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ABSTRACT

The article presents the results of experimental research and a mathematical analysis of the energy efficiency of a
PCM-modified transparent partition. The study was carried out during the summer season and heating season for
5 months under temperate climate conditions in Rzeszoéw (Poland). The solution under investigation allows for
short-term storage of heat within a building window, owing to the high value of melting/freezing enthalpy of ap-
prox. 185 J/g, and the phase change material (PCM) applied. The research was conducted in parallel over two iden-
tical windows, with only one of them being modernised with a phase change thermal storage unit. The obtained
results showed the possibility of improving the thermal balance of the window by 9.99%, and a more favourable
adjustment of gains from solar radiation to the profile of heat demand of the adjacent room by 15.02%, compared
to the reference window. The obtained results also allowed the numerical model describing the non-stationary heat
exchange within the phase change material to be verified, using the solution of a Stefan problem. The obtained
model was created using the equations of finite difference method in the Matlab environment. The verified model
is highly compatible with empirical quantities, and constitutes a useful tool for simulating the distribution of heat
storage in a PCM storage unit over time. This allows the heat gains resulting from the use of the tested storage units
in the building windows to be estimated.

Keywords: transparent building partitions, phase change material, thermal storage unit in window, thermal ef-
ficiency of building window, thermal balance of window

INTRODUCTION

The current trends in construction require
that the new buildings be designed and the ex-
isting buildings upgraded to reduce their energy
costs. A large part of these costs depends on the
climate and purpose of the buildings, related to
the need to heat and air-condition the spaces
they contain. One of the solutions proposed in
the scientific literature is to increase the thermal
capacity of building partitions in order to make
the heat conditions in the building more inde-
pendent of the external climate. By using the
phase change materials (PCMs) with a narrow
range of phase change temperatures, the amount
of energy corresponding to the product of the
mass of the applied PCM and its phase change
enthalpy can be stored temporarily (Vogel 2006;

Boussab et al. 2018; Mofijur et al. 2019; Chen et
al. 2019; Tenpierik et al. 2019).

These materials are used in the construction
industry, both as transparent and opaque parti-
tions. Cascone et al. (2018) presented an analysis
of the impact of PCM on the thermal function-
ing of the office buildings requiring the thermal
upgrading. The variants based on two different
PCMs, in a number of configurations of the ap-
plication site (internal/external side of the opaque
partition), were analysed. The parameter used to
determine the thermal efficiency of buildings was
the primary energy demand indicator. The results
confirmed the validity of using PCM to thermally
upgrade buildings, indicating the stabilising influ-
ence of PCM on the peak temperature values of the
building partitions, which resulted in a reduction
in the building heat demand. The weakness of the

201



Journal of Ecological Engineering Vol. 21(6), 2020

solution was the dependence of the upgrade suc-
cess on the occurrence of the PCM phase change,
which was only possible during the sunny days.

Transparent partitions are critical elements
of a building thermal cover due to the amount of
heat transmitted through them. Depending on the
climatic conditions, they may permit the exces-
sive cooling or overheating of rooms.

In order to prevent overheating of the rooms
adjacent to the windows, shading systems, pro-
truding hoods or glazing coatings are used, such
as those presented in (Zhang et al. 2019) con-
taining an admixture of antimony with tin oxide
(ATO) and caesium-tungsten (Cs,,;WO,)

Due to their structure and function, transpar-
ent partitions are characterised by lower thermal
capacity and higher heat transfer coefficients than
opaque partitions. Therefore, the use of PCMs to
improve the energy efficiency of windows is jus-
tified. Numerous scientific works presenting the
upgrading of transparent PCM partitions (Lia et
al. 2020; Li et al. 2018) show a reduction in the
daily glazing surface temperature fluctuations and
areduction in the expenditures on interior heating
in winter and cooling in summer. Paper (Liu et
al. 2018) addresses the use of PCM in the inter-
pane space of a multi-pane roof window. The re-
search was conducted for the climatic conditions
of north-eastern China. Different thicknesses of
two PCMs with a phase transition enthalpy of
180-185 J/g and melting/freezing temperatures
of 16-18°C and 20-22°C were analysed. The
results confirmed the energy benefits of PCM,
with a melting point of 16—18°C and a thickness
of 1.2-2.0 cm being the most effective solution.
On the other hand, the thermal parameters of a
semi-transparent solar wall, ensuring at the same
time heat absorption and temporary storage, were
studied in (Souayfan et al. 2018). The wall was
made of a layer of glass, silica aerogel and glass
blocks filled with organic PCM. The research
work was conducted in Sophia Antipolis in south-
ern France. The results of the experiment proved
that the examined wall was more effective in win-
ter than in summer. This is due to the excessive
heat gains that were not stored in the PCM due
to its long-term melting. In order to improve the
energy performance of the numerical model of
the wall in summer, the heat transfer mechanisms
from the PCM to other building partitions were
taken into account.

