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Abstract

The objective of the research is the definition of a new set of parameters to evaluate the
effective dynamic thermal behavior of a layer subject to phase change (PCM) that, for the effect of
non-sinusoidal periodic boundary conditions, characterizing the external walls of air-conditioned
buildings, give rise to the formation of one or more melting or solidification bi-phase interfaces.
Such bi-phase interfaces originate on the boundary surfaces, or are always present and fluctuate
within the layer. Defined parameters are to be used for the thermal design of innovative walls
containing a PCM layer, targeting the reduction of power peaks entering the environment, or in
order to reduce the energy requirements or even to improve the indoor thermal comfort.

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 methodology developed allowed us to determine the dynamic characteristics, for each
month of the year, of PCM layers with different melting temperatures and thermo-physical
properties and subject to climatic conditions of two locations, one with a continental climate and the
second one with a Mediterranean climate. In particular, it was found that all defined dynamic
parameters, irrespective of locality and of PCM type, are related to the latent storage efficiency and,
furthermore, some calculation correlations between the dynamic parameters were obtained.

Finally, the results show that it was sufficient to reach the phase change in a portion of the

layer of about 35% to obtain excellent dynamic thermal performance.

Keywords: phase change material; latent heat; building wall; dynamic thermal behavior; dynamic
parameters; bi-phase interface; Stefan problem; energy efficiency; passive system; melting

temperature; continental climate; mediterranean climate
1. Introduction

Phase change material (PCM) has been widely employed in building envelopes with the aim

of reducing and shifting the heating and cooling load peak, allowing for smaller dimensions of air-
1


http://ees.elsevier.com/enb/viewRCResults.aspx?pdf=1&docID=20913&rev=2&fileID=707614&msid={8F44C310-E9B8-4B19-A330-E686AD349ADF}

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
638
69
70
71
72
73
74

conditioning plants, to reduce energy requirements, and to maintain a more comfortable indoor
environment due to smaller temperature fluctuations [1-13]. The presence of a phase change
material (PCM) layer in an air-conditioned building wall, due to the effect of storage and release of
latent energy phenomena, modifies the dynamic thermal behavior, both during the summer and
winter periods.

The building external walls are subject, on the outside surface, to the action of solar
radiation, as well as that of air temperature and apparent sky temperature. On the internal surface
they are subject to thermal exchanges, convective with the air, infrared radiative with other walls
and to the absorbed solar radiation that penetrates through the glazed surfaces. The variability of
such loadings can be schematized by non-sinusoidal periodical fluctuations, which in the outdoor
environment are representative of the average monthly day of the thermal quantities, and which
cause a steady periodic thermal regime in the layer after an initial thermal transient. In such a
regime, upon variability of the boundary conditions in relation to the PCM melting temperature, one
or more bi-phase interfaces can originate, which are formed on the external surface or also on the
internal surface, and that involve a part of the layer or the entire layer. It may occur that the layer is
not subject to phase change and it remains in a solid or liquid phase. The storage and the release
processes of latent energy at the melting temperature, compared to the monophase layer, give rise to
an abrupt modification of the thermal fluctuations on the external and internal surfaces. For such a
reason, the dynamic characterization of a PCM layer, unlike a monophase layer, requires the
definition of a new set of parameters that identify dynamic thermal and energetic behavior.

In a monophase layer in periodic sinusoidal conditions, the dynamic characterization is obtained
by: the periodic thermal transmittance, the thermal admittances, the areal heat capacities, the
decrement factor and the time lag of the periodic thermal transmittance, determined by the
consideration of the air temperature as external loading and the temperature of the environment,
supposed as constant, as the internal loading [14]; the surface factor evaluated in the presence of a
heat flux oscillation on the internal surface and with the air temperature on both faces of the wall
maintained constant [15]; the non-dimensional periodic thermal transmittance and the periodic heat
storage efficiency in the presence of more loadings which act on the external and internal face [16,
17]. In non-sinusoidal periodic conditions, the dynamic parameters considered are: the decrement
factor of energy, the decrement factor and the time lag of the maximum and the minimum peak of
the heat flux calculated in the presence of more loadings which act on the external and internal
surface [16-18]; the decrement factor of the daily maximum excursion and the time lag of the
maximum peak and the minimum peak of the temperature considering the actual sol-air temperature
as the external loading and considering constant the indoor air temperature [19]; the conventional
periodic thermal transmittance corrected by a factor evaluated considering the actual sol-air

temperature as the external loading and considering constant the indoor air temperature [20].
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For the dynamic characterization of a PCM layer, new parameters have been proposed in the
scientific literature. In a sinusoidal periodic regime, Zhou et al. [21, 22] have studied the effects of
PCM thermophysical properties, inner surface convective heat transfer coefficient and thickness of
a PCM wallboard on the time lag, decrement factor and phase transition keeping time of the inner
surface when the layer is subjected to the action of a periodic sinusoidal temperature or heat flux on
the outer surface. Sharifi et al. [23] have used the decrement factor and the time lag, in sinusoidal
temperature conditions, and the duration of being in the comfort zone and the energy required to
keep the inside temperature in the comfort zone, in a dynamic regime, to evaluate the dynamic
behavior of a based PCM-impregnated gypsum board. Ling et al. [24] have proposed and evaluated
three indicators, namely, thermal storage coefficient, thermal resistance and thermal inertia index of
PCM useful in evaluating the thermal inertia performance of a building component with PCM
heated with periodic fluctuation. Evola et al. [25] have introduced a series of indicators in dynamic
regime that allow a precise description of both the PCM behavior (frequency of melting, storage
efficiency) and the intensity and duration of the thermal comfort perceived by occupants. In the
same thermal regime, Ye et al. [26] have evaluated the ESI, the ratio of a particular material or
component’s energy saving equivalent (ESE) to the corresponding value of the ideal material or
component that can maintain the room at an ideal thermal state in passive mode, where the ESE
represents the hypothetical energy to be supplied to maintain a passive room at the same thermal
state as that when a particular material or component is adopted. Sun et al. [27] have proposed the
energy and mass efficiency (EME), an index which considers the melting temperature and PCM
layer thickness and the outdoor and indoor air temperature, to evaluate the energy efficiency of
PCM walls in office buildings located in various climatic regions in China for cooling. In the
summer period, Lei et al. [28] have used the envelope heat gain reduction rate, which is a
percentage reduction of the heat gains through the envelope due to the addition of PCM layer. In the
work of Zwanzig et al. [29] PCM performance was evaluated according to three metrics: seasonal
peak load shifting, seasonal peak load reduction, and total annual cooling and heating load
reduction. Kuznik et al. [30], have experimentally investigated, in a full scale controlled test room,
a PCM wall on a summer day, a winter day and a mid-season day. The results have shown that for
all the cases tested, the decrement factor varies between 0.73 and 0.78. Mandilaras et al. [31] have
presented the average monthly decrement factor and time lag values for a typical, two-storey,
family house built in the mid-western part of Greece. Its walls consist of multiple layers of
insulation materials and gypsum plasterboard panels containing PCMs. A decrease of the decrement
factor by a further 30-40% and an increase on the time lag of approximately 100 min during late
spring, early summer and autumn, attributed to the PCM implementation, are shown. Furthermore,
in order to study the nonlinear behavior for PCM, the “mean-effective” specific heat capacity has

