layer in the different months of the year in Cosenza and Turin for the different PCMs. sol the entire layer is in solid phase, liq the entire layer is in liquid phase.







	
Turin




	

	
S15

	
LATEST20T

	
HS22P

	
SP26E

	
C32




	
JAN

	
sol

	
sol

	
sol

	
sol

	
sol




	
FEB

	
1

	
sol

	
sol

	
sol

	
sol




	
MAR

	
3

	
sol

	
sol

	
sol

	
sol




	
APR

	
3

	
2

	
sol

	
sol

	
sol




	
MAY

	
2

	
3

	
1

	
sol

	
sol




	
JUN

	
liq

	
2

	
2

	
2

	
sol




	
JUL

	
liq

	
1

	
2

	
2

	
sol




	
AUG

	
liq

	
2

	
2

	
2

	
sol




	
SEP

	
1

	
2

	
2

	
2

	
sol




	
OCT

	
2

	
2

	
sol

	
sol

	
sol




	
NOV

	
2

	
sol

	
sol

	
sol

	
sol




	
DEC

	
1

	
sol

	
sol

	
sol

	
sol




	
Cosenza




	

	
S15

	
LATEST20T

	
HS22P

	
SP26E

	
C32




	
JAN

	
3

	
sol

	
sol

	
sol

	
sol




	
FEB

	
3

	
2

	
sol

	
sol

	
sol




	
MAR

	
3

	
2

	
sol

	
sol

	
sol




	
APR

	
2

	
3

	
2

	
sol

	
sol




	
MAY

	
2

	
3

	
2

	
2

	
sol




	
JUN

	
liq

	
2

	
2

	
2

	
sol




	
JUL

	
liq

	
1

	
2

	
2

	
2




	
AUG

	
liq

	
1

	
2

	
2

	
2




	
SEP

	
liq

	
2

	
2

	
2

	
2




	
OCT

	
2

	
3

	
2

	
2

	
sol




	
NOV

	
2

	
2

	
2

	
1

	
sol




	
DEC

	
3

	
2

	
sol

	
sol

	
sol










For both localities, the configuration of the phases is variable in the different months of the year, and the layer is totally in solid or liquid phase, or it is the site of the formation of one, two or three bi-phase interfaces. The configuration of the phases in the different months mainly depends on the melting temperature and on the boundary conditions.




4.1.2. Stored Energy


The stored energy referring to the monthly average day in each different month is shown in Figure 4, on the left for Turin and on the right for Cosenza. For each PCM considered, the total, the latent and the sensible contribution of the energy stored, is reported.


Figure 4. Monthly average daily total ET, latent EL and sensible ES energy stored in the different months for each type of PCM considered; Turin on the left (a–e) and Cosenza on the right (f–j).
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With the increase of the melting temperature for both locations, the highest values of the stored latent energy switch from winter and intermediate months—as in the case of PCM S15—to summer months—as in the case of PCM SP26E. The behaviour of PCM C32 is quite different, which does not supply a latent contribution in Turin during the different months, due to the absence of phase change, while in Cosenza phase changes occur in the summer time. The quantity of latent energy stored during the months in which phase change depends on the number of bi-phase interfaces, on the size of the portion of the layer involved in the phase change, on the density and on the latent heat of fusion. In Turin, the highest values occur in April and October for PCM S15, in May and September for PCM LATEST 20T, in June for PCM HS22P, and in July and August for PCM SP26E. In Cosenza, the highest values are recorded in March and November for PCM S15, in May and October for PCM LATEST 20T, in June and September for PCM HS22P, between July and September for PCM SP26E, and in August for PCM C32.



The sensible energy storage shows a reduction during the months in which the phase change occurs, while during the other months it depends on the volumetric heat capacity ρc of the PCM. In particular, the highest values are shown for PCMs HS22P and C32, and the lowest values for S15.



The total stored energy increases during the months in which the phase change occurs, despite the reduction of the sensible contribution; during the other months, it is determined by only sensible energy. In particular, in Turin the total energy stored is higher with PCM HSP22 from November to March and in June, with PCM S15 in April and October, with PCM LATEST20T in May, with PCMs LATEST20T and HS22P in September and with PCMs HS22P and SP26E in July and in August. In Cosenza, the total energy stored is higher with PCM S15 from November to March, with PCM LATEST20T in April, May and October, with HS22P in June and September and with SP26E in July and August.




4.1.3. Transferred Energy


The monthly average values of the total energy and fluctuating energy transferred through the two boundary surfaces of the layer, for each month and for each different type of PCM, are shown in Figure 5 for Turin and in Figure 6 for Cosenza.