Other possibilities to improve the thermal
functioning of windows include the application
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of PCM in the frames, blinds or louvres. In pa-
pers (Musiat 2019), the author presented the re-
search confirming the desired impact of PCM
on the thermal balance of the window partition
and internal louvre. Nevertheless, the application
of PCM of both organic and inorganic origin in
the free state requires a secure coating, which is
chemically inert and characterised with a thermal
expansion similar to the PCMs. In (Musiat 2018;
Lichotai and Musiat 2018), the author proposed a
copolymer coating based on vinyl acetate and al-
kyl acrylates, which can be used for coating parts
of alkanes, fatty acids and esters.

Heat storage with PCM is also used in heat
exchangers and thermal storage units. These solu-
tions function both in the long and the short term
(Lissner et al. 2016). In their work (Constantin et
al. 2015) analysed the possibility of storing heat in
a conventional residential building exchanger by
using PCM. An organic PCM in the form of par-
affin was used. The results of the analysis showed
an improvement in the convective heat exchange
in the exchanger using PCM, in relation to a stor-
age unit using water. However, given the often in-
sufficient intensity of the heat exchange through
conduction and radiation, the use of a material
changing the state in the liquid/gas and gas/liquid
configuration should be considered in these solu-
tions. This would result in an increase in the heat
storage potential by a factor of several dozen, de-
pending on the substance, generating additional
problems related to the applicability of such a so-
lution and significant changes in the PCM volume
due to evaporation and condensation.

In their paper (Kang et al. 2011), Kong et
al. presented the results of the experiments con-
ducted to determine the relations between the
geometry of the heat exchanger and the param-
eters of the refrigerant of air-conditioning de-
vices, the system stabilising the temperature in-
side the building, as well as the effectiveness of
the storage and exchange of heat in the storage
unit. The presented results showed that the heat
transfer rate decreased with the increases in the
refrigerant evaporation temperature. In addition,
a decrease in the intensity of heat exchange was
recorded with an increase in the d/h ratio of the
storage unit, due to a decrease in the speed of the
evaporating refrigerant.

The thermal performance of the phase change
materials can be described by solving a Stefan
problem, the one-dimensional simplification
of which is presented in (Smolec 2000). This
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method can be used for one-, two- and three-di-
mensional models of stationary and non-station-
ary heat transfer systems. It allows the amount
of stored heat in a specific time step to be deter-
mined based on determining the position of the
phase limit of the material under consideration. In
accordance with (Smolec 2000), this method may
be used, provided that a “sharp” phase change
material is used.

Taking into account the information present-
ed in (Kalinovi¢ et al. 2017), the specificity of the
functioning of transparent partitions in the build-
ings presented in (Kalinovi¢ et al. 2017), as well
as the specificity of the PCM and climatic condi-
tions, the decision was made to test a solution us-
ing a quasi-box window as presented by Szyszka
and Starakiewicz (2018) with an applied thermal
storage unit containing the phase change material
in order to determine the impact of the upgrade
in terms of the energy efficiency over that of the
reference window. It is a solution that can be used
successfully in the newly designed buildings and
to thermally upgrade the existing buildings. By
creating a space between the two glazing units, it
was possible to compensate for peak glazing tem-
peratures during the sunny days. This reduced the
heat loss during the night time compared to the
conventional windows with a single glazing unit.

The desire to increase the ability to store the
heat absorbed within the windows resulted in the
need to test the window containing a unit to store
the heat unit from the PCM in the space between
the glazing.

MATERIALS AND METHODS

Materials

e RT28 phase change material by Rubiterm
GmbH (https://www.rubitherm.eu/)

e 2 mm thick aluminium sheet, covered with a
matt black paint coat.

e XPS extruded polystyrene panels, thickness
5 cm, density 100 kg/m* and thermal conduc-
tivity 0,032 W/m-K.

Apparatus

Almemo 2890-9 recorder.

Comet MS6d | MS6R recorder.
Pt1000 temperature sensor.

Heat flux density sensor: FQA020 C.

e LT 019008 thermocouple.
e Almemo FLA 613 GS pyranometer.