been calculated. In [32] the authors have presented an experimental installation of real size,
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concrete cubicles with PCM, constructed in the locality of Puigverd of Lleida (Spain), that can
reduce the fluctuation of the external surface temperature of walls and obtain a time lag around + 2
h, compared to the base wall without PCM. In another investigation, by means of the use of PCM in
the roof, numerically, Dong et al. have obtained a time delay of the temperature peak 3 hours higher
than a common roof in the cold area of China [33]. In the experiment of Guarino et al. [34] a
building-integrated thermal storage system in a cold climate has allowed solar radiation to be stored
and released up to 6-8 hours. Thiele et al. [35] have evaluated the effects of adding PCM on the
reduction and delay of thermal load through composite walls subjected to diurnal sinusoidal outdoor
temperature and solar radiation heat flux.

The scientific literature analyzed highlights that there is not an existing general methodology for
the evaluation of the dynamic characteristics of a PCM layer. Therefore, in this work the authors
have elaborated a new procedure, based on a series of dynamic parameters evaluated in the monthly
average day for every month through the year, which can be applied to any PCM type and location.
The research was conducted in the laboratory of "Building Energy" of the Applied Physics Area of
the Department of Mechanical, Energy and Management Engineering (DIMEG) at the University of
Calabria. The aim of the work is to address the dynamic characterization of a PCM layer in which
one or more bi-phase interfaces are formed, in the hypothesis that the thermal regime is a steady
periodic regime. The boundary conditions of the layer are those which characterize the external
walls of air-conditioned buildings. The analyses are developed as 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, energy entering and exiting from the layer,
and the stored energy in the layer in the sensible and latent form, are employed in order to define
new parameters necessary to dynamically characterize the layer. Defined parameters are: latent
storage efficiency; the fraction of latent energy stored compared to the total energy stored,
decrement factor of the maximum excursion of the temperature and of the heat flux; the energy
decrement factor; the time lag of the maximum and minimum peak of the temperature and heat
flux; the fraction of the period during which the temperature and the heat flux maximum peak or
minimum peak are constant in time on the internal surface. The procedure is used in order to
evaluate dynamic characteristics of a PCM layer, with different melting temperatures and
thermophysical characteristics. The climatic conditions taken into consideration, relating to two
locations, one with a continental climate and the other one with a Mediterranean climate, are
represented through the average monthly day and modeled with periodical non-sinusoidal
fluctuations.

In a previous work [36] by the same authors, more complete examples of fields of temperature

and of heat flux in the presence of one or more bi-phase interfaces, the evolution in time of the bi-
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phase interface and the related trends of latent energies stored or released per unit time are

described.
2. Methodology

2.1  Calculation model
The model constitutive equations are the general equation of thermal conductivity in the
solid phase and in the liquid phase (1) and the balance equation at the bi-phase interface at the

melting temperature (2) and (3):

0°T 10T 0T dXy
%

2 2ot 0 (1) kg 6x X = PHT 2) Ti(Xmt) = Ts(Xp, ) =Ty (3)

With H representing latent heat of fusion, Ty melting temperature and Xy position of the bi-phase
interface. Boundary conditions on the external surface of PCM layer are represented by the
convective and radiative, at short and long wavelength, thermal exchanges with the outdoor
environment, and on the internal surface by thermal exchanges with the indoor environment

evaluated through the surface heat transfer coefficient. The corresponding equations are:

aT
d, = cI)r,e + q)C,e + adg,) = hr,e(Tsky - Ts,e) + hc,e(Tea - Ts,e) + adg, = —k ox (4)
x=0

oT
b, = hs,i(Ts,i - T ) —k—

F )

x=L

with @, signifying total heat flux from the outdoor environment, ®... longwave radiative heat flux
exchanged with the sky, ®., convective heat flux exchanged with the external air, o, absorption
coefficient, @, solar radiation, h, . and h, radiative and convective heat transfer coefficients,
Tsky SKy temperature, T, external air temperature, T . external surface temperature, ®;, heat flux
transferred in the indoor environment, hg; internal surface heat transfer coefficient, Tg; internal
surface temperature, T;, internal air temperature and L thickness of the layer.

An explicit finite difference numeric model has solved the equations system (1)-(5). The
discretization of the equation, obtained by evaluating the time derivative with its related incremental
ratio, leads to the relations for the calculation of the temperatures in the nodes not subject to a phase
change and of the liquid fractions A present in the subvolume of nodes at the melting temperature.
Such equations and the employed calculation algorithm, validated by means of a comparison with
the results determined by an analytical model that resolves the heat transfer in a PCM layer in a
steady periodic regime [37], are reported in [36]. In detail, the algorithm provides for:
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e the possibility that one or more bi-phase interfaces form in the layer, when the temperatures
on the PCM boundary surfaces fluctuate around the melting temperature;
e anon-uniform spatial discretization;
e different thermo-physical properties in the solid phase and in the liquid phase;
e the update at every time instant of the resistances among nodes and of nodal heat capacities
according to the position and typology of the bi-phase interfaces.
The model does not contemplate phenomena of phase segregation, of subcooling and of hysteresis.
The position of the bi-phase interfaces is determined depending on the thickness and the liquid

fractions ;, present in sub volumes, with the relations:

jk—1 Jk—1
Xk = Y A +Ax 0, (6) Xup= ) A+, (1-%) ()
i=1 i=1

In the previous equations, if the bi-phase interface is of melting (see Eq. 6), the position of
the k-th bi-phase interface Xy present in subvolume ji is calculated summing the thicknesses of
the subvolumes Ax; preceding the node jk to the portion of the subvolume ji in liquid phase Ax;, A;, .
If it is a solidification interface (see Eq. 7), the position of the k-th bi-phase interface Xy x present in
subvolume ji is calculated summing the thicknesses of the subvolumes Ax; preceding the node ji to
the portion of the subvolume ji in solid phase Ax]-k(l - )\jk). For example, if the bi-phase interface
is of melting and falls within the volume associated with the fourth node (jx = 4), Eq. (6) provides
Xmk = A%y + AX, + Axz + Ax,A4, With A, fraction of volume 4 in liquid phase. Viceversa, if the
bi-phase interface is of solidification, Eq. (7) provides Ax; + Ax, + Ax3 + Ax,(1 —2A,), with
(1 — A,) fraction of volume 4 in solid phase.