Figure 5. Monthly average daily values of the total energy and of the fluctuating component transferred through the external surface, [image: there is no content], [image: there is no content] and [image: there is no content], and through the internal surface, [image: there is no content], [image: there is no content] and [image: there is no content], for the different PCMs, Turin.



[image: Energies 10 00659 g005a][image: Energies 10 00659 g005b]





Figure 6. Monthly average daily values of the total energy and of the fluctuating component transferred through the external surface, [image: there is no content], [image: there is no content] and [image: there is no content], and through the internal surface, [image: there is no content], [image: there is no content] and [image: there is no content], for the different PCMs, Cosenza.
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For each month and for each type of PCM, each figure shows: above, the energy leaving the environment through the internal surface [image: there is no content] and leaving the layer towards the outdoor environment [image: there is no content]; in the middle, the energy entering the indoor environment through the internal surface [image: there is no content] and entering the layer from the external surface [image: there is no content]; below, the fluctuating energy through the internal [image: there is no content] and external [image: there is no content]surface.



The monthly trends of such energetic quantities vary according to the PCM type and can be synthesised as below for Turin:

	
[image: there is no content] shows a regular trend with a minimum value in the summer months and it increases in a monotonous way, proceeding towards the winter months with maximum values in January and December; the PCM LATEST20T provides the highest values in all months, while the lowest values are obtained in July and August with the PCM SP26E and in the other months with the PCM S15;



	
[image: there is no content] shows high values during the winter months and lower values in the summer and intermediate months, with a regular trend in absence of phase change, as in the case of PCM C32. The presence of bi-phase interfaces gives rise to a sharp increase of the energy lost through the external surface. In particular, such an increase moves with increasing melting temperature from intermediate months to the summer months. PCM HS22P provides the highest values from November to March and from June to August, S15 in April and in October, and LATEST20T during the other months. The lowest values occur with PCM S15 between November and February and between June and September, and in the other months with SP26E;



	
[image: there is no content] shows, usually, the highest values during summer months, with a peak in June, and nil values between November and March. PCM LATEST20T records during June, July and August show the highest values. The behaviour of PCM SP26 is quite different, recording nil values during summer months and the highest values during the intermediate months;



	
[image: there is no content] shows low values during winter months and higher values during intermediate and summer months. The irregular trend is due to the phase changes, which cause a sharp increase of the energy entering the layer. The monthly behaviour of different PCMs is totally analogous to that illustrated regarding the energy exiting from the layer toward the outdoor environment [image: there is no content], with higher values and lower values obtained by the same PCMs during the different months;



	
[image: there is no content] and [image: there is no content] show a slightly variable monthly trend in absence of bi-phase interfaces, as highlighted by PCM C32. The phase change determines a modification of the previous trend with significant monthly variations of the heat flux fluctuating components on the internal and external surface. Particularly, the stored and then released latent energy causes a sharp reduction of the fluctuating energy through the internal surface and a marked increase of the fluctuating energy through the external surface.








In Cosenza, unlike Turin:

	
[image: there is no content] for the different PCMs shows the same trend with lower values in the different months. Even in this case, the highest values are obtained with PCM LATEST20T. The lowest values are recorded from June to September with PCM SP26E, from November to May with the PCM S15, and in October with PCM HS22P;



	
[image: there is no content] shows the same trend with lower values and, during the months in which phase change occurs, the increase switches with the rise in melting temperature from winter to summer months. PCM S15 shows the highest values in March, LATEST20T in April, May and November, SP26E in July and August, and HS22P in all the other months. The lowest values occur with PCM S15 between June and October and with SP26E from November to May;



	
[image: there is no content] shows a similar trend with higher values and with a maximum in August. PCM LATEST20T records higher values from June to September and, in all other months, nil values. The behaviour of PCM SP26E is quite different, showing lower values in the summer months and higher values during intermediate months;



	
[image: there is no content] shows higher values and the increases switch, due to the phase changes according to the rise of the melting temperature from winter to summer months. Even in Cosenza, the highest and the lowest values during the different months are obtained with the same PCMs highlighted in the comment about exiting energy;



	
[image: there is no content] and [image: there is no content] show analogous behaviour as that experienced for Turin.








On the whole, it can be observed that in Cosenza, with its Mediterranean climate, the exiting energy from the air-conditioned environment through the internal [image: there is no content] and external [image: there is no content] surfaces is lower than that recorded in Turin, while the energies [image: there is no content] and [image: there is no content] show lower values in Turin.




