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Abstract
The building sector strongly affects the energy required for development, especially 
for heating and cooling processes. The need to reduce the energy demand and 
environmental impact must contend with the ever-increasing energy demand 
within buildings and obsolete building stock. The design and construction of new 
energy-efficient buildings are inadequate to address the issue, which can only be 
effectively tackled by improving existing buildings. Given that a significant number 
of these existing buildings are individually protected or located within protected 
contexts, interventions can be challenging due to several limitations that reduce 
the number of possible strategies that can be adopted. Therefore, strategies for the 
energy refurbishment of historical buildings – particularly those integrated within 
the building envelope – are crucial to achieving the ambitious aim of reducing the 
environmental impact of the building sector. The effectiveness of phase change 
materials (PCMs) was investigated when integrated within lime-based plasters for 
application on the outermost layer of walls. Experimental tests under real outdoor 
conditions were carried out initially to estimate whether, and to what extent, the 
addition of PCMs affected the thermal behavior of walls and the building’s energy 
demand for cooling. Plasters with different PCMs were developed and arranged in a 
customized setup at the TekneHub Laboratory, University of Ferrara, and subsequently 
tested over several months. The results demonstrated good performance in 
attenuating daily temperature fluctuations and reducing energy consumption.

Keywords: Phase-change materials; Lime plaster; Building energy refurbishment; 
Historical buildings

1. Introduction
The building and construction sector is the largest energy-consuming sector,1 
accounting for almost one-third of the global energy consumption and almost 40% of 
total related CO2 emissions.2 Residential buildings are the primary contributors, with 
an energy demand about three times higher than non-residential buildings.3 The urban 
heat island effect, rising living standards, and the decreasing cost of cooling equipment 
further exacerbate the energy demand for heating, ventilation, and air-conditioning 
systems, especially during the summer season.4,5 In addition, a significant portion of 
the building stock consists of old and obsolete buildings with energy performance that 
do not meet the present standards. For example, in Italy, about 70% of the buildings 
were built before the introduction of the first law that established the limits for energy 
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consumption, enacted in 1976.6,7 At the same time, the 
construction rate of new buildings is only about 1%/year.8 
Based on these assumptions, interventions on existing 
buildings aimed at their energy refurbishment seem to be 
of utmost importance. However, such interventions are not 
easily feasible in the case of particular buildings protected 
by regulatory restrictions due to esthetic qualities, 
cultural relevance, or located within sensitive areas, such 
as historical city centers. In these contexts, the so-called 
passive design strategies emerge as a viable solution for 
simultaneously improving building performance and 
indoor comfort without placing additional stress on 
energy demand.9 Song et al.10 categorized conventional 
passive cooling strategies into three main groups: Solar 
and heat control, heat removal, and heat exchange 
reduction. Solar and heat control strategies usually consist 
of shades and are aimed at limiting heat transmission into 
buildings. Conversely, heat removal strategies are aimed at 
removing heat in buildings and can be achieved by means 
of natural ventilation, among others. Finally, heat exchange 
reduction mainly consists of intervention on the building 
envelope that can be achieved with or without thermal 
mass. Strategies with thermal mass include, for instance, 
the application of phase change materials (PCMs), through 
which the building envelope’s thermal inertia is increased 
and the indoor thermal comfort is improved by reducing 
indoor temperature fluctuations.11,12 The present study 
evaluated the addition of granular PCMs into lime-based 
plaster as a potential strategy for energy refurbishment 
of historical and protected buildings. The study involved 
preliminary experimental tests performed at a lab scale at 
the TekneHub Laboratory, University of Ferrara, aimed at 
the thermophysical characterization of different plasters 
enhanced with PCM, as previously reported.13,14 The 
research was subsequently scaled up. Plaster samples with 
different concentrations of PCM were prepared and then 
tested under real outdoor conditions for several weeks, with 
the results presented here representing a selection of some 
of the data acquired. These data were then used to validate 
a numerical model, enabling further investigations in 
which different boundary conditions, wall configurations, 
and PCM properties could be defined.