RESERCH METHOD

The research was conducted in summer and
the transitional heating period of an office and
educational building of the Rzeszow University
of Technology. Two windows were tested, locat-
ed in the same room, facing south, each with two
glazing units. A thermal storage unit containing
RT28 PCM was placed in one of the windows.
The storage unit was sited horizontally on a ther-
mally insulated (5 cm XPS) sill surface within
the space between the glazing units. The sill sur-
face in the reference window was insulated in the
same way. The results were recorded concurrent-
ly for each window, in 10-minute steps, including
the temperatures and densities of the heat flux of
the internal and external glazing units as well as
the air temperature between the glazing units in
each of the two windows. The temperatures of the
aluminium casing of the thermal storage unit and
the PCM within it, in addition to the temperatures
of the internal and external air and the intensity
of the solar radiation were recorded as well. This
solution should increase the stabilising effect on
the temperature values of the quasi-box window.
At the same time, a storage unit containing 3.30
dm? of PCM should be able to temporarily store
heat from the conversion of solar radiation ener-
gy, which would not occur normally. In addition,
the absorbent coating on the storage unit should
increase its ability to convert solar energy into
heat. This could then be used to partially protect
adjacent rooms from overheating. A diagram of
the test setup is shown in (Figure 1).

The thermal storage unit was made of 2 mm
welded aluminium sheet, and measured 50 mm x
100 mm x 650 mm. The dimensions of the storage
unit were selected taking into account the dimen-
sions of the space between the window glazing
units, as well as the study intentions and analyses
presented in (Musiat 2019; Musial 2018) carried
out by the author. In order to increase the abil-
ity of the storage unit to convert the energy of
the Sun’s radiation into heat, the unit was coated
with a black matt paint. The selection of the phase
change material used inside the storage unit took
into account its physicochemical parameters and
the thermal conditions occurring within the space
between the window glazing units. Prior to the
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@ Encrgy meter
. Temperature probe

Figure 1. Diagram of the test stand. 1— exterior
glazing, 2 — interior glazing, 3 — thermal storage
unit, 4 — PCM, 5 — XPS thermal insulation,

6 — window frames

test, the thermal conditions within the windows
were analysed, based on several weeks of prelim-
inary measurements. A photo of the PCM thermal
storage unit is shown in (Figure 2 and 3).

The expected functioning of this solution
should result in the stabilisation of the daily tem-
perature changes within the window with PCM
compared to the window without. This could
then translate into reduced daily air temperature
changes in the room under consideration. This
stabilisation of temperature changes should result
from the impact of the buffer space, i.e. the air
between the glazing units, based on the complex
phenomena of multiple reflections of solar radia-
tion during the sunny days, and the ability to ab-
sorb it from the PCM storage unit. The presence
of a PCM heat storage unit with a melting point
of approx. 27.5 °C and a solidification point of
21.5 °C, covered with a reflective coating, was
intended to additionally intensify the stabilis-
ing effect of the daily temperature fluctuations
of the inter-pane space. Furthermore, due to the
storage of large amounts of heat in the narrow

temperature range of approx. 6 °C, the danger of
overheating the PCM window in relation to the
reference window should be reduced in relation
to the changes in the air temperature between the
glazing units. A functional layout of the solution
is presented in (Figure 4).

The beneficial effect of the presented solution
on the thermal functioning of building transparent
partitions can be demonstrated by analysing the
energy demand of a window with a thermal stor-
age unit and a reference window without a ther-
mal storage unit. In order to perform a thermal
balance analysis of both windows, the internal
pane glazing unit in both windows was chosen as
the surface area for the heat exchange between
the interior of the room and the external environ-
ment. The recorded density values of the heat flux
as a function of time should allow the determina-
tion of the amount and direction of the heat trans-
mitted by the glazing surface.

t=n

f q dt (D)
t=1
where: Q- heat transmitted through the parti-
tion during the analysed time
g, — heat flux density recorded on the par-
tition surface
t—time

Another method of determining the energy
efficiency of the PCM-based solutions is to de-
termine the number of degree hours as a measure
of the temperature difference between two points
maintained over a given time period. For evaluat-
ing windows with a thermal storage unit, the dif-
ference in the sum of the daily degree hours of the
internal glazing temperatures between the win-
dow with a PCM storage unit and the reference
window is important in determining the window

Figure 2. Thermal storage unit with
RT28 PCM and Pt1000 sensors
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NIGHT

Figure 4. The functioning of a window with a PCM storage unit, day and night; 1 — solid PCM, 2 — liquid PCM

characteristics. The number of degree hours was
determined by means of the formula:

t=n
Sth = f (Ty — Tp) dt 2)
t=1
where: S, — number of degree hours
t—time
T, — temperature of the internal glazing
surface

T, — indoor air temperature

Mathematical model - Stefan problem

The determination of the efficiency of heat
storage in the PCM used inside the storage unit,
under different conditions of the external climate,
was carried out by solving the Stefan problem ac-
cording to (Smolec 2000). For the model of this
procedure, Matlab 2018b was used, based on the
equations of the finite element method, present-
ed in (Kisilewicz 2009). For the purpose of this
analysis, the equations of the one-dimensional
model of heat transfer in a non-stationary system,
as shown in (Figure 5), were applied.