All the equations and the algorithm have been implemented in our own MATLAB program code.
Such a code allows us to determine the number and the position of eventual bi-phase interfaces in
the layer, the phase configurations, the temperature and heat flux fields and the stored energy per
unit time, the sum of latent and sensible contribution. In each point of the layer, the temperature and
heat flux trends can be considered as the sum of a steady component and a fluctuating component.
The steady component is calculated as an average of the instant values in the time period, and the

fluctuating component is obtained by subtracting the steady component from the overall trend.

2.2 Phase configurations in the layer and surface temperatures and heat fluxes

Figures 1-4 show examples of temperature and heat flux trends on the layer external and internal
surface. Such trends have been obtained considering the PCM S15, whose thermophysical
properties are reported in Table 2 with reference to the boundary conditions, defined in Section 3,

related to Turin. In order to be complete, the images also show the PCM melting temperature Ty,
6
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the trends of the internal air temperature Ti, and also of the equivalent temperature of the outdoor
environment Teeq [17] Which are representative of the three external loadings. In every image, the
upper curves represent temperatures, whose scales are reported on the left axes, while the lower
curves represent heat fluxes, whose scales are reported on the right axes. The vertical lines allow us
to identify the time instants when the phase change process associated to each single bi-phase
interface starts and ends, while the horizontal arrows indicate the duration of the phase change
process associated with each single bi-phase interface. Figure 1 refers to the case of the absence of
bi-phase interfaces and the layer is entirely in a solid phase (a) or in a liquid phase (b). Figure 2
shows the trends in the case of a bi-phase interface formation on the external surface (a) or on the
internal surface (b). Figure 3 relates to the formation of two bi-phase interfaces, both on the external
surface (a) or one on the internal surface and the other on the external surface (b). While, figure 4
relates to the case of the presence of three bi-phase interfaces all of them on the external surface (a)

or two on the external surface and one on the internal surface (b).

Figure 1 — Absence of phase change a) solid phase b) liquid phase. Temperatures, Ts. and Ts;, and heat fluxes, &,
and @, ;, on the external surface and on the internal surface; melting temperature Ty, internal air temperature T;, and

equivalent outdoor temperature T, .

Figure 2 — Presence of a bi-phase interface originating on the external surface a) or on the internal surface b).
Temperatures, T, and T, and heat fluxes, @s ., and @, ;, on the external surface and on the internal surface; melting

temperature Ty, internal air temperature T;, and equivalent outdoor temperature T, .

Figure 3 — Presence of two bi-phase interfaces both originating on the external surface a) or one on the external
surface and the other on the internal surface b). Temperatures, T, and T;, and heat fluxes, @, and @ ;, on the
external surface and on the internal surface; melting temperature T),, internal air temperature T;, and equivalent

outdoor temperature T, ¢,.

Figure 4 — Presence of three bi-phase interfaces all originating on the external surface a) or two on the external
surface and the other on the internal surface b). Temperatures, T;, and T;;, and heat fluxes, &, and @;, on the
external surface and on the internal surface; melting temperature T),, internal air temperature T;, and equivalent

outdoor temperature T, ¢,

If the PCM layer is monophase, see figures 1a and 1b, the temperature in the entire layer is always
higher than the melting temperature if the layer is in liquid phase, and is always lower than the
melting temperature if the layer is in solid phase. The periodic temperatures and heat flux
fluctuations on the internal surface present a lower amplitude and are shifted, compared to these on

the external surface.
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When the temperature on the external surface, see Figure 2, or on the internal surface of the
layer, see Figure 2a, during the period, becomes equal to the melting temperature, a bi-phase
interface forms. Such an interface penetrates the layer, it reaches maximum deepth, then it reverts
direction and restores the initial monophase layer. Usually, during the winter season, at night time,
the layer is totally in a solid phase; in the day time, due to the prevailing effect of solar radiation
absorbed by the external surface and also due to the surface thermal exchange with the indoor
environment, the layer heats up and the internal surface or the external surface reaches the melting
temperature, starting the fusion process. The behavior is different during the months when the layer
is entirely in a liquid phase in the day time. In fact, during nocturnal hours, due to the convective-
radiative thermal exchange with the outdoor environment, the layer starts the solidification process.
The interface penetrates the layer, and once a given deepth is reached, during daytime hours, it
reverts direction mainly due to the absorbed solar radiation, and it restores the liquid phase in the
whole layer. In both cases, during the phase change, the latent energy per unit time, proportional to
the advancing speed of the bi-phase interface, at first increases, it reaches a certain maximum value
and afterwards decreases until it is annulled at the instant when the bi-phase interface reverts
direction and starts the opposite process. During this process, the latent energy per unit time always
increases and it is at its maximum at the time instant when the phase change stops restoring the
initial phase. Due to the effect of the velocity variation in the different time instants of the external
loadings, the advancing velocity of the bi-phase interface is not constant in time. Because of this,
the duration of the fusion process, which originates in the latent energy storage, is different from
that of the solidification process, releasing the stored energy.

When the temperature on the external surface and on the internal surface of the layer become
equal to the melting temperature, see Figure 3b, two bi-phase interfaces originated, and they can be
both fusion interfaces if the initial layer is solid, or solidification interfaces if the initial layer is
liquid. Both interfaces penetrate the layer, and reach a maximum deepth to finally be extinguished
on the surface of origin. The two interfaces do not develop simultaneously and they both contribute
to the latent energy storage and release process.

When the temperature on the external surface of the layer, in two successive time instants in the
period, becomes equal to the melting temperature, two bi-phase interfaces originate on this surface,
see Figure 3a. For instance, if the layer is totally in the liquid phase, the first bi-phase interface is a
solidification one during nocturnal hours, and the other is a fusion one during diurnal hours, mainly
produced by solar radiation. Such interfaces penetrate the layer at different velocities, and rejoin
internally to re-establish the original monophase layer. The latent energy storage process is mainly
connected to a bi-phase interface while the release process is connected to the other interface.

It can also happen that one of the two interfaces stays in the layer with a time length longer than

the period P=24 hours, see Figure 4a, so that, in a defined interval of time in the period, three bi-
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phase interfaces are present in the layer. Also in this case, the latent energy stored by one interface
is completely returned by the other one. It is also possible that, in the case when three bi-phase
interfaces are present, two originate on the external surface, while a third one is always present in
period P and fluctuates concerning a portion of the layer near to the internal surface, see figure 4b.
Also in this case, the two interfaces originating on the external face, rejoin in the inner part of the
layer and the stored latent energy is completely returned by the other one. The energy stored by the
third interface is then released by the same one with a similar trend.