2. Methods
The tests carried out at a lab scale aimed to preliminarily 
investigate the effect of PCM when mixed into plasters. 
The promising results obtained led to the next phase of 
research, which involved monitoring the materials under 
real outdoor conditions. This part of the research was 
conducted in collaboration with Fassa Bortolo,15 an Italian 
industry leader in the production of mortars, pre-mixed 
plasters, paints, and thermal insulation. A  setup was 

designed and constructed to simultaneously monitor up to 
four wall samples. The installation took place in an existing 
mock-up building at the TekneHub Laboratory, University 
of Ferrara, which was built in 2016 as part of the European 
project LIFE Climate Change Adaptation – HEROTILE.16 
The mock-up building has a rectangular 10 × 8  m plan 
and is made of five adjacent independent test rooms and 
two guard rooms, one on each side, ensuring identical 
boundary conditions in each test room. For this research, 
one of these test rooms was used, and part of the southern 
façade was removed to allow the installation of the wooden 
setup, as represented in Figure 1.

2.1. Experimental setup

The aforementioned setup has an aluminum structure clad 
with oriented strand board panels and was intended for 
simultaneous tests of up to four wall samples. The setup 
was about 90 × 90 × 50 cm, while each available slot, where 
the wall samples were positioned, was 38 × 38 × 50 cm.

Each wall sample consisted of a 6  cm brick layer 
coated with 3  cm plaster on both exterior and interior 
sides. To ensure maximum flexibility for the system, the 
wall samples were made by coupling two identical parts, 
each consisting of a 3 cm masonry tile covered by 3 cm of 
plaster. These parts were then held together with wooden 
frames and metal profiles (Figure 2). The wall samples were 
30 × 30  cm and had a 4  cm insulation frame all around 
to limit heat transfer at the edges, thereby ensuring one-
dimensional heat transfer through the wall sample. Images 
of the setup and the installation of the plaster samples are 
reported in Figure 3.

2.2. Monitoring system

A monitoring system was also implemented to collect data 
on temperatures and heat fluxes for each configuration. 
T-type thermocouples, with an accuracy of ± 0.5°C, were 
installed on the exterior and interior plaster surfaces, 
as well as inside the mock-up room, to monitor air 
temperature. Heat flux meters, with an accuracy of ± 5%, 
and an integrated temperature sensor, with an accuracy 
of ± 2%,17 were positioned between the two brick layers, 

Figure 1. South façade of the mock-up with the wooden setup installed
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Figure 2. Schematic representation of the setup: Material and sensor 
position
Abbreviations: T: Temperature; HF: Heat flux.

Figure 3. Plaster sample installation and view of the complete installation

corresponding to the middle of each wall sample. These 
sensors were connected to a datalogger, a DataTaker DT85 
series 3 (Italy),18 which acquired data with a timestep of 
1  min. Boundary conditions, including air temperature, 
solar radiation, wind speed, and wind direction, were 
monitored through a weather station,19 previously installed 
near the mock-up. An additional pyranometer20 was 
vertically installed near the mock-up to acquire data on 
vertical hemispherical irradiance, which was later used to 
validate the numerical model implemented.

2.3. Constructed samples

During monitoring, different plaster samples and 
wall configurations were tested. For this research, two 
different granular PCMs were used; the first PCM AS28 
(Smart Advanced Systems GmbH, Germany)21 had a 
phase change temperature of approximately 28°C and an 
active PCM content of 70 – 80%; the other PCM TK27 

(TITK, Germany)22 had a phase change temperature 
of approximately 27°C and an active PCM content of 
approximately 75%. Monitoring began with testing four 
different plaster samples: A  reference sample (used as 
the benchmark) and three samples containing granules 
of PCMs. More specifically, two of these samples were 
developed by adding 10% and 30% by mass of AS28; 
the third sample was developed by adding 10% by mass 
of TK27. The comparison between samples containing 
different quantities of the same PCM was carried out to 
evaluate how the amount of PCM influences its effect. 
Meanwhile, the comparison between samples containing 
different PCMs aimed to evaluate how the thermal 
properties of various PCMs impact performance. After 
several weeks of monitoring, degradation was observed 
in the plaster containing 30% PCM, likely due to an 
excessive amount of PCM. Consequently, an additional 
plaster was created, enhanced with 20% by mass of AS28, 
which was later added and tested. The thermophysical 
properties of the reference and enhanced plasters were 
estimated during the lab-scale tests,13,14 and the values 
are summarized in Table  1, along with the adopted 
nomenclature.