4.1.4. Influence of Latent Storage on the Energy Behavior of the Layer


The analysis of the monthly trends of entering and exiting energy through the inner surface and the outer surface of the layer is used to define—in relation to the thermophysical properties of the PCM and of the external loadings—the thermal behavior of the layer in the presence of a phase change. The external loadings trends, the value of the internal air temperature and the value of the PCM melting temperature determine the presence of a phase change. The advancing velocity of the bi-phase interface and the size of the layer portion subject to phase change are related to the density, to the latent heat of fusion and to the daily maximum excursion of the fluctuant heat flux entering through the external surface. The stored latent energy is directly proportional to the advancing velocity (see Equation (2)). Since the latent thermal storage is a dynamical phenomenon, only the fluctuating component of the heat flux field is modified in the layer, while the steady heat flux field remains unchanged. This is highlighted by comparing the trends of the stored latent energy [image: there is no content] (see Figure 4), and the trends of the fluctuant energy on the internal surface [image: there is no content] and on the external surface [image: there is no content], reported in the bottom images of Figure 5 and Figure 6. The presence of a phase change, highlighted by a value of [image: there is no content], gives rise to an abrupt reduction of [image: there is no content] and a sharp increase of [image: there is no content].



The reduction of [image: there is no content] is caused by the conversion of the fluctuant energy coming from the outdoor environment into stored latent energy in proximity of the bi-phase interface. Subsequently, such energy is released towards either the internal and external surface. The part released towards the external surface increases [image: there is no content]. Consequently, despite the invariance of the steady components, the total energies [image: there is no content], [image: there is no content], [image: there is no content] and [image: there is no content] are modified, as highlighted in the top and center images of Figure 5 and Figure 6.





4.2. Criterion of Choice of the PCM Layer


The developed analysis can be used to select the most suitable PCM in summer air-conditioning or in winter air-conditioning, or with reference to annual air-conditioning to achieve the nZEB objectives. If the objective is that of reducing energy requirements in a specific air-conditioning season, the criterion to be adopted (see Section 4.2.1) consists of selecting the PCM that ensures: in summer, the least energy entering the indoor environment; in winter, the least energy lost by the indoor environment. If annual energy requirements are considered: if one of the two air-conditioning seasons is more expensive, the choice criterion is the previous one; if the two seasons have comparable energy requirements then the criterion proposed (Section 4.2.2) is that of selecting the PCM that assures the maximum total energy stored throughout the year.



4.2.1. Seasonal Transferred Energy


In order to evaluate the energy transferred through the layer, it is necessary to take into account both the energy exiting the indoor environment—which represents a loss in the winter period and a heat gain in the summer period—and the energy entering the indoor environment—which represents a heat gain in the winter period and a thermal load in the summer period.



The results obtained with the different PCMs for Turin and Cosenza are shown in Figure 7, which illustrates at the ordinate the energies in the winter period [image: there is no content] and [image: there is no content] and during the summer [image: there is no content] and [image: there is no content], calculated as the sum of the correspondent monthly values, determined starting from the monthly average daily values reported in Section 4.1.3.


Figure 7. Seasonal energies entering [image: there is no content] and [image: there is no content] the air-conditioned environment and energies exiting [image: there is no content] and [image: there is no content] from the air-conditioned environment, for the different PCMs taken into consideration, for Turin (a) and Cosenza (b).



[image: Energies 10 00659 g007]






About Turin: in the winter period, the biggest heat gain is ensured by PCM SP26E and the lowest by PCM LATEST20T and S15, the lowest heat loss by the PCM S15 and the highest by LATEST20T; in the summer period, the most reduced load value is obtained with SP26E and the highest with LATEST20T, the highest heat gain is provided by LATEST20T and the lowest by SP26E.



For Cosenza, the previous results are confirmed, with higher values of the entering energy [image: there is no content] and lower values of the exiting energy [image: there is no content] in both seasons. In the figures, for all considered cases, the largest gains and the lowest loads during the heating and the cooling air-conditioning are identified with a more visible pointer.




4.2.2. Yearly Stored Energy


The yearly sensible, latent and total stored energy for the different types of PCM in the two locations is shown in Figure 8. The yearly values are calculated starting from the monthly average daily values reported in Section 4.1.2.


Figure 8. Yearly sensible ES, latent EL and total ET energy stored for the different PCMs. Values for Turin are on the left (a) and for Cosenza are on the right (b).