The phase change effects within the layer on the surface temperature and heat flux trends can be
summarized as follows. Regarding the temperature trend on the surface where the bi-phase
interfaces originate, see Figures 2 and 3, unlike a monophase material, it is revealed that:

a) for a fraction of the period the related maximum or minimum peaks are constant and
approximate to the melting temperature;

b) the maximum or the minimum peak persists in time;

c) the maximum excursion in the period is reduced due to decrement of the maximum peak
amplitude, if the interface is one of fusion, or that of the minimum peak, if the interface is
one of solidification;

Concerning the heat flux trend:
> if the bi-phase interfaces originate on the external surface, on this surface it is highlighted that:

d) at the beginning and at the end of the phase change there is discontinuity;

e) the daily maximum excursion increases;

f) the instant when the maximum or the minimum peak occur changes;

g) the fluctuant energy changes.
> if the bi-phase interfaces originate on the internal surface, on this surface it is noticed that:

h) at the beginning and at the end of the phase change there is a discontinuity;

i) for a fraction of the period, the related maximum or minimum peak can be considered

constant;

j) the daily maximum excursion decreases;

k) the instant when the maximum or the minimum peak occur changes;

I) the fluctuant energy decreases.

On the surface that is not the site of bi-phase interface formation, if it is the internal one, the
maximum excursions decrease and the fluctuating temperature and heat flux maximum and
minimum peaks undergo a time lag. Whereas, if it is the external one, the fluctuations of
temperature and heat flux stay basically unchanged. Furthermore, increasing the number of the bi-
phase interfaces on the external surface, the thermal fluctuations on the internal surface result as
being damped until a complete attenuation with three bi-phase interfaces is reached, see Figure 4a.

Finally, the contemporary presence of bi-phase interfaces on the internal and external surfaces, see
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Figures 3b and 4b, causes analogous behavior on the external surfaces to those described in the
previous a) - g) points, while on the internal surface the maximum temperature and heat flux
excursions are almost completely damped. The above described trends show that, for the complete
dynamic characterization of the PCM layer, the employment of more parameters is necessary, as
defined in section 2.4, in order to identify fully the transformation that the form of the fluctuating

thermal quantity undergoes when passing through the layer.

2.3  Fluctuating transferred energy and latent and total stored energy

The monthly average daily fluctuant energy on the internal surface E; and external surface E, of
the layer are calculated taking into account that, for a fluctuating quantity around a mean value, the
area subtended the trend in the time interval in which the quantity is greater than the average value
is equal to the area subtended the trend in the time interval in which the quantity is less than the
average value. For this reason, E; e E, are determined by half of the numeric integral in time,
extended to the period, of the absolute value of the surface fluctuant heat fluxes ds; and ¢ (Egs.
8-9).

l\.llv—|l
l\JIv—|l

il% (8) ilcbse 9

The total energy stored Er 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 (Eqg. 10). Likewise, the advancing velocity of the bi-phase interface k, given by the ratio
(Xn+1 M)/ At, is used to evaluate the latent energy stored, by the Eq. (11).

Xn+1 Il )

P P p p
1 1 1 1
52 ¢T|At—§Z)|¢s,i—¢s,e|At 10 E 52 ¢L|At—52 At (11)

2.4  Definition of the dynamic parameters

With reference to a period P=24 hours, the temperature and heat flux trends on the external
surface and on the internal surface, the fluctuant energy entering in the layer E, and exiting from
the layer E;, and the stored energy in the form of latent energy E,, are used in order to define the

parameters necessary to dynamically characterize the PCM layer.

Figure 5 — Representation of the thermal quantities used for the definition of the dynamic parameters of the PCM layer.

a) temperature trends on the external surface T;, and on the internal surface T ;; b) heat flux trend on the external

10
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surface @, and on the internal surface @g;; c) fluctuating energy on the external surface £, and on the internal

surface E;; d) sensible E, latent E, and total E, energy stored.

With reference to Figure 5, such parameters are:
a) the latent storage efficiency g, ratio between the latent energy stored E;, and the maximum
storable E| .« latent energy, evaluated on the basis of the assumption that the whole layer
changes phase; the fraction of latent energy A with respect to total energy stored in the

layer, see Figure 5d:

EL pHAXpC EL
= = (12) AL == (13)
Epmax  PHL T Er

€L

b) the decrement factor of the maximum excursion of the temperature fy (Eq. 14), see figure
5a, and of the heat flux fg (Eq. 15), see Figure 5b, and the decrement factor of the
fluctuating energy transferred f; (Eq. 16), see Figure 5c:

Tmax _ T_min pmax _ q)_min E
i 1 - . 1
N R A A A

c) the time lag of the maximum and the minimum peak of the temperature Atpmax and Atpmin
(Egs. 17-18), see Figure 5a, and of the heat flux Atgmax and At min (Egs. 19-20), see Figure
5b:

Mtymax = (tymax —typax)  (17)  Atymin = (tTimin — tyyain) (18)

Atgmax = (tq,{nax — tq)gnaX) (19) Atgmin = (tq)}nin — t(bénin) (20)

d) the constant peak time fraction of the temperature or of the heat flux, namely the fraction of

period P in which the maximum or the minimum peak Ilr, (Eq. 21), see Figure 53, and of

heat flux Iy, (Eq. 22), see figure 5b, on the internal surface are constant.

AP
HTi = P

T?:const d>?=const

AP
21 e, =
(21) & = —

(22)
In the previous equations, the subscripts i and e indicate respectively the internal and external

surface of the layer, while the superscripts p, max and min identify the generic peak value, the
11
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maximum value and minimum value of the considered thermal quantity. If the parameter IT is
different to zero, for the evaluation of the time lag (Egs. 17-20), the time t to be considered is that at
the beginning of the fraction of the period in which the maximum or minimum peak of the thermal
quantity is constant, see Figures 5a and 5b.

The defined dynamic parameters allow us to quantify the decrement and the time lag which
temperature and heat flux fluctuations undergo when passing through the layer and the extent of the
latent thermal storage in the layer. All the parameters defined are to be used either in the absence of
or in the presence of phase change. In Table 1 some special cases of combinations of the parameters
are reported and for each case an indication to thermally size the layer well. In the absence of phase
change Iy, My,, €, and Ay, are nil and the dynamic parameters are reduced to those characteristics
of a monophase layer. In the presence of phase change, parameters Ilr,, Ile,, €, and Ay, identify the
behavior of the layer both in energetic terms and as damping of thermal fluctuations. In fact, from
the analysis of Egs. (12), (13), (21) and (22), with an increase of Il and Iy, the fraction of the
period in which the thermal fluctuations on the internal surface are completely damped increases,
while with a growth of g, and Ay, the portion of the layer interested by the phase change and the

fraction of latent energy stored compared to sensible one, respectively, increase.