Figure 5. Operation diagram of a PCM storage unit
with a sharp phase change (Smolec 2000), 1 — liquid
PCM, 2 - solidPCM, b, — liquid PCM width,
b_—solid PCM width

aT _ Ay 0°T
at Cf* Omzf 0%2

dla0<x<X (3)

where: A,.— PCM heat transfer rate
C.— thermal capacity of the PCM
@,.,— PCM density the change in the en-
ergy level of the PCM layer adjacent to
the heat-absorbing surface for x = 0 can
be determined using the formula:

oT _
_lfaz Sa_Uu[T(Xzo;t)_To%] 4)

where: U - storage unit heat loss factor
S_—additional heat flux

With the Stefan condition met, where on the
surface of the phase boundary: x = X fulfilled
(Smolec 2000):

F5): oT
Qmar * AHGE == Aegy
mz ot ox (5)
i TX = Tpf

The negligibly low specific heat values of the
PCM in relation to its melting/coagulation enthal-
py were omitted from the calculation. In order to
simplify the mathematical model, a sharp PCM
phase change was made at Tpf temperature. Thus,
the limit of both phases can be unambiguously
defined, and equation (3) is solved for the follow-
ing boundary conditions (Smolec 2000):

T(x,t=0) =Tyt X(t=0)=0 (6)

Taking into account the equations above and
assuming that in the equilibrium state, where the
PCM is in the liquid state, the dependence of its
temperature on position x is linear (with a sharp
phase change), the temperature map in this part of
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the storage unit can be determined from the rela-
tion (Smolec 2000):

ga - Uu(Tpf - To%)

TGO = Tor+ ==, X0©

(7
[X(D) —x]

The thickness of the liquid phase layer b, after
the charging time t_ is (Smolec 2000):

Uy
2+

tq
Qmzf - AH

b? + bf =
®)

[ga - Uu(Tpf - To%)]

Owing to the dependencies above, it is possi-
ble to determine the change in the amount of stored
heat over time as well as the time of its charging and
discharging. Taking into account the far-reaching
simplifications of the model presented in (Smolec
2000) and the idealised sharp phase transformation
of PCM, the above-mentioned calculation proce-
dure can be used for high purity PCM.

RESULTS

The results demonstrated the changes that oc-
curred in the temperature and density of heat flux
over time. The values recorded concurrently in
the window with the thermal storage unit and the
reference window, are presented for each time pe-
riod. The results refer to two seasonal periods: the
transition period between the heating season and
the summer season (beginning of April 2018) and
the beginning of the summer season (June 2018).
In both cases, the results from a 7-day period are
presented, with the majority of sunny days.

Results for the final period of the heating
season

The presented results prove the anticipated
functioning of the thermal storage unit, as shown
in (Figure 8), where the daily air temperature
fluctuation between the glazing units in the PCM
part was reduced compared to the reference part.
The effect of the peak value decrease and phase
shift in the graphs describing the PCM window
in relation to the reference window is shown in
(Figures 7 to 11). A summary of the daily heat
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Table 1. Summary of heat balance values and degree hours of the windows with and without PCM storage

Heat balance of the internal window glazing Number of degree hours
Solar irradiance |,
No. with thermal storage reference with PCM storage reference

Wh/m? Wh Wh Kh Kh
1 3998 412.23 437.27 54.11 54.55
2 2928 283.76 273.65 37.53 39.44
3 3829 379.12 399.46 52.34 53.22
4 3798 374.75 375.72 50.85 52.29
5 2845 178.55 163.25 22.58 26.57
6 3998 416.66 416.67 55.10 58.43
7 2687 174.63 157.17 22.67 26.17

balances and the degree hours of both windows is
presented in (Table 1).

The results in (Table 1) indicate a decrease
in the daily values of degree hours for the PCM
storage unit window compared to the reference
window. In the same period, an improvement in
the daily heat balance of a window with PCM
thermal storage compared to the reference win-
dow was recorded for only two days.

Results for the summer period

The data recorded for the windows over the
summer period showed overheating of the storage
unit with PCM, with (Figure 10) demonstrating
almost identical courses of temperature change in
the aluminium casing of the thermal storage unit
and the PCM contained in it. The long-term over-
heating of the PCM enables its thermal function-
ing within the melting/solidification transforma-
tion. This phenomenon occurs when the PCM is
still in a liquid state on a daily basis. This trans-
lates into the thermal functioning of other window
elements. During the tests, a slight phase shift was
noted in the graph of internal temperatures of the
glazing of the window with the PCM storage unit
compared to the reference window (Figure 13),
along with a decrease in the air temperature peaks
between the glazing units of the windows with
and without the PCM storage (Figure 14).

RESULTS OF THE MATHEMATICAL
SIMULATION

The calculation procedure used in accordance
with point (Mathematical model — Stefan prob-
lem) allowed a numerical model to be created in
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the Matlab environment. The model was made
using the equations of non-stationary heat flow
in an open, one-dimensional system, according
to the equations described in (Kisilewicz 2009).
The length of the time step taken to build the
model was 10 minutes, which corresponds to the
frequency of the empirical data recording. The
comparison of the empirical temperatures and
those obtained from the distribution models at the
thermal storage unit points under consideration is
presented in (Figure 14).

Analysis of results

In order to verify the convergence of the re-
sults obtained from the mathematical model and
those measured experimentally, an analysis of the
scattering of the empirical and model values us-
ing the Quasi-Newton method was performed.
The error function minimum was determined in
the form of the sum of the squares of the differ-
ences of the PCM temperature values at selected
points of the thermal storage unit, the experimen-
tally measured 7(¢), and the 7 () obtained by
means of the presented calculation method.

miny = Z[Te ) — Ts(O]? ©)
t=1

Coefficient of determination:

SR - 2)?
Z?=1(Zt - 2)?

where: z — actual value of variable z at time ¢,

Zt — theoretical value of the dependent
variable,
Z — arithmetic mean of the dependent
variable.

RZ=1 (10)
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One of the options of evaluating the fit of
the measured values to the calculated ones is
the determination of the relationship between
them and the linear function z = x, shown in
(Figures 16 to 18).
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The results obtained for a randomly selected
time period show a good match between the val-
ues obtained from the model and those recorded
experimentally. This is evidenced by both high
values of determination coefficients R?, close to
unity, and also similar values of the directional
coefficient of function z = a—x.

CONCLUSIONS

The results from the heating season show that
the window with the PCM thermal storage unit
was able to achieve a daily heat balance that was
9.99% more favourable than the reference win-
dow without a thermal storage unit. A 15.02%
reduction was recorded in the number of degree
hours during the sunny days in the heating sea-
son. For the cloudy days, the results for the PCM
storage unit were not dissimilar to the thermal
functioning of the window without storage, and
contributed to an increase in the heat loss dur-
ing such periods. For the tests during the sum-
mer period, the window with the PCM thermal
storage unit did not show any significant changes
in the values of daily heat balance or differences
in the number of degree hours, compared to the
reference window. Overheating of the thermal
storage unit was observed during its operation
inside the inter-pane space during summer. The
reason for this was that the PCM temperature was
maintained above its freezing point for extended
periods. The evidence for the complete melting
of the PCM in the summer period is the almost
identical rate of PCM heating in different places
inside the storage unit and its aluminium casing
(Figure 10). In this case, heat storage only took
place within the specific heat of the liquid PCM,
as evidenced by the lowering of the air tempera-
ture peaks in the space between the glazing for
the window with the storage unit relative to the
reference window, without any visible slowdown
in the temperature drop after sunset.

A numerical model made in the Matlab en-
vironment based on a simplified solution to the
Stefan problem allowed for good mapping of the
PCM temperature map inside the storage unit.
This is evidenced by the similar unity of the val-
ues of determination coefficients, and the direc-
tional coefficients determined during the evalu-
ation of the matching of the empirical values to
the selected points inside the PCM storage unit
obtained from the model. The verified model is
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a tool for determining the actual quantities of
the heat stored and distributed within the PCM.
This allows the potential heat gains associated
with the use of a PCM thermal storage unit in
building windows to be simulated. The proposed
model can only be used for high frequency PCMs
(characterised by sharp phase changes). For this
reason, using a simple and relatively inexpensive
solution reduces the energy costs of buildings
during the transition period of the heating season.
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