[image: Energies 10 00659 g008]






The highest thermal heat storage for both locations is obtained by HS22P. In Turin, the sensible contribution is prevailing on the latent contribution, while in Cosenza this prevalence happens only for PCMs HS22P and C32.



The comparison of the two locations highlights that, independently of the type of PCM, the sensible, latent and total energy stored in the layer are higher in Cosenza compared to Turin.






5. Conclusions


In this work, an accurate energetic analysis of PCM layers with boundary conditions characteristic of external walls of air-conditioned buildings in steady periodic regime has been developed. The analysis allowed for the evaluation of the effects produced by the phase change on the energy transfer and on the thermal storage within the layer. In order to evaluate the energy transferred through the layer, it is necessary to take into account both the energy exiting the indoor environment, which represents a loss in the winter period and a heat gain in the summer period, and the energy entering the indoor environment, which makes a heat gain in the winter period and a load in the summer period. The developed procedure can be used to select the most suitable PCM in summer air-conditioning, or in winter air-conditioning, or even with reference to annual air-conditioning.



The analysis developed in terms of monthly stored energy in relation to PCMs with different melting temperatures subject to different climatic conditions, highlighted that:

	
With the increase of the melting temperature, for both locations, the highest values of the stored latent energy switch from winter and intermediate months to summer months. The quantity of latent energy stored, during the months in which phase change is recorded, depends on the number of bi-phase interfaces, on the size of the portion of the layer involved in the phase change, on the density and on the latent heat of fusion.



	
The sensible energy storage shows a reduction during the months in which the phase change occurs, while during the other months, it depends on the volumetric heat capacity ρc of the PCM.



	
The total stored energy increases during the months in which the phase change occurs, despite the reduction of the sensible contribution; during the other months, it is determined by only sensible energy.








The presence of a phase change gives rise to an abrupt modification of the energies entering and exiting through the internal and external surface. In particular, the analysis developed on monthly bases and synthesized at the seasonal level, in terms of transferred energy highlighted that in Turin during the winter period:

	
The lowest energy exiting from the indoor environment is ensured by a PCM with a melting temperature of 15 °C (S15);



	
The highest contribution of energy entering the indoor environment, mainly due to solar radiation, is recorded for a PCM with a melting temperature of 26 °C (SP26).








In the summer period:

	
The lowest value of energy entering the indoor environment is obtained by SP26;



	
The highest value of energy exiting from the indoor environment is ensured by LATEST20 (with a melting temperature equal to 20 °C).








For Cosenza, in both seasons the previous findings, with the highest values of energy entering the indoor environment and lowest values of the exiting energy, are confirmed.



In both locations, the yearly total stored energy, which characterizes the use of PCM, results at its highest values with the PCM HS22P, with melting temperature intermediate between those of winter and summer set points of the indoor environment. Such PCM is the best compromise between winter and summer energy needs for an annual air-conditioned environment.



The results obtained provide valuable indications for improving the thermal performance of the building envelope by using PCM to achieve the nZEB targets.
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Nomenclature




	a
	Thermal diffusivity (m2/s)



	c
	Specific heat capacity (J/kg K)



	E
	Energy per square meter (J/m2)



	Ee
	Energy on the external surface (J/m2)



	Ei
	Energy on the internal surface (J/m2)



	h
	Heat transfer coefficient (W/(m2 K))



	H
	Latent heat of fusion (J/kg)



	k
	Thermal conductivity (W/m K)



	L
	Layer thickness (m)



	P
	Period (s)



	t
	Time (s)



	T
	Temperature (K)



	x
	Spatial coordinate (m)



	XM
	Position of the bi-phase interface (m)







Greek symbols




	[image: there is no content]
	Solar absorption coefficient (-)



	[image: there is no content]
	Finite difference time step (s)



	[image: there is no content]
	Heat flux (W/m2)



	ρ
	Density (kg/m3)







Subscripts




	c
	Convective



	e
	External



	ea
	Referring to the external air load



	ia
	Referring to the internal air



	k
	k-th bi-phase interface



	l
	Liquid



	L
	Referring to the latent energy stored



	M
	Melting



	r
	Radiative



	s
	Solid



	S
	Referring to the sensible energy stored



	s,i
	Referring to the internal surface



	s,e
	Referring to the external surface



	sky
	Referring to the sky load



	sol
	Referring to the solar load







Superscripts




	+
	Entering



	−
	Exiting



	n
	Current time instant



	n+1
	Successive time instant







Symbols




	~
	Fluctuating value
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