Table 1 - Description of the dynamic behavior of a PCM layer in some special cases and related latent storage

parameter values, e, and A, and of the constant peak time fractions 1T, and I, .

3 Case study description

The calculation procedure for the determination of the thermal fields and of the stored energy
was used in order to evaluate, on a monthly basis, the energetic and dynamic characteristics of five
different PCM typologies (see Table 2), all of 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. In the analysis, two locations with quite different
climatic conditions, Turin (TO) and Cosenza (CS) were considered. The solar irradiation on the
horizontal plane G and external air temperature T, data employed, relative to the monthly average
days of a whole year, are those from the national standard reference [38] and are shown in Table 3,
respectively, in the first and in the second row for each location. The typical day of each month,
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, were generated starting
from monthly average daily values using TRNSYS 17 [39] software. In the indoor environment, the
temperature values in continuous regime were chosen according to the reference standard [40]
while the heating period, the cooling period and the intermediate period according to the national

regulations [41], see Table 4. The numerical simulations considered: on the external surface a solar
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absorption coefficient equal to 0.60 and a convective and radiative heat transfer coefficient
respectively equal to 20 W/m? K and 5.35 W/m? K; on the internal surface a heat transfer
coefficient equal to 7.7 W/m?. The heat transfer coefficients were taken from the EN 1SO 6946 [42]
standard and from a previous experimental work by the authors [43]. The layer was discretized with
19 nodes and the equation system was solved by an integration step At=5 seconds. The choice of
the number of nodes was performed by preliminary simulations in order to verify the grid
independence. From the results of the simulations performed, varying the number of nodes from 10
to 30 with a step of one, it is possible to deduce that this condition is realized by using nineteen
nodes to discretize the PCM layer.

Table 2 — Thermophysical properties of the different types of PCMs.

Table 3 - Monthly average daily values of a whole year of the external air temperature T, and solar irradiation on the

horizontal plane G in Turin and Cosenza.

Table 4 - Indoor environment set point temperature in the different months for Turin and Cosenza.

4 Results and discussion

4.1  Phase configuration in the different typologies of PCM layers

Figures 6 and 7 show the number of bi-phase interfaces, the surface on which they originate and the
disposition of the phases in the layer starting from the outside and going towards the inside, for the
considered PCMs and locations in the different months. The presence of a bi-phase interface which
originates on the external surface is indicated by 1a), and that which originates on the internal
surface by 1b). The case of two bi-phase interfaces, both originating on the external surface, is
shown by 2a), while the case with one interface on the external surface and another on the internal
surface by 2b); Finally, in the case of three bi-phase interfaces, 3a) shows that all the interfaces
originate on the external surface, while 3b) shows that two interfaces are formed on the external

surface and the other one on the internal surface.

Figure 6 - Number of interfaces present in the layer, surface on which they originate, and arrangement of the phases
from the outside to the inside, in the various months of the year and for different PCMs. Turin. a) all the bi-phase

interfaces are on the external surface; b) one bi-phase interface is on the internal surface.

Figure 7 - Number of interfaces present in the layer, surface on which they originate, and arrangement of the phases
from the outside to the inside in the various months of the year and for different PCMs. Cosenza. a) all the bi-phase

interfaces are on the external surface; b) one bi-phase interface is on the internal surface.
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The phase changes occur: for PCM S15 from September to May, except in January, in Turin,
and from October to May in Cosenza; for PCM LATEST20T from April to October in Turin, and
from February to December in Cosenza; for PCM HS22P from May to September in Turin, and
from April to November in Cosenza; for PCM SP26E from June to September in Turin, and from
May to November in Cosenza; the PCM C32, due to the high melting temperature, in Turin does

not undergo any phase change, while in Cosenza phase changes occur from July to September.

4.2  Monthly values of dynamic parameters
In Figure 8 values of dynamic parameters AL, g, fr, fg and fg are shown in the different months,
calculated by Egs. 12-16.

Figure 8 - Stored latent energy fraction in the layer ., latent stored efficiency ¢_and decrement factors f, f, and fz,

during the different months for Turin, on the left, and for Cosenza, on the right.

The fraction of stored latent energy in layer A, shows in the months in which, the latent storage
is prevalent over the sensible one. The latent storage efficiency €_shows in which months the part
of the layer interested by the phase change is more extended. The decrement factor of the maximum
excursion of the temperature fr in the presence of phase changes it reduces and, in the months with
the highest stored latent energy, is annulled. The decrement factor of the maximum excursion of the
heat flux f, and the decrement factor of the energy fe exhibit similar trends and values, and in the
presence of a phase change present analogous behavior of fr.

In the fraction of the period in which the maximum or minimum peak of the temperature on the
internal surface is constant, also the related heat flux peak is constant, due to the fact that the indoor
environment temperature is fixed and equal to the set-point value. For this reason, in air-
conditioned situations I, = Ilg,. With reference to all considered cases, only for PCMs S15 and
LATEST20T, and for both locations, it can be observed that, in some months the maximum and
minimum peaks of the temperature and heat flux, stay constant for a fraction of the period. For

these PCMs the values of the parameter I, = Ilq, are shown in Table 5.

Table 5 - Constant peak time fraction /I, = Il during the different months for Turin and Cosenza.

The constant peak time fraction is different to zero during the months when a bi-phase interface
originates on the internal surface, or when a bi-phase interface fluctuates within the layer, close to
the internal surface. This can be seen from the comparison between Table 5 and Figures 6 and 7. In
those figures, this case is indicated by the letter b, independently from the number of bi-phase
interfaces in the layer.
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In Figure 9 the values of time lags Attmax, Atimin, Atgmax and Atgmin are shown in the different
months, calculated by Eqgs. 17-20. In absence of phase change, they are almost constant, with the
exception of that of the minimum peak of the heat flux, which shows a seasonal variability; in the
presence of one or more bi-phase interfaces the time lags are subject to abrupt variations. In
particular, in the absence of phase change, for both locations considered and for all the different
PCMs, with the change of the months, the Atymax and At min Variation field is within 0 and 3 hours,
while that of Atgmax is between 2.5 and 6 hours. The time lag At min Varies between 5 and 7 hours
in the summer period and between 13 and 16 hours in the winter period. In the presence of phase

change, the extent of variations is the function of the PCM, of the locality and of the month.

Figure 9 — Time lags of temperature peaks Atymax and At min, and of heat flux peaks Atymax and At ymin, in different

months, for Turin on the left, and for Cosenza on the right.

4.3 Influence of the latent storage efficiency on the dynamic characteristics

Data analysis has shown that the dynamic parameters related to the trends of the temperature and
heat flux, of the fluctuating energy passing through the layer and of the stored energy in latent and
sensible form are correlated to the latent storage efficiency. Figure 10 shows the values of dynamic
parameters related to the monthly average day of the latent energy fraction A, and the decrement
factors fr, fo and fz depending on the latent storage efficiency €. In each image the values related

to both locations and for the different PCMs are reported.

Figure 10 — Latent energy fraction stored A; and decrement factor of temperature f;, of heat flux f, and of the energy fe

in function of the latent storage efficiency ¢, related to both locations and for the different PCMs.

Generally, irrespective of location, of PCM typology and of the air-conditioning season, to the
increase of latent storage efficiency ¢, the decrement factors of the maximum excursion of the
temperature fr and of the heat flux fe as well as the decrement factor of the energy decrease, while
the stored latent energy fraction Ay, rises significantly. All these trends can be represented by
second grade polynomial functions, with concavity facing downwards for parameters A;, and fr, and
facing upwards for parameters fo and fg. Concerning the decrement factor of the temperature fr
trend, it is necessary to specify that, during the months when the constant peak time fraction is
different to zero, it is subject to a change of concavity with a reduction of the values. This different
behavior is recorded by the image with two interpolating curves with opposite concavities (conf. a
and conf. b). Regarding the other dynamic parameters, the influence of the constant peak time
fraction is very contained and the trends can be considered independent to the configuration of the

phases within the layer.
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In general, the image concerning the latent energy fraction A shows a strict correlation to
the latent storage efficiency g_ and it is an indicator that the total stored energy apportionment in
latent and sensible energy depends mainly on the latent storage efficiency ¢.. Concerning the
decrement factors fr, fo and fg, the images highlight that for reduced ¢_ values, to which
corresponds a greater contribution of the sensible type to the thermal storage, the dispersion of the
points around the interpolating curves is greater, due to the different volumetric heat capacity pc, in
the different PCMs. For higher values of g, to which corresponds a contribution to the heat storage
in latent form prevailing on the sensible one, the points show a lower dispersion. Furthermore,
images show that it is sufficient to obtain a latent storage efficiency g =0.35, to which corresponds
a portion of the layer involved in the phase change equal to 35%, in order to attenuate completely
the maximum excursion of the temperature and heat flux on the internal surface, to annul the
fluctuating energy transferred into the indoor environment and to obtain unitary values of the latent
energy fraction.

Similarly to Figure 10, in Figure 11, the values of the time lag of maximum peak and of the

minimum peak of the temperature Atymax and At min and of the heat flux Atgmax and Atymin @S @

function of the latent storage efficiency ¢, are reported.

Figure 11 - Time lag of the maximum and minimum peak of the temperature Atymax and At mix and of the heat flux

At ymax and At ymin @s @ function of latent storage efficiency ¢, related to both locations and for the different PCMs.

On the whole, independently from the location, PCM type, and air-conditioning season, with the

rise of latent storage efficiency €. time lags Atmax, At min and Atgmax increase. Such an increase is
more contained for the time lag At min. Concerning the time lag At ymin, functional dependency on

the growth of ¢_ is different in the two air-conditioning seasons, with a reduction in the winter
period and an increase in the summer period. For such a reason, in the image relative to time lag

At ymin, the pointers were differentiated based on the air-conditioning season. All these trends can

be represented by a first or second grade polynomial function. The time lags of the temperature
maximum and minimum peak, analogously to the temperature decrement factor, are distant from
the interpolating straight line during the months when the constant peak time fraction is different to
zero. For the other parameters, the influence of the constant peak time fraction is very contained
and the trends can be considered independent from the configuration of the phases in the layer.
Furthermore, the summary shown in the image in Figure 11, highlights that the functional
dependency between the dynamic parameters and the latent storage efficiency provides a qualitative
trend with a high dispersion. The interpolating curves show that with a storage latent efficiency g_ =
0.35, the time lag of the maximum peak of the temperature and of the heat flux increase by about 10
hours, the time lag of the minimum peak of the temperature rises by about 5 hours, and the time lag
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of the minimum peak of the heat flux decreases by about 6 hours during the winter period, and

increases by about 5 hours in the summer period.

4.4  Correlations between dynamic parameters

A further study has been developed by correlating dynamic parameters directly among them. The
search of such functional links highlighted a strong correlation between the decrement factor of the
heat flux maximum excursion fg and the decrement factor of the energy fe, and between the time lag
of the maximum peak of the temperature Atrmax and the time lag of the maximum peak of the heat
flux Atpmax. Such dependencies, see Figure 12, result as being independent of the location, of the

typology of PCM, of the configuration of the phases in the layer, and of the air-conditioning season.

Figure 12 — Energy decrement factor in function of that of the heat flux fg, on the left, and heat flux maximum peak time

lag Atgmax in function to the temperature maximum peak time lag Atpmax.

The decrement factor fg increases linearly with a growth of the decrement factor f, with an angular
coefficient close to the unit and, in these conditions, the intercept at the origin represents the
difference between the two dynamic parameters, for all the values of fe, see Eq. (24). Analogously
it happens for the time lags Atgmax and Atrmax, see EQ. (25). In both cases, the positive value of the

intercept at the origin shows that fz and Atgmax are, respectively, higher than fo and Atpmax.

45  Parameters required for the dynamic characterization

The analysis developed in the previous sections of this work shows that, for the complete
characterization of a PCM layer subject to a phase change, it is necessary to evaluate only a part of
the parameters as defined in Section 2.4. These parameters are: the decrement factor of the
temperature fr and heat flux fo, maximum excursion; the temperature maximum and minimum peak
time lag Atrmax and Atmin; the heat flux minimum peak time lag Atymin; the latent storage
efficiency ¢.; the constant peak time fraction of the internal surface temperature and heat flux Tl
and Iy,. The other parameters can be calculated with a high level of accuracy by Eq. 23 for the
fraction of the latent energy stored A;, by Eqg. 24 for the energy decrement factor fg and by Eq. 25

for the heat flux maximum peak time lag Atgmax.

AL = —8.0177 & + 5.5839¢, + 0.0074 (23)
fr = 0.9783f; + 0.0243 (24)
Atgpmax = 0.916Attmax + 2.4047 (25)
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In the end, in a situation of continuous air-conditioning, since Ilt, = Ilg,, the number of dynamic
parameters required in order to identify in a complete way the dynamic behavior of the layer
decreases from eleven to seven. Moreover, with less accuracy, also the decrement factor of the heat

flux maximum excursion f, can be correlated to the latent storage efficiency by the relation:

fy = 29719} — 1.8166 &, + 0.2979 (26)

5. Conclusions

In this work, an accurate thermal analysis of PCM layers subject to the typical loadings
operating on the external walls of air-conditioned buildings has been developed in the case in
which, due to the effect of the periodic boundary conditions one or more bi-phase interfaces are
present in the layer. The analysis allowed for the evaluation of the effects produced by the phase
change on the heat transfer of the temperature and heat flux fluctuations, and on the thermal storage
within the layer.

For a complete dynamic characterization of the PCM layer, it was necessary to define more
parameters in order to identify the change that undergoes the form of the trend of temperature and
heat flux, as well as the transferred fluctuating energy and the sensible and latent energy stored.
Concerning the temperature fluctuation, the decrement factor of the maximum excursion, the
maximum and minimum peak time lag and the constant peak time fraction on the internal surface
have to be used in order to quantify the thermal discomfort following the variation of the internal
surface temperature, both during the winter and summer season. If the heat flux is considered, the
analogue parameters provide the extent of the attenuation and of the time lag of the power peak,
entering during the summer and exiting in the winter, for the evaluation of the maximum loads
which work on the indoor environment. Furthermore, if the fluctuating energy passing through the
layer is considered, the relative decrement factor allows estimation of the fraction of transferred
energy into the indoor environment in summer and winter air-conditioning, for the determination of
the thermal requirements. Finally, the latent storage efficiency and the fraction of stored latent
energy A}, allow evaluation of the correct use of the layer as a system of latent heat storage. The
defined parameters have to be utilized for the thermal dimensioning of the layer, which is related to
the choice of PCM and to its thickness, and also to identify the thermal behavior of the layer when
operating.

Variability of the configurations of the phases in the layer during the course of the year modify
the dynamic characteristics of the layer in function to the quantity of the latent energy stored. In
particular, it has been found that the dynamic parameters are correlated to the latent storage

efficiency. The latent storage fraction and the decrement factors are strongly correlated, while for
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the time lags the correlation is less accurate. Independently from the location, from the type of PCM

and from the configuration of the phases in the layer, by increasing the latent storage efficiency:

the maximum excursion decrement factor of the temperature and the heat flux, and the
decrement factor of the energy decrease;

the latent energy fraction stored increases drastically;

the maximum and minimum peak time lags of temperature and the maximum peak time lag
of heat flux increase;

the minimum peak time lag of heat flux decreases in the winter season and increases in the

summer season,

Finally, results show that it is sufficient to reach the phase change in a portion of the layer equal to

35% in order to obtain:

a complete attenuation on the internal surface of the temperature and heat flux maximum
excursion;

an annulment of the fluctuating energy transferred to the indoor environment;

unitary values of the latent energy fraction;

a high increase of the time lag of the maximum and minimum peak of temperature, of the
maximum peak of the heat flux, of the minimum peak of the heat flux during summer
period;

a high reduction of the minimum peak of the heat flux during the winter period.

The research of further functional dependencies among the dynamic characteristics highlighted a

strong correlation between the decrement factor of the maximum excursion of the heat flux and the

energy decrement factor, and between the time lag of the maximum peak of the temperature and the

time lag of the maximum peak of the heat flux. Finally, it can be concluded that in order to identify

the PCM layer’s dynamic behavior in a complete way, seven independent dynamic parameters are

necessary, from which it is possible to obtain the remaining parameters.

Nomenclature

thermal diffusivity [m?2/s]

specific heat capacity [J/kg K]

energy per square meter [J/m2]

energy on the external surface [J/m?]

energy on the internal surface [J/m?]

decrement factor of the temperature maximum excursion [-]
decrement factor of the heat flux maximum excursion [-]

decrement factor of the fluctuating energy transferred [-]

monthly average daily solar irradiation on the horizontal plane [J/m?]

heat transfer coefficient [W/(m2K)]
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682
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696
697
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699
700
701
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Xm

Greek symbols
a

AP

At

A tpmax

Atimin

At gmax

At min

Ax

Subscripts
c

e

eq

ea

i
ia

Jk

PC

latent heat of fusion [J/kg]

j-th subvolume including the k-th bi-phase interface [-]
thermal conductivity [W/m K]

layer thickness [m]

period [s]

time [s]

Temperature [K]

spatial coordinate [m]

position of the bi-phase interface [m]

solar absorption coefficient [-]

portion of period P [h]

finite difference time step [s]

time lag of the temperature maximum peak [h]
time lag of the temperature minimum peak [h]
time lag of the heat flux maximum peak [h]
time lag of the heat flux minimum peak [h]
thickness of the subvolume [m]

latent energy efficiency [-]

heat flux [W/m?Z]

liquid fraction [-]

latent energy fraction [-]

constant peak time fraction of the temperature
constant peak time fraction of the heat flux

density [kg/m3]

convective

external

equivalent

referring to the external air load

i-th subvolume preceeding the subvolume in phase change
internal air

referring to the j-th subvolume including the k-th bi-phase interface
k-th bi-phase interface

liquid

referring to the latent energy stored

referring to the maximum latent energy stored

melting

n-th hour

at constant pressure

phase change
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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

T referring to the total energy stored
Superscripts

max maximum value

min minimum value

n current time instant

n+1 successive time instant

p peak value

sum summer period

win winter period

Symbols

~ fluctuating value
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Highlights

A set of parameters for a complete thermal characterization of PCM layers are defined
Various PCM layers with different melting temperatures are considered

The analysis regard a continental and a mediterranean climate

Dynamic parameters are related to the latent storage efficiency

Phase change in the 35% of the layer thickness is sufficient to reach high thermal performances



List of Figure Captions

Figure 1 — Absence of phase change a) solid phase b) liquid phase. Temperatures, T, and Ts;, and heat fluxes, &,
and @ ;, on the external surface and on the internal surface; melting temperature T,,, internal air temperature T;, and

equivalent outdoor temperature T, ¢,

Figure 2 — Presence of a bi-phase interface originating on the external surface a) or on the internal surface b).
Temperatures, T, and Ts;, and heat fluxes, @;, and @, ;, on the external surface and on the internal surface; melting

temperature Ty, internal air temperature T;, and equivalent outdoor temperature T, .,.

Figure 3 — Presence of two bi-phase interfaces both originating on the external surface a) or one on the external
surface and the other on the internal surface b). Temperatures, T, and Ts;, and heat fluxes, @;, and @;;, on the
external surface and on the internal surface; melting temperature T,,, internal air temperature T;, and equivalent

outdoor temperature T, ¢,

Figure 4 — Presence of three bi-phase interfaces all originating on the external surface a) or two on the external
surface and the other on the internal surface b). Temperatures, T, and Ty ;, and heat fluxes, @; , and @ ;, on the
external surface and on the internal surface; melting temperature Ty, internal air temperature T;, and equivalent

outdoor temperature T, ¢,

Figure 5 — Representation of the thermal quantities used for the definition of the dynamic parameters of the PCM layer.
a) temperature trends on the external surface T, and on the internal surface T ;; b) heat flux trend on the external
surface @, and on the internal surface @;;; c) fluctuating energy on the external surface £, and on the internal

surface E;; d) sensible Eg, latent E;, and total E; energy stored.

Figure 6 - Number of interfaces present in the layer, surface on which they originate, and arrangement of the phases
from the outside to the inside, in the various months of the year and for different PCMs. Turin. a) all the bi-phase

interfaces are on the external surface; b) one bi-phase interface is on the internal surface.

Figure 7 - Number of interfaces present in the layer, surface on which they originate, and arrangement of the phases
from the outside to the inside in the various months of the year and for different PCMs. Cosenza. a) all the bi-phase

interfaces are on the external surface; b) one bi-phase interface is on the internal surface.

Figure 8 - Stored latent energy fraction in the layer 4, latent stored efficiency ¢ and decrement factors f;, f and fz,

during the different months for Turin, on the left, and for Cosenza, on the right.

Figure 9 — Time lags of temperature peaks At max and At,min, and of heat flux peaks Atgymax and At ymin, in different

months, for Turin on the left, and for Cosenza on the right.

Figure 10 — Latent energy fraction stored A, and decrement factor of temperature fy, of heat flux f, and of the energy f¢

in function of the latent storage efficiency ¢, related to both locations and for the different PCMs.

Figure 11 - Time lag of the maximum and minimum peak of the temperature At;max and At min and of the heat flux

At ymax and At ymin s & function of latent storage efficiency ¢, related to both locations and for the different PCMs.

Figure 12 — Energy decrement factor in function of that of the heat flux f,, on the left, and heat flux maximum peak time

lag Atgmax in function to the temperature maximum peak time lag Atpmax.
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Table 1 with Caption

Table 1 - Description of the dynamic behavior of a PCM layer in some special cases and related latent storage

parameter values, &, and 4, and of the constant peak time fractions /1, and I,

Case 1 g =0 AL=0 My, =0 | My, =0
. The_ layer is not The thermal The temperature and heat flux are
Since subject to phase storage is of only ) .
. fluctuating on the internal surface
change sensible energy
In order to have phase change, a PCM with a melting temperature higher is
Then S .. o AN i
required if the layer is in a liquid phase and lower if it is in a solid phase.
Case 2 £L=1 AL=1 HTizl ‘ Hq)i:l
The whole layer is The thermal The thermal fluctuations appear
Since subject to phase storage is of only completely dumped on the internal
change latent energy surface
Then The layer is thermally well sized.
Case 3 0<g <1 0<A <1 M, =1 | g =1
A portion of the | The remaining part
layer is subject to | of the layerisin The thermal fluctuations appear
Since phase change and | excess and it only completely dumped on the internal
it stores latent stores sensible surface
energy energy
Then A lower PCM thickness is required.
Case 4 g, =1 AL=1 0<Ill; <1 | 0<Iy <1
The whole layer is The thermal The thermal fluctuations appear not to
Since subject to phase storage is of only | be completely damped on the internal
change latent energy surface
Then A higher layer thickness is required.
Case 5 0<g <1 A =1 0<ll;; <1 | 0<Iy <1
A portion of the
layer is subject to The therma_ll The thermal fluctuations appear not to
. storage is mainly .
Since a phase change be completely damped on the internal
. of the latent
and it stores latent surface
energy
energy
Then The PCM shows a high latent heat of fusion and a reduced volumetric heat
capacity pc,.
Case 6 g =1 0<A <1 0<Mp <1 | 0<Iy <1
The whole layer is The th_ermal The thermal fluctuations appear not to
. . storage is partly .
Since subject to phase . be completely damped on the internal
sensible and partly
change | surface
atent
Then The PCM shows a reduced latent heat of fusion and a high volumetric heat
capacity pcp.




Table2 with Caption

Table 2 — Thermophysical properties of the different types of PCMs.

Melting Heat latent . Thermal Specific heat
. Density L .
Company PCM temperature of fusion 0 [kg/m3] conductivity capacity
Twm [°C] H [ki/kg] k [W/(m K)] ¢y [J/(kg K)]
EPS S15 15 160 1510 0.43 1900
TEAP LATEST 20T 20 175 1490 1 2000
savENRG HS22P 23 185 1690 0.815 3060
RUBITHERM SP26E 26 190 1450 0.6 2000

CLIMATOR C32 32 162 1420 0.6 3600




Table 3 with Caption

Table 3 - Monthly average daily values of a whole year of the external air temperature T, and solar irradiation on the

horizontal plane G in Turin and Cosenza.

TURIN (Lat =45°7°, Long = 7° 43°, TO)

Months Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
G [MJ/m?] 5 7.8 12.2 17 196 215 235 185 135 9.3 55 4.7
Tea [°C] 0.4 3.2 8.2 125 167 211 233 226 188 126 6.8 2

COSENZA (Lat=37°30’, Long = 15° 05°, CS)
Months Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec
G [MJ/m?] 77 118 173 218 257 296 289 26 20 12.9 9.4 7.7
Tea [°C] 8.1 8.8 113 144 181 231 26 258 227 178 134 94




Table4 with Caption

Table 4 - Indoor environment set point temperature in the different months for Turin and Cosenza.

Indoor environment set point temperature [°C]

Months Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov Dec

Turin 20 20 20 20 23 26 26 26 23 20 20 20

Cosenza 20 20 20 23 23 26 26 26 26 23 20 20




Table5 with Caption

Table 5 - Constant peak time fraction /1y, = Il during the different months for Turin and Cosenza.

Iy, = g, JAN | FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC
S$15-TO 0 0384|0361 O 0 0 0 0 0 0 0.382|0.235
$15-CS 0323 1 0 0 0 0 0 0 0 0 0 ]0.149

LATEST20T-TO 0 0 0 0 |0.580| O 0 0 0 0 0 0
LATEST20T-CS 0 0 0 ]0.351/0.137| O 0 0 0 1 0 0




Data in Brief
Click here to download Data in Brief: Data in Brief.zip
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