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Abstract: 

The building sector represents a major contributor to global energy consumption, while envelope performance 
plays a highly important role in determining thermal loads and cooling energy demand. With space cooling 
demand projected to increase significantly in the upcoming decades due to climate change and increased 
comfort expectations, passive envelope strategies aimed at reducing solar heat gains are investigated as 
effective means to improve energy efficiency and maintain appropriate indoor thermal conditions. Cool 
materials are widely applied as a passive solution due to their ability to reflect solar radiation and limit heat 
gains. However, their thermo-optical properties change over time as a result of aging and soiling, leading to a 
gradual decline in performance. This degradation creates uncertainty regarding the long-term effectiveness of 
cool coatings and raises the question of when re-painting should be performed from both an energy and 
economic perspective. This study investigates the maintenance strategies of cool materials as a multi-criteria 
optimization problem, aiming to identify optimal repainting intervals that balance energy performance, thermal 
comfort and life cycle cost. A detailed building energy model is developed in the environment of DesignBuilder 
to simulate the temporal evolution of surface reflectance and its restoration through the re-application of cool 
material coatings. The model is used to assess the impact of different re-painting strategies on annual and 
peak cooling demand, as well as on indoor thermal conditions under varying climatic and operational 
scenarios. Energy simulations are coupled with a life cycle economic assessment that accounts for 
maintenance costs and energy-related savings, enabling the evaluation of alternative strategies. Thermal 
comfort performance is assessed using appropriate comfort indices, the Predicted Mean Vote (PMV) and the 
Predicted Percentage of Dissatisfied (PPD), in order to measure the influence of envelope degradation and 
maintenance actions on occupant conditions. The energy consumption has a variation of 63.8% depending on 
the repaint interval, while the PPD index’s values are between 10.96% and 14.12% for all the time periods of 
each maintenance strategy. The life cycle cost for the optimum maintenance strategy regarding the repaint 
was calculated at 8512 €. 
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1. Introduction 
The sector with the largest global annual energy consumption is the building sector and is responsible for 
about 36% of the final energy use and 40% of the energy-related CO₂ emissions according to recent reports 
by the International Energy Agency [1, 2]. One of the categories within the building sector that accounts for a 
large percentage of this energy consumption is space cooling, which, in the last decades, is one of the fastest-
growing energy categories in buildings and is estimated to have tripled since 1990 [3]. In addition to that, the 
global cooling energy demand is expected to increase by at least 60% to 120% in the 2090s (in comparison 
with the 2010s), which is mostly a result of climate change, population growth and urbanization, as well as the 
continuously rising living standards [4]. Urbanization further affects the rising cooling energy demand by 
intensifying the so-called Urban Heat Island effect (UHI). This effect is attributed mainly to the replacement of  
natural land with dense, highly absorptive construction materials (like cement), which leads to elevated surface 
and air temperatures in  urban  areas  in  comparison  to  rural  areas.  Studies  have  shown  that  the  urban  
 

mailto:evanvidalis@mail.ntua.gr
mailto:polichronakis_konstantinos@mail.ntua.gr
mailto:d_pallantzas@mail.ntua.gr
mailto:akitsopoulou@mail.ntua.gr
mailto:korres@central.ntua.gr
mailto:ctzivan@central.ntua.gr
mailto:bellose@uniwa.gr


temperatures can be 2–5°C higher on average, while the minimum COP (Coefficient of Performance) value of 
air conditioners may be decreased up to 25% [5, 6]. Additionally, the UHI effect can potentially result in an 
increase in the building cooling energy consumption by an average of 19%, varying from 10% up to120%, 
depending on the type of building and the geographic location [7]. The extended use of dark and low-
reflectance materials in roofs and pavements, combined with limited vegetation, significantly contributes to this 
phenomenon [8]. As a result, buildings in urban environments are facing increased cooling loads, reduced 
energy efficiency, and worse indoor thermal conditions. 
To tackle these challenges, among the most efficient strategies are the passive cooling strategies, which have 
gained increasing attention as cost-effective and sustainable solutions for improving building performance. 
Among these, cool materials have been widely recognized for their ability to reduce solar heat gains through 
the building envelope. These materials are characterized by high solar reflectance, which sometimes can be 
above 0.80 and high thermal emittance (0.9), allowing them to reflect a large fraction of solar radiation and 
faster release of absorbed heat in the form of infrared radiation [9]. Their application on building roofs and 
facades has been proven to reduce roof surface temperatures by up to 20°C under peak summer conditions, 
leading to significant reductions in cooling energy demand [10]. Moreover, cool roofs are capable of achieving 
cooling energy savings ranging from 10% to 40%, depending on climate conditions and building characteristics 
[11]. In addition to energy savings, cool materials can significantly improve indoor thermal comfort by reducing 
indoor air temperatures and mitigating overheating risks. At the urban scale, a wide implementation of cool 
materials with high reflectivity can also assist in mitigating the UHI effect, which further enhances their 
environmental benefits [12].  
Despite their promising performance, the effectiveness of cool materials throughout their lifetime is highly 
affected by their exposure to environmental conditions. Over time, while the material is applied, the deposition 
of pollutants like dust and organic compounds, and biological contaminants, along with material aging, leads 
to a gradual degradation of their thermo-optical properties [13]. Thus, solar reflectance tends to decrease as 
surfaces become soiled, which results in increased solar absorptance and reduced cooling efficiency. 
Specifically, solar reflectance can decrease from initial values of approximately 0.80 to values as low as 0.50 
within 5 years of lifetime, with a different rate and at a different scale depending on environmental conditions 
and material type [14]. The degradation of cool materials introduces uncertainty regarding their long-term 
energy performance and to tackle the issue, the correct maintenance strategies have to be examined. 
Maintenance actions, including cleaning or repainting, can restore the original properties of the material, 
though for cleaning, this can be limited to a specific percentage and not completely [15]. However, both of 
these interventions require additional costs, including material and labor expenses, which must be considered 
in any comprehensive evaluation. This highlights the importance of determining the optimal timing and 
frequency of maintenance actions, which represents a complex trade-off between energy savings and 
economic cost. On the one hand, frequent maintenance ensures that the material maintains high reflectance, 
which ensures minimizing cooling demand and improves indoor thermal comfort. On the other hand, from an 
economic perspective, frequent reapplication of the material increases life cycle costs and may reduce the 
overall cost-effectiveness of the solution. This trade-off highlights the necessity of adopting a multi-criteria 
approach that simultaneously considers energy performance, thermal comfort, and economic aspects. 
Levinson et al. (2005) conducted detailed outdoor exposure studies of roofing materials, documenting the 
decline of solar reflectance over time and its implications for building thermal loads [14]. Noelia et al. [15] 
examined the decrease of cool materials and found that throughout a period of 3 years, their ability to reduce 
urban temperatures was diminished by up to 40%. Similarly, Mastrapostoli et al. (2015) systematically 
analyzed the weatherization of the cool roofs in two buildings in Athens, Greece and measured and compared 
the optical properties of the aged, cleaned and new cool roofs, but did not integrate repainting or cleaning 
strategies into a life‑cycle decision context [13]. De Masi et al. (2025) presented the results of a three-year 
experimental study in a Mediterranean climate regarding the effect of aging on aerogel and ceramic cool paints 
and the impact of cleaning their surface in restoring the solar reflectance of the material [16]. 
To address this gap, the present study investigates the maintenance strategies of cool materials as a multi-
criteria optimization problem. A detailed building energy model is developed using DesignBuilder, which utilizes 
EnergyPlus as its simulation engine, to evaluate the impact of degradation and maintenance on building 
performance over time. The degradation of cool material properties is modeled through a time-dependent 
reduction in solar reflectance, while repainting actions are simulated as the restoration of the initial material 
properties. This work considers multiple scenarios with varying maintenance intervals (repaint period) to 
assess their influence on key performance indicators. Among them, energy performance is evaluated in terms 
of annual cooling demand and maximum cooling load, while indoor thermal comfort is addressed using the 
Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD) indices. Lastly, a life cycle cost 
analysis is conducted, incorporating both expenses due to energy consumption and maintenance costs, to 
enable a holistic economic evaluation of each scenario. By integrating energy, comfort, and economic criteria, 
this study aims to identify optimal maintenance strategies that balance energy performance and cost over a 
period of fifteen years. This work can contribute to a better understanding of the long-term behavior of cool 
materials and provide valuable insights for the development of effective and sustainable building retrofit 
strategies under increasing climate stress conditions. 



2. Materials and methods 

2.1. Building description 
The examined building, which is presented in Figure 1, is a residential apartment with a total floor area of 100 
m2 and is located in the region of Athens, Greece. The building’s envelope consists of a common masonry of 
brick and concrete, with a window-to-wall ratio of 30% for all the sides of the building, which are adjacent to 
the ambient. The building’s thermal transmittance values are set according to the allowed values for the region 
of Athens, according to the Technical Chamber of Greece [17]. Specifically, for the external walls, the thermal 
transmittance (U-value) is 0.44 W/(m2·K), while for the windows it is 2.43 W/(m2·K), as shown in Table 1. The 
g-value is set to 0.67.  

The apartment has a total of four occupants, with a specific load per each of 80 W [17], and the occupancy 
level of the building varies, with an average of 75%. Regarding the activity of the building, the lighting’s daily 
factor has an average of 48% and the specific load is 3.5 W/m2, while as for the appliances these values are 
41% and 2.2 W/m2 [17]. For the HVAC system, a reversible air-to-air heat pump is selected with a seasonal 
energy efficiency ratio of 4.5 for the summer period [18]. Finally, the uncontrolled introduction of outside air 
through the building elements (infiltration rate) is set to 0.4 ach [19]. 

 

 

Figure 1. The examined building. 

Table 1. Building Characteristics 

Parameter Value 

U-value of walls [W/(m2·K)] 0.44 

U-value of roof [W/(m2·K)] 0.42 

U-value of windows [W/(m2·K)] 2.43 

g-value 0.67 

Specific load of lighting [W/m2] 3.5 

Specific load of appliances [W/m2] 2.2 

Infiltration rate [ach] 0.4 

EER of the reversible air-to-air heat pump 4.5 

 

2.2. Maintenance scenarios 
On the roof of the building described above, a cool material was applied in all scenarios. Its initial thermo-
optical properties are shown in Table 2 below.  

 

 



Table 2. Properties of the cool material (Data were derived from Ref. [15, 20]) 

Parameter Value 

Specific Heat capacity [J/(kg·K)] 800 

Conductivity [W/(m·K)] 1.4 

Solar reflectance 0.83 

Emissivity 0.9 

Density [kg/m3] 2100 

Material thickness [cm] 1 

Because of the exposure of the material to the environmental conditions, as described above, there will be a 
decrease in its energy efficiency (regarding cooling energy savings) and specifically the solar reflectance. The 
greatest decrease during the lifespan of the cool material is observed during the first year of service, and of 
that, more than half occurs during the first three months [21]. In addition to that, Mastrapostoli et al. (2015) 
measured a decrease of 33% after three years of service for a cool material that was applied on the roof of 
two school buildings in Athens, Greece [13]. In the later stages of aging, the annual decrease in solar 
reflectance is typically very limited, often remaining within a few percentage points per year. Based on these, 
the decrease in the solar reflectance, as well as the value of solar reflectance of the material, are shown in 
Table 3 and Figure 2 below. 

Table 3. Properties of the cool material 

Year Solar reflectance 
Decrease in solar reflectance 

compared to initial properties [%] 

0 0.83 - 

1 0.67 20 

2 0.59 28 

3 0.55 33 

4 0.53 36 

5 0.52 38 

 

 

Figure 2. Decrease in the solar reflectance of the cool material during its lifespan. 

As for the maintenance strategies, the three scenarios examined in the present study include the repaint of 
the material every year, every three years and every five years, respectively. All scenarios were evaluated for 
a time period of fifteen years. At the time of the repaint, the solar reflection of the material is reset to its initial 
value. Regarding the cost of the material, it was taken into account that about two hundred to three hundred 
grams of material are required for every square meter of roof surface [22], and that the cost is 20 €/kg [23]. 
Finally, the labour cost is set to 200 € per repaint.  

 



2.3. Simulation strategy 
The energy performance analysis and thermal comfort calculations are carried out with the use of the 
DesignBuilder [24] software and the EnergyPlus simulation program [25]. The accuracy of the methodology 
followed in this study has been confirmed by previous studies [26 - 28]. In order to determine both indoor and 
outdoor convective heat transfer coefficients, the TARP algorithm is selected. For the climatic conditions, the 
analysis is carried out for the region of Athens, Greece [37°58′54′′N, 23°43′51′′E], with the use of weather data 
that are obtained from the DesignBuilder weather database.  

2.4. Basic mathematical formulation part 
The decrease of solar reflectance of the cool material is calculated as shown in Eq. 1, where t is the age of 

the material in [years], 𝑟∞ is the long-term reflectance of the material, equal to 0.5, k1 and k2 are the degradation 
rate constant [year-1] for the first year (1.2 year-1) and the following years (0.25 year-1) respectively [29, 30]. 

𝑟(𝑡) = 𝑟∞ + 0.23 ∙ 𝑒−𝑘1𝑡 + 0.1 ∙ 𝑒−𝑘2𝑡       (1) 

The predicted mean vote (PMV) is calculated as a deviation of an occupant’s total energy loss (L), in [W/m2], 
from its metabolic rate (M), in [W/m2], according to the following equation [31]: 

𝑃𝑀𝑉 = (0.303 ∙ 𝑒−0.036∙𝑀 + 0.028) ∙ (𝑀 − 𝐿)      (2) 

The thermal comfort equation is based on a steady-state regression analysis. Fanger’s model mirrors thermal 
perception by measuring deviation from optimal comfort conditions. The Predicted Percentage of Dissatisfied 
(PPD) is computed as [31]: 

𝑃𝑃𝐷 = 100 − 95 ∙ 𝑒(−0.03353∙𝑃𝑀𝑉4−0.2179∙𝑃𝑀𝑉2)      (3) 

The metabolic rate for the occupants of the apartment is 58.1 W/m2, while the value of the insulation of clothes 
is 1.0 clo or 0.2325 (m2·K/W) for the colder months (winter period) and 0.5 clo or 0.0775 (m2·K)/W for warmer 
months (summer period) [21]. 

The total cost for the repaint of the material (RC) is calculated based on Eq. 4, where MC is the material cost 
equal to 20 €/kg, A is the total surface of the roof in square meters and LC is the labour cost set to 200 € per 
repaint. The electricity price for residential use is considered equal to 0.14 €/kWh [32]. 

𝑅𝐶 = 0.25 ∗ 𝐴 ∗ 𝑀𝐶 + 𝐿𝐶        (4) 

The total evaluation score (ES) of each maintenance strategy is calculated as shown in Eq. 5, based on its 
energy performance (ENP), economic performance (ECP) and thermal comfort (THC), each given a weighting 
factor as presented. As shown, the energy performance and economic performance are given a higher 
weighting factor since they directly influence both the operational efficiency and life-cycle cost of the building, 
being the primary decision-making criteria for the maintenance planning. Thermal comfort is given a lower but 
not insignificant weighting factor, as it is essential for the well-being of the occupants. 

𝐸𝑆 = 0.4 ∗ 𝐸𝑁𝑃 + 0.4 ∗ 𝐸𝐶𝑃 + 0.2 ∗ 𝑇𝐻𝐶       (5) 

Respectfully, the score of each category (CS) is calculated based on Eq. 6, where x is one of the sizes of Total 
Energy Consumption for the fifteen-year period, RC and PPD index. Max and min are the maximum and 
minimum values of the size x between the three different maintenance strategies.  

𝐶𝑆 =
max − 𝑥

max − 𝑚𝑖𝑛
          (6) 

3. Results and discussion 
The present study focuses on a residential building with relatively high thermal performance characteristics, 
which are not met for buildings that are of a greater age and have not been energy retrofitted. The selection 
of this building has been made to isolate the impact of the examined maintenance strategies under controlled 
conditions, and it is acknowledged that in buildings with poorer thermal properties, the relative benefits of 
repainting of roof cooling materials are expected to be more pronounced, leading to greater energy savings 
and different performance rankings.   

Firstly, the baseline is analyzed, in which the cool material has its initial properties, with a solar reflectance of 
0.83. According to the calculations of the energy performance analysis, the cooling energy demand is 1506.67 
kWh for a period of one year (summer period), while the maximum cooling load is 3283.61 W and was observed 
on July 18th at 14:00. As for the thermal comfort analysis, the average PPD for the summer period (1st of May 
to 30th of September) is calculated at 10.96%.  

The effect of the decrease in the solar reflectance of the cool material throughout the years, on the energy 
performance and thermal comfort of the examined building is shown in Figure 3. The greatest decrease in 
performance is observed during the first years, as expected, since during this time the effect of the 
environmental conditions on the solar reflectance of the material is greater. The increase of the PPD index is 
28.8% after 5 years of service, while the increase of the maximum cooling load is 28.3% for the same amount 



of time. The increase in thermal discomfort and the cooling load follow the same pattern in relation to the 
decrease in the solar reflectance of the cool material, as expected. 

 

 

Figure 3. The effect of the decrease in the solar reflectance of the cool material on the maximum cooling 
load and the PPD index. 

 

The three maintenance strategies (repaint scenarios) regarding thermal comfort, energy performance and 
economic performance are investigated. The first scenario includes the repaint of the material every year 
before the summer period, while the second and third scenarios are the repaint after three and five years, 
respectively. The total cost for each repaint is calculated at 800 €. According to Figure 4, the total cooling 
energy during a period of fifteen years is 22,600 kWh for the first scenario, where the repaint is performed 
every year, while it is 37,031 kWh for the third scenario, where the repaint is performed every five years, 63.8% 
higher. For the second scenario, when the repaint is performed every 3 years, the total cooling energy 
consumption for the fifteen-year period is calculated at 32,233 kWh, 42.6% higher than the first scenario. 

 

 

Figure 4. Cumulative cooling energy consumption through the fifteen-year period for each maintenance 
strategy. 

Regarding the thermal comfort, according to Figure 5, in all maintenance strategies, the average annual PMV 

values are between 0.5 and 0.8, indicating slightly warm conditions, while, as expected, they are lower when 
the cool material is repainted every year. As shown in Figure 6, the average annual value of the PPD index 
varies between 10.96% and 14.12%, depending on the age of the cool material as described in Figure 3 
above. The higher values in both diagrams, correspond to the last year before repainting of the cool material 
in each scenario, while, as described above, the increase of the indices of PMV and PPD (and so the decrease 



of the thermal comfort) is greater during the first and second year of the material’s lifetime, reflecting the 
decrease of the cool material’s solar reflectance. The increase of the average annual PPD index after one year 
of service of the cool material is 11.4 % compared to the value of the PPD index for the initial solar reflectance 
of the cool material, while there is only a 2.6% increase for the average annual PPD value during the fifth year 
of service compared to the one of the fourth year of service of the cool material.  

 

 

Figure 5. PMV index through the fifteen-year period for each maintenance strategy. 

 

 

Figure 6. PPD index through the fifteen-year period for each maintenance strategy. 

 

As it is presented in Figure 7, the energy cost is greater for the scenario where the repaint is performed every 
five years, calculated at 5184.38 € for the time period of fifteen years, compared to the one of 3164.01 € for 
the scenario where the repaint is performed every year (more than 60% higher). The increase in the energy 
cost is more than 50% after one year of service of the cool material, while the difference between the fourth 
and the fifth year of service is only about 5%, which shows that as time progresses, the rate of decrease of the 
energy performance of the cool material slows significantly. 



 

Figure 7. Energy cost through the fifteen-year period for each maintenance strategy. 

  

The total cost, including both the energy cost as well as the repaint cost, as shown in Figure 8, