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Abstract. The exterior finish layer in building facades is exposed to considerable environmental loads, 

which can reduce the service life of the materials, increasing the need for replacement. New climate 

challenges impose to look more carefully at the long-term performance and durability of building 

components and materials. Thermal stresses due to daily temperature fluctuations and UV exposure can 

significantly damage facades and degrade their performance. This research measures the long-term 

performance of a responsive cementitious finish plaster. The developed cement plaster is combined with 

phase change materials (PCMs), and thermochromic (TC) pigments to control solar radiation and 

surface temperatures dynamically on the exterior façade year around. The main objective of the study 

is to quantify the effect of long-term UV exposure on the optical performance of the cement plasters. 

PCMs with three different melting temperatures of 18oC, 24oC, and 28oC were combined with two 

different colors of blue and red TC paint with a transition temperature of 31oC. Accelerated UV aging 

of the samples was performed using lab tests to simulate exposure to UV radiation for two years. The 

solar reflectance of the samples was characterized before and after the accelerated UV aging tests. The 

results of the aging tests revealed that UV exposure impacts the solar reflectance of the finish material 

based on the method of integrating the TC paint to the cement plaster. In the case of TC paint applied 

to the surface, the solar reflectance of the plasters with only the TC is reduced by 15% after aging, while 

the ones combined with PCMs have a similar solar reflectance value after aging.  

Keywords: Durability, Building Façade, Thermal Energy Storage, Thermal Stress, Accelerated 

Aging, Urban Heat Island.  

1 Introduction 

One of the main climate challenges in urban areas is the shifting weather patterns with 

increasing trends of temperature fluctuations in dense cities that can impact urban thermal 

comfort. The urban heat island (UHI) effect particularly is a known phenomenon that refers to 

the occurrence of higher ambient temperatures in cities compared to suburban areas 

(Santamouris et al., 2016). This event is specifically due to higher solar absorption in urban 

surfaces such as building facades. In addition, the high surface temperatures of facades can lead 

to higher heat transfer through the building envelope leading to thermal comfort problems and 

higher energy demands. However, thermal stresses exposed to exterior building façade surfaces 

can critically impact the durability of the finish materials. The exterior finish layer in buildings 
is exposed to considerable environmental loads, namely thermal stresses and UV radiation, that 
over long-term exposure leads to degradation (Pisello, 2017). The temperature fluctuations 
experienced on the exterior surface of finish materials decrease the durability of the material 
(Hernandez-Perez et al., 2014; Pisello, 2017). 
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Increasing the lifetime of the building façade by reducing exterior thermal stresses, therefore, 

becomes critical. By reviewing the literature, several strategies can be found that have been 

proposed for regulating external solar and thermal loads. The most prominent strategy is the 

application of cool/white or reflective coatings on exterior roof and façade surfaces. Such 

coatings have high solar reflectance and emittance, thus leading to lower surface temperature 

and better performance under UV exposure (Ascione et al., 2018). With the growing application 

of cool coatings globally, the literature has mainly focused on their benefits in the cooling 

season. However, the heating penalty associated with lower solar gains on the surfaces with 

cool coatings could be comparable to their advantages in the cooling season (Ascione et al., 

2018; Garshasbi and Santamouris, 2019). 

Several strategies to optimize the performance of reflective coatings have been evaluated, 
such as combining reflective coatings with phase change materials (PCMs) (Pisello et al., 
2017). This combination has been proposed to benefit from the large heat storage capacity of 
PCMs to buffer the peak temperatures and decrease the thermal fluctuations, which directly 
affect the durability of the finish materials (Pisello et al., 2017). Another approach that is 
gaining attention is the use of dynamic coatings with variable optical properties using 
thermochromic (TC) coatings or paints (Karlessi et al., 2011; Perez et al., 2018). TC paint 
changes its colors in response to temperature, allowing a change in its optical properties at a 
specific transition temperature. The solar reflectance and emittance of the TC paint are 
increased with higher temperatures as it turns to whiter shades, and as the temperatures go 
down, the solar absorptivity of the paint is increased. Evaluating the key material properties of 
these smart materials is a crucial step to identify their potential in regulating solar and 
temperature loads in exterior finish applications. Several studies have focused primarily on this 
topic to identify the experimental methods to measure the characteristics of these materials 
(Zinzi, 2016). Additionally, to assess the impacts of environmental loads on the durability and 
performance of such smart materials, accelerated aging tests using lab equipment have been 
used extensively (Jelle, 2011; Karlessi et al., 2015).  

In this study, the application of TC paint and PCMs integrated into cement plasters is 
investigated in the climate context of Toronto, Canada. Cement plasters are a typical façade 
finish material used in different types of buildings in Toronto. The combination of the TC paint 
and PCMs in this study is used to address both thermal and solar exposure using different 
mechanisms of dynamic solar control and thermal energy storage. Different configurations of 
cement plasters with TC paint and PCMs have been developed and characterized for their 
optical and thermal properties. The aim of this paper is to evaluate how long-term exposure to 
solar radiation, particularly the negative impact of UV degradation impacts the optical 
performance of the samples. The objective is to compare the main optical property of the 
samples, namely solar reflectance in the primary stage to the post-aged stage using lab tests.  

2 Methodology  

2.1 Development of Cement Plaster Samples 

The cement plaster was made based on the ASTM C926-18b standard for exterior plaster 
applications and mixed with microencapsulated PCMs and TC pigments. Three PCMs with 
different melting temperatures (Tmp) of 18oC, 24oC, and 28oC were used. Blue and red Leuco 
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dye TC pigments with a transition temperature of 31oC were used in this study. Based on the 
dynamic properties of the TC paints selected, the color transition to white occurs above 31oC, 
and below 31oC, the paint turns back to its original color. The cement plaster samples were 
made into 10 cm x 10 cm tiles with a thickness of 1.2 cm. The PCMs and the TC paints were 
each added to the tiles based on a mass fraction of 2.5% of the base cement plaster tiles. 
Therefore, samples with both PCMs and the TC paint included a total of 5% of the materials 
and a 95% ratio of the cement plaster mixture. More detailed information on the sample 
production process can be found in Soudian and Berardi (2019).  

One of the main variables in this study is two different types of cement plasters considering 
the integration of the TC paint in the plaster. Type 1 samples include the mixing of both the 
PCMs and the TC pigments inside the cement plaster mixture, as shown in Figure 1a. Type 2 
samples include the mixing of PCMs inside the cement plaster mixture, while the TC paint is 
painted on the surface of the plaster tiles (Figure 1b). A total of twelve Type 1 samples and 
eight Type 2 samples were created. 

          
Figure 1. a) Type 1 samples; b) Type 2 samples. 

2.2 Optical Characterization Tests 

To measure the optical properties of the samples -considering their dynamic color change- the 
samples were subjected to one heating cycle and one cooling cycle prior to the measurements. 
The heating cycle was performed in an oven set to 45oC, which is above the transition 
temperature of the PCMs and the TC paints. In the cooling cycle, the samples were cooled to 
8oC in a fridge. Figure 2 shows the color change of the Type 2 samples in both cycles. The 
spectral reflectance of the samples was measured according to the ASTM E903-12. The 
measurements were made using a Perkin Elmer’s Lambda 750S UV-Vis/NIR 
spectrophotometer with 60 mm integrating spheres. The reflectance measurements were 
conducted in the range of 300-2500 nm with 10 nm steps (Soudian et al., 2020). 

             
Figure 2. a) Type 2 samples at 8oC; b) Type 2 samples at 45oC.          

a) b) 

a) b) 
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2.3 Accelerated UV Aging  

A QUV accelerated weather testing machine was used for the accelerated UV aging tests. The 
tests were performed according to ASTM G154-16. The UV acceleration factor (AFUV) was 
calculated from Equation (1), where  lab indicates the total UV energy in the aging machine, 
and the  nat is the average natural outdoor energy for a given period. 

AFUV =  lab /  nat (1) 

The total UV intensity considered for the 340 nm UV lamps in the apparatus was set to 1.55 
W/m2, and the total energy calculated for one day of operation of the machine is 12.5 kWh/m2. 
This setting represents the Cycle 6 configurations of the ASTM G154-16 standard. The average 
daily solar irradiance value for the city of Toronto is 126 Wh/m2 obtained from Natural 
Resources Canada (2016). Therefore, the AFUV calculated is 57. Based on the AFUV and the 
exposure conditions determined by the standard, the samples were aged for seven days 
representing a two-year exposure to UV radiation. Figure 3 shows the testing apparatus and the 
cement plaster samples mounted on the QUV machine. The samples were subjected to an 8-
hour cycle of UV exposure at 60oC, followed by a 4-hour cycle of condensation at 50oC. 

          
Figure 3. Cement plaster samples in the QUV aging apparatus. 

3 Results 

3.1 Initial Characterization: Pre-Aging 

All the samples showed a greater change in solar reflectance/absorptance in the near-infrared 
range (NIR) compared to the UV and the visible light (VIS) range, as shown in Figures 4 and 
5. A distinct difference between the solar reflectance of Type 1 and Type 2 samples was 
observed in the heating and cooling cycles. At 45oC, Type 2 samples with the TC paint on their 
surface showed an average of 13% higher range of solar reflectance in the NIR compared to 
Type 1 samples. The solar reflectance of all the eight Type 2 samples is higher than the control 
cement plaster sample, having a range of reflectance between 60%-80%, while the control 
sample has an average of 49.5% solar reflectance. In contrast, considering the importance of 
solar gain in colder temperatures, at 8oC, Type 1 samples showed 12% higher solar absorptance 
in the NIR compared to the Type 2 samples. A much lower solar absorptance performance was 
observed in the case of Type 2 samples, as shown in Figure 8b, and all the samples have a lower 
percentage of solar absorptance in the NIR compared to the control sample.  
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Figure 4. Solar reflectance at 45 oC: a) Type 1 samples; b) Type 2 samples. 

The solar reflectance results of the samples with the blue and the red paint shows a higher 
solar reflectance recorded for the blue colored Type 2 samples. However, in Type 1 samples, 
all the mixed and control samples with the red TC paint showed a higher range of solar 
reflectance in the heating cycle. In Type 1 samples, the average solar reflectance of the control 
sample is higher than the control samples with only the TC paint. Considering the combination 
of the PCMs with TC paint, the best results are obtained by using the PCM- 18, as the combined 
samples show a 22% better performance than the CONT-PCM-18 sample, and 28% higher solar 
reflectance than the control samples with only the TC paint. In the cooling cycle, the overall 
solar absorption of Type 2 samples is considerably less than the control PCM samples, as well 
as the combined Type 1. This observation shows that applying the paint on the surface affects 
the potential to retain solar gains. It is observed that the total solar absorption range of the TC 
paints on the surface is much lower between 32% to 36%, which could pose challenges in the 
heating season for material durability and overall heat transfer through the envelope. 

  

Figure 5. Solar absorptance at 8 oC: a) Type 1 samples; b) Type 2 samples. 

3.2 Characterization- Post-Aging 

The effect of the two-year accelerated UV aging on the visual appearance of the samples is 
shown in Figure 6. Compared to the initial images taken prior to the aging (Figure 1), the Type 
2 samples have lost their colors, and in Type 1 samples, the slight color differences due to the 
TC paint is no longer visible. The performance of the samples is expected to be affected due to 
such considerable color variations.  

a) b) 

a) b) 
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Figure 6. Visual changes to the samples a) Type 1 samples; b) Type 2 samples. 
 
3.2.1 Solar reflectance measurements: Post-Aging 

The same procedure to measure the solar reflectance of the samples was performed after the 
two-year aging tests. The results are shown in Figures 7 and 8 for the heating and the cooling 
cycles. Similar to the pre-aging results, the overall solar reflectance of the samples at 45oC is 
higher in the Type 2 samples compared to Type 1 samples. However, the overall performance 
of the Type 1 samples in reflecting solar radiation is reduced considerably compared to the 
control sample. As shown in Figure 7a, the solar reflectance of the control sample in the NIR 
is higher than all the samples within the 1600-2500 nm wavelength. A general trend could be 
observed in both types of samples as the post-aging results show an increase in solar reflectance 
values in the UV and VIS range while the total reflectance in the NIR is reduced.  

   
Figure 7. Solar reflectance at 45 oC- Post-Aging: a) Type 1 samples; b) Type 2 samples. 

 
Figure 8. Solar absorptance at 8 oC- Post-Aging: a) Type 1 samples; b) Type 2 samples. 

In the cooling cycle, the aging did not significantly change the solar absorptance 
characteristic of the Type 1 samples, as shown in Figure 8a, and similar to Figure 5a, the control 

a) b) 

a) 
b) 

a) b) 
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sample holds the lowest rate of solar absorption at 8oC in the NIR. The total solar absorptance 
of the samples with the red paint in Type 2 samples is higher than the blue colored ones. The 
post-aging results show that the total solar absorptance of Type 2 samples have increased by 
10% in the NIR.  
 
3.3 Performance Change Comparison 

By reviewing the pre and post aging results of solar reflectance values for all the samples, no 
specific trend could be established between the color of the TC paint and the Tmp of the PCMs. 
To better illustrate the effect of the two-year UV aging on the samples, Figure 9 shows the 
change in solar reflection characteristic of each sample in the heating cycle. As the figure 
shows, the impact of aging on the control samples with only the TC paint varies considerably 
between Type 1 and Type 2 samples. In Type 1 samples, the solar reflectance was increased 
after aging, in the Type 2 samples, solar reflectance decreased after the surface color faded. 

      

Figure 9. Rate of change in solar reflectance after the aging.  

The impact of the PCMs in preserving the solar reflectance of the samples is more evident 
in the Type 2 samples, as the samples with both the TC and the PCM show the smallest 
percentage of change in solar reflectance in the NIR compared to the ones with only the TC 
paint. The results of the solar absorptance in the cooling cycle shows that in all Type 2 samples, 
the total solar absorptance is increased after the UV aging by an average of 30%.  
 

4 Conclusions  

This study evaluated the effect of accelerated UV aging on the optical performance of 
cementitious plasters integrated with TC paint and PCMs. This façade finish material intends 
to regulate thermal stresses exposed to exterior surfaces of building facades due to UV rays and 
temperature fluctuations. The dynamic properties of the TC paint to control solar radiation and 
the heat storage capacity of PCMs to control temperature on the surface could help increase the 
durability of the exterior façade finishing against thermal stresses. The results of the UV aging 
tests revealed that the impact of aging on the solar reflectance properties of the samples depends 
primarily on the method of TC paint integration in the cement plaster. Overall, at 45oC which 
is above the transition temperature of the selected TC and the PCMs, the solar reflectance of 
Type 1 samples with only the TC paint was increased, while the opposite occurs in the Type 2 
samples. As the TC color fades on the surface of Type 2 samples, the total range of solar 
reflectance decreased in samples with only the TC paint. The solar reflectance properties of the 
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samples are primarily related to the TC paint. However, a lower rate of change in solar 
reflectance was observed in the combined PCM and TC scenarios, indicating the benefit of 
PCMs. A detailed analysis of the performance of the prototypes to regulate thermal stress is 
underway using temperature cycling tests to observe how the PCMs interact with the TC paints.  
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