Except for the 20AS28 sample, which was produced in 
the lab to compensate for the unexpected degradation of 
the 30AS28 sample, all plaster samples were prepared by 
Fassa Bortolo at their facility. No significant issues were 
encountered in the preparation at this scale. The only pre-
caution taken was to add the PCM granules to the dry pre-
mix, with water added only after the dry aggregates were 
thoroughly mixed.

2.4. Monitoring

Monitoring was conducted from April to August, 2022. 
Different monitoring periods were defined based on the 
configurations tested or the boundary conditions. The two 
periods are described below.

Period I began at the start of the monitoring activity 
and ended on June 15, 2022. During this phase, one of the 
four wall samples – referred to as the Reference – featured 
the reference plaster on both the inner and outer surfaces. 
The remaining three wall samples had the reference plaster 
on the inner surface and one of the plasters containing 
PCM on the outer surface, namely, 10TK27, 10AS28, and 
30AS28.

Period II began on August 4, 2022, and lasted until 
August 31, 2022. In this configuration, the wall sample 
treated with 10TK27 was modified to include the newly 
prepared plaster (20AS28) on the outer surface. The wall 
configurations tested are summarized in Figure 4.

https://dx.doi.org/10.36922/gti.8108
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Figure 4. Configurations were tested in the two periods

Table 1. Estimated thermophysical properties of the plasters tested

Plaster PCM type PCM mass ratio (%) p (kg/m3) λ (W/[m·K]) cp (kJ/[kg·K]) Lh (kJ/kg)

Reference ‑ ‑ 1646 0.31 0.9 ‑

10AS28 AS28 10 1522 0.28 1.1 9.2

20AS28 AS28 20 1402 0.26 1.2 18.4

30AS28 AS28 30 1321 0.24 1.3 27.6

10TK27 TK27 10 1365 0.24 1.1 11.9

Abbreviations: PCM: Phase change material; cp: Specific heat; Lh: latent heat; ρ: Density; λ: Thermal conductivity.

3. Results and discussion
3.1. Period I

The boundary conditions that characterized period I are 
reported in Table  2. The average temperature was 25.1°C 
during the day and 18.3°C during the night, while the 
maximum and minimum temperatures achieved were 33.9 
and 7.4°C, respectively. The maximum solar irradiance was 
1068 W/m2, with an average of 435 W/m2 during the whole 
day and 636 W/m2 in the interval 12:00 – 15:00. The interval 
May 11 – 16 was chosen as the most representative period, 
with corresponding boundary conditions reported in 
Figure 5. During this period, the lowest temperatures were 
between 15°C and 18°C, while the highest temperature was 
approximately 30°C. Similarly, solar irradiance reached peak 
values of 850 W/m2, with cloudy skies only on May 14 and 
15. Moreover, no rainfall was observed during this period.

Figure 6 depicts the temperatures on the outer plaster 
surfaces. The differences among the wall samples were 
limited to the hottest hours of the day. During the period 
between late afternoon and early morning, temperature 
differences were lower than 0.5°C, which is the sensors’ 

Table 2. Average boundary conditions in period I

Condition Day Night Interval

Average outdoor temperature (°C) 25.1 18.3 26.4

Maximum outdoor temperature (°C) 33.9 28.6 32.9

Minimum outdoor temperature (°C) 12.3 7.4 13.6

Average indoor temperature (°C) 23.2 20.5 24.0

Average solar irradiance (W/m2) 435 35 636

Maximum solar irradiance (W/m2) 1068 479 1068

Solar gain (kWh/[m2 day]) 5.22 0.42 2.54

Note: The time intervals are defined as: (i) Day: 9:00 – 20:00;  
(ii) Night: 20:00 – 9:00; and (iii) Interval: 12:00 – 15:00.

accuracy limit. Both 10AS28 and 10TK27 reached lower 
maximum values than the Reference, with differences 
of 1 – 2°C. For 30AS28, the maximum values are higher 
than the reference, with differences of up to 2 – 3°C. 
This observation could be due to issues in the sensor’s 
positioning from plaster deterioration, as represented 
in Figure  7. Plaster deterioration can be caused by the 
volumetric expansion of the PCM during phase change, 
which is exacerbated by the high mass ratio of the PCM.

https://dx.doi.org/10.36922/gti.8108
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Figure 5. Boundary conditions in the selected interval of period I

Figure 6. Outer surface temperatures (Tout) in period I

Figure 7. Deterioration of 30AS28

As depicted in Figure  8, temperatures on the inner 
plaster surfaces for Reference, 10AS28, and 10TK27 are 
almost identical, with non-significant differences that 
are below the sensors’ accuracy. A  relevant difference is 
observed in the case of 30AS28, whose temperature was 
1°C higher during the night and about 1.5°C lower during 
the day, suggesting that the temperature on the inner 
surface was overall more stable, with lower fluctuations. 
In all three samples (Reference, 10AS28, and 10TK27), the 
temperature fluctuated between 17°C and 26°C; conversely, 
the temperature of 30AS28 fluctuated between 18°C and 
25°C. The greatest temperature differences are observed 

Figure 8. Inner surface temperatures (Tin) in period I

in the middle of the wall samples, corresponding to Tmid, 
depicted in Figure 9. It can be observed that temperatures 
in Reference, 10AS28, and 10TK27 have the same trend 
and limited differences; in 30AS28, the trend is relatively 
different, with 2 – 3°C higher minimum values and up 
to 4°C lower maximum values. From the temperature 
curves, it is also possible to identify the phase change, 
which is highlighted in the graph (Figure 9). The change 
in slope – a slowdown in the temperature change during 
both heating and cooling – corresponds to the melting or 
the solidification of the PCM, which absorbs and releases 
a significant amount of energy while maintaining an 
almost constant temperature during its phase change. To 
better compare the wall samples, differences between the 
temperatures in the middle of the Reference and those of 
each wall containing PCM are depicted in Figure  10. In 
both 10AS28 and 10TK27, the maximum temperatures 
reached were 1°C lower than the reference, while the 
minimum values were up to 1°C higher. Nevertheless, 
although the two enhanced wall samples displayed nearly 
identical temperature differences, these did not occur 
simultaneously. The differences are observed during the 
phase change of each PCM, which occurs at slightly different 
temperatures. In 10TK27, the phase change occurs before 
that of 10AS28 during the day; hence, the PCM starts to 
melt at a lower temperature (which corresponds to what 
was observed from the differential scanning calorimetry). 
In addition, PCM solidifies at a lower temperature during 
the night as phase change happens later than that of 
10AS28. These differences are more clearly observed in the 
heat flux data (Figure 11). Outward and inward heat fluxes 
in the reference wall sample are greater than the other wall 
samples containing PCM. In 10AS28 and 10TK27, the 
minimum and maximum values reached are similar and 
lower in absolute terms than the Reference, respectively, but 
the trends are quite different. In the case of 10TK27, relative 
to the Reference, the curve appears slightly flattened, but 
the phase change is not visible, neither during melting 
nor solidification. On the contrary, for 10AS28, noticeable 
slope changes can be observed, allowing the identification 
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Figure 9. Temperatures in the middle (Tmid) of the wall samples in 
period I

Figure 10. Temperature differences in the middle of the wall samples 
compared to the reference in period I

Figure 11. Heat fluxes in the middle of the wall samples in period I

of the phase change occurring both during the day and at 
night. For a better understanding of the differences, the 
heat flux data comparing the reference to 10AS28 and 
10TK27 are depicted in Figure  12A and B, respectively. 
Moreover, the areas corresponding to a reduction of the 
inward and outward heat fluxes in the case of the PCM-
enhanced samples are highlighted. From this comparison, 
the difference between the curves of 10AS28 and 10TK27 
is clearly visible. Finally, there was a consistent reduction in 
heat flux for 30AS28 both during the day and at night, with 
phase change observed from changes in the slope. Notably, 
compared to the other wall samples, the heat flux is mostly 
inward during the night. This is due to the phase change of 

the PCM that, during solidification, releases the absorbed 
energy, part of which goes inward through the envelope. 
Nonetheless, the additional inward energy does not affect 
the energy demand for cooling, as this phenomenon 
happens during the night when the indoor temperature 
is much lower than the set point temperature. Figure  13 
presents the inward energy transfer through each of the 
wall samples during the selected interval with the fan coil 
turned on. The energy through the reference is the highest 
(1.32  kWh/m2), followed by 10TK27  (1.18  kWh/m2), 
10AS28  (1.12  kWh/m2), and 30AS28  (0.84  kWh/m2). 
Hence, the use of PCM led to a reduction in incoming 
energy of 10.6% for 10TK27, 15.2% for 10AS28, and 36.4% 
for 30AS28.

Some assumptions were made for the data acquired in 
the period I. In Figure 14, the differences between the heat 
flux through the reference and each of the wall samples 
containing PCM are depicted, along with temperatures 
monitored on the outer plaster surface and the middle of 
the wall sample. A recurring pattern, which is highlighted 
in Figure 14, can be observed each day the temperature on 
the outer surface reached at least 35°C during the day and 
18 – 20°C during the night, while the temperature in the 
middle of the wall sample fluctuated between 28°C and 30°C 
during the day and 20 – 22°C during the night. In all the 
other days in which the maximum outdoor air temperature 
and outer surface temperature reached lower values, the 
differences between the heat fluxes are more limited due to 
incomplete PCM phase change. For 30AS28, the incoming 
heat flux is up to 25 W/m2 lower than the reference during 
the day and up to 15  W/m2 lower than the reference 
during the night. The heat flux differences for 10TK27 and 
10AS28 are relatively similar (i.e., 10 W/m2 lower during 
the day and up to 8 W/m2 lower during the night) but with 
different trends. In the case of 10AS28, for each day, two 
peaks are visible; one corresponding to the reduction of the 
incoming heat flux due to PCM melting and the other one 
during the night due to PCM solidification. In contrast, 
for 10TK27, only one peak is visible during the day, while 
during the night, the difference appears to be spread over 
a longer period. The different behavior of these – despite 
containing the same amount of PCM – can be attributed 
to the different PCM properties, more specifically to the 
different temperature intervals over which the phase 
change occurs. The phase change of TK27 occurs over a 
much wider temperature interval than AS28, and this leads 
to more limited differences but distributed over a longer 
period. Notably, the visible differences between melting 
and solidification are influenced by the PCM properties. It 
is common for PCMs to behave differently during melting 
or solidification – a phenomenon known as hysteresis – 
which was observed during lab-scale tests.14 Based on all 
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Figure 13. Outward energy for each of the wall samples in period I

the data acquired during the period I, the total energy 
transferred through each wall sample containing PCM 
was calculated and compared to that of the Reference. 
The analysis distinguished between the inward energy – 
primarily responsible for the energy demand for cooling 
(time interval 9:00 – 20:00) – and the outward energy 
(time interval 20:00 – 9:00). The calculated energy 
reductions were then correlated with boundary conditions, 
particularly the outdoor air temperature, to determine 
whether and at which temperatures the plasters containing 
PCM performed more effectively.

Reductions in the incoming energy compared to 
reference (100%) are depicted in Figure 15A. In the case 
of 10TK27, the energy difference is almost constant at 
every temperature; for 10AS28 and 30AS28 (with the 
same PCM), energy differences are more consistent in the 
temperature interval of 27 – 32°C, corresponding to the 
phase change interval of the PCM. Similar assumptions 
were made in Figure  15B regarding the outward energy 
during the night, where different PCM behaviors are 
notable. Minimum temperatures fluctuated between 

7°C and 22°C; the greatest reduction in TK27 occurred 
at lower temperatures, while the lowest reduction was 
observed in AS28. The total incoming energy through 
the wall samples was calculated for the entire day (9:00 – 
20:00) and the “critical” interval (12:00 – 15:00). In Table 3, 
the percentage differences between each wall sample 
containing PCM and the reference are reported, and 
there are notable improvements in all samples containing 
PCM. Considering the entire day, the energy reductions 
were 11.3% for 10TK27, 13.1% for 10AS28, and 35.1% 
for 30AS28. When considering only the critical interval, 
the reductions were 8.8% for 10TK27, 15.5% for 10AS28, 
and 49.7% for 30AS28. As for the outgoing energy, the 
reductions were 19.5%, 35.5%, and 87.5%, respectively. 
The greater reductions observed in the samples containing 
AS28 may be due to the higher phase-change temperature 
and narrower temperature interval compared to TK27.

3.2. Period II

The boundary conditions that characterized period II 
are reported in Table  4. A  representative interval of 6 
consecutive days (August 9 – 14, 2022) was selected. In 
terms of boundary conditions (Figure  16), the outdoor 
temperature fluctuated between 20°C and 35°C, with 
lower values on August 12 and 13. The solar irradiance 
values peaked between 750  W/m2 and 850  W/m2, with 
clear skies only on August 9 and 11. Temperatures on the 
outer plaster surfaces are depicted in Figure 17. In general, 
temperatures on the outer surfaces are relatively similar 
among the different wall samples, with differences slightly 
more prominent at night. Temperatures on the inner plaster 
surfaces are depicted in Figure 18. The fluctuation between 
minimum and maximum temperatures is limited and <6°C; 
hence, differences between the wall samples are minimal. 

Figure 12. Comparison between heat fluxes of (A) 10TK27 and (B) 10AS28, compared to the reference, in period I

A B
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Figure 14. Comparison between heat fluxes in period I

Table 3. Percentage comparison of the energy through each 
wall sample compared to the reference in period I

Plaster Energy difference compared to the reference (%)

Inward energy Outward energy

9:00 – 20:00 12:00 – 15:00 20:00 – 9:00

10TK27 −11.3 −8.8 −19.5

10AS28 −13.1 −15.5 −35.5

30AS28 −35.1 −49.7 −87.5

Temperatures on 10AS28 and 20AS28 are almost identical 
and differ from the Reference by <0.5°C; in the case of 

30AS28, the maximum values are about 1°C lower, and the 
minimum values are about 1°C higher than the reference.

The temperature in the middle of the wall samples is 
depicted in Figure  19, and the temperature differences 
between the wall samples and the reference are depicted in 
Figure 20. In this case, the higher amount of PCM inside 
the plaster corresponded to an increase in the temperature 
difference monitored between the wall samples and the 
reference. During the day, 10% of PCM corresponded to 
a 1°C reduction, 20% of PCM to a 2 – 2.5°C reduction, 
and 30% of PCM to a 3 – 4°C reduction. During the night, 

Figure 15. Energy reductions. (A) Reduction in inward energy compared to the reference according to the maximum outdoor temperature. (B) Reduction 
in outward energy compared to the reference according to the minimum outdoor temperature in period II.

A B
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Figure 16. Boundary conditions in the selected interval in period II

Figure 17. Outer surface temperatures (Tout) in period II

Figure 18. Inner surface temperatures (Tin) in period II

Figure 19. Temperatures in the middle (Tmid) of the wall samples in 
period II

Figure 20. Temperature differences in the middle of the wall samples 
compared to the reference in period II

Table 4. Average boundary conditions in period II

Condition Day Night Interval

Average outdoor temperature (°C) 29.3 22.6 30.5

Maximum outdoor temperature (°C) 39.6 30.7 38.7

Minimum outdoor temperature (°C) 17.4 16.4 19.8

Average indoor temperature (°C) 25.2 23.3 25.8

Average solar irradiance (W/m2) 433 24 662

Maximum solar irradiance (W/m2) 884 434 884

Solar gain (kWh/[m2 day]) 5.19 0.28 2.65

Note: The time intervals are defined as: (i) Day: 9:00 – 20:00;  
(ii) Night: 20:00 – 9:00; and (iii) Interval: 12:00 – 15:00.

the temperature of the Reference was the lowest, with 
differences of about 0.5°C with 10AS28, 1°C with 20AS28, 
and 2 – 3°C with 30AS28.

Monitored heat fluxes are depicted in Figure 21. During 
the day, the maximum values of reference, 10AS28, and 
20AS28 were almost identical, while in 30AS28, the peaks 

Figure 21. Heat fluxes in the middle of the wall samples

were 6 – 8 W/m2 lower. In all samples containing PCM, the 
phase change could be observed both during melting and 
solidification through changes in the curves’ slope. The 
total inward energy through each wall sample was then 
calculated, taking into consideration the working period 
of the fan coil (Figure  22). The total inward energy was 
1.63 kWh/m2 for the reference, 1.50 kWh/m2 for 10AS28, 
1.46 kWh/m2 for 20AS28, and 1.21 kWh/m2 for 30AS28, 
corresponding to relative reductions (compared to the 
reference) of 7.9%, 10.4%, and 25.8%, respectively.

In Figure  23, the differences between the heat flux 
through the reference and that of each of the other wall 
samples are depicted alongside temperatures of the outer 
plaster surface of the reference and the middle of the wall. 

https://dx.doi.org/10.36922/gti.8108
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Figure 22. Inward energy for each of the wall samples

Figure 23. Comparison between heat fluxes in period II

In this case, the three curves, corresponding to plasters 
containing different quantities of the same PCM, displayed 
a similar trend, with proportional differences between the 
reference and PCM quantity. Based on all the data acquired 
during the period, the energy through each wall sample 
was calculated, differentiating between the inward (time 
interval 9:00 – 20:00) and the outward energy (20:00 – 
9:00) and subsequently comparing them to the reference.

The energy reductions were then correlated to the 
outdoor temperature; Figure 24A and B depict the maximum 
and minimum temperatures, respectively. During the day, 
almost no difference could be observed between the various 
maximum temperatures, with average reductions of 8 – 10% 
for 10AS28, 12 – 15% for 20AS28, and 25 – 30% for 30AS28. 
During the night, the reduction was significantly different, 
as PCM solidification involves the partial release of the 
absorbed heat, leading to incoming heat fluxes – unlike the 
Reference, where night-time heat fluxes were consistently 
outward. The percentage differences with respect to the 
reference were calculated both during the day (9:00 – 20:00) 
and the critical interval (12:00 – 15:00) (Table  5). The 
reductions during the day were 7.6% for 10AS28, 10.6% for 
20AS28, and 24.6% for 30AS28; the reductions in the critical 
interval were about 5.2% for 10AS28, 12.1% for 20AS28, and 
39.2% for 30AS28. Similarly, the outgoing energy reductions 
were 91.8% for 10AS28, 91.6% for 20AS28, and 100% for 
30AS28, which, as previously mentioned, were due to the 
incoming heat fluxes during the night. However, despite the 

promising results in terms of temperatures and heat flux for 
the plaster containing 30% PCM, a progressive deterioration 
of the plaster was observed during monitoring (Figure 7). 
This degradation was most likely due to the volumetric 
expansion of the PCM during the phase change, which was 
exacerbated by the high mass ratio of PCM inside the plaster. 
It was estimated that 30% by mass of PCM corresponded 
to approximately 44% by volume. Consequently, further 
developments of the research will focus only on plasters with 
10% and 20% PCM by mass.

3.3. General considerations

In general, further considerations about the entire 
monitoring period were possible because the reference, 
10AS28, and 30AS28  samples were kept unchanged 
throughout the monitoring. The percentage differences 
in the incoming energy through the two walls containing 
PCM with respect to the reference are sorted according to 
the maximum outdoor temperature reached in Figure 25. 
In both cases, major reductions were observed when the 
maximum outdoor temperatures fell within the phase 
change range of the PCM, namely, between 27°C and 
33°C. In general, reductions were visible at almost all 
temperatures, except when temperatures dropped below 
15°C – conditions under which no cooling was required.

The average reduction for plasters that were maintained 
throughout the entire monitoring period was calculated 
(Table 6). For 10AS28, the total incoming energy during 
the day (9:00 – 20:00), when the room temperature was 

Table 5. Percentage comparison of the energy through each 
wall sample compared to the reference in period II

Plaster Energy difference compared to the reference (%)

Inward energy Outward energy

9:00 – 20:00 12:00 – 15:00 20:00 – 9:00

10AS28 −7.6 −5.2 −91.8

20AS28 −10.6 −12.1 −91.6

30AS28 −24.6 −39.2 −100.0

https://dx.doi.org/10.36922/gti.8108


Green Technology & Innovation PCM-plaster experimental monitoring

Volume 1 Issue 1 (2025)	 11� doi: 10.36922/gti.8108

Figure 25. Reduction in inward energy compared to the reference, 
according to the maximum outdoor temperature in the entire monitoring 
period

Table 6. Percentage comparison of the energy through 
each wall sample compared to the reference in the entire 
monitoring period

Plaster Energy difference compared to the reference (%)

Inward energy Outward energy

9:00 – 20:00 12:00 – 15:00 20:00 – 9:00

10AS28 −10.5 −9.9 −67.1

30AS28 −28.2 −42.0 −95.6

higher than 25°C, was 10.6% less than the reference; 12.6% 
when the temperature was lower than 25°C; and 9.9% at 
the critical interval (12:00 – 15:00). In terms of outdoor 
energy, the average reduction was 67.1%. In the case of 
30AS28, the reductions were 28.4% and 29.0% when 
the room temperature was higher and lower than 25°C, 
respectively; 42% in the critical interval (12:00 – 15:00); 
and 95.6% in terms of outgoing energy. The consistent 
reductions that are visible during the night (outward heat 
flux) are probably due to PCM solidification, where part 
of the energy absorbed during the day is released inward.

4. Conclusion
The focus of this research was the development of plaster 
samples with different concentrations of PCM, which 
were then tested under real outdoor conditions for several 
weeks. Conducted in collaboration with Fassa Bortolo – an 
Italian industry leader in the production of mortars, pre-
mixed plasters, paints, and thermal insulation. A dedicated 
setup was built to monitor up to four wall samples 
simultaneously, each of which was made of a thin masonry 
layer covered with plaster on both sides. One served as the 
reference sample, containing no PCM, while the others 
had exterior plasters containing different amounts of two 
different PCM.

Two relevant periods were considered. In the first 
period (period I), one of the wall samples was the 
reference sample (without PCM), while the other three 
wall samples contained PCM on the outer side, namely, 
10TK27, 10AS28, and 30AS28. The results indicated 
that in both configurations with 10% PCM, the overall 
incoming energy was reduced by more than 10%; that is, 
11.3% for 10TK27 and 13.1% for 10AS28. In the case of 
30AS28, despite the weakening of the plaster, the reduction 
of the incoming energy reached about 35%. In the critical 
interval between 12:00 and 15:00, the reductions were 8.8% 
for 10TK27, 15.5% for 10AS28, and 49.7% for 30AS28. The 
difference between the two configurations containing 10% 
PCM could be attributed to the different melting ranges of 
the PCM; for example, 10TK27 completely melted before 
12:00.

In the second period (period II), after having observed 
the degradation of 30AS28 due to an excessive amount of 
PCM, the configuration with 10TK27 was replaced with 
20AS28 to simultaneously compare the effect of PCM 

Figure 24. Energy reductions. (A) Reductions in inward energy compared to the Reference according to the maximum outdoor temperature. (B) Reduction 
in outward energy compared to the Reference according to the minimum outdoor temperature.
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concentration within the plaster. During this period, the 
incorporation of 10% PCM by mass led to a reduction of 
nearly 8% in incoming energy during the day, while 20% 
and 30% PCM resulted in reductions of over 10% and nearly 
25%, respectively. Between the critical interval (12:00 – 
15:00), the reductions were 5.2%, 12.1%, and 39.2%, 
respectively. The lower reduction of 10% PCM was most 
likely due to the fact that the small amount of PCM had 
completely melted. However, in terms of temperatures and 
heat fluxes, only 10% and 20% PCM could be considered a 
feasible solution for the energy refurbishment of buildings, 
as plasters containing 30% PCM could suffer from excessive 
deterioration due to the volumetric expansion of the PCM 
between the solid and liquid states.

The positive outcome of this research should encourage 
further developments aimed at extending the results to 
the integration of PCM within the plaster across the entire 
building envelope. This next phase would enable the 
exploration of different aspects that were not considered in 
this study. In particular, it would allow for an assessment 
of the effect of building orientation. At a preliminary level, 
it is important to consider that different wall orientations 
can lead to varying wall surface temperatures, potentially 
resulting in conditions that fall outside the optimal PCM 
melting range. In such cases, the material may not be 
fully solidified and/or melted. In addition, even when 
a complete charging and discharging cycle of the PCM 
occurs, the transition timing may vary depending on 
orientation; if the wall is east-oriented, the phase change 
may occur earlier than in a south-oriented wall; if the wall 
is west-oriented, the phase change may occur later than in 
a south-oriented wall. While this would not affect the latent 
heat capacity of the PCM, it does influence the specific 
period in which the PCM phase change occurs. Second, an 
extension of these results could lead to the exploration of 
different climatic contexts to assess whether the behavior 
observed with the climate of Ferrara (Köppen Geiger zone 
Cfa) remains consistent in other climate zones. Third, an 
application at the building scale would allow the evaluation 
of indoor thermal comfort and the effect of the PCM. At 
the scale of the present study, such considerations were not 
possible given the size of the samples and the application 
on a mock-up building, typically used for experimental 
research purposes. An experimental upgrade of this 
research, involving full-scale building applications, could 
confirm the preliminary findings (i.e., the addition of PCM 
does not lead to any additional problems) or reveal aspects 
not yet considered in the present research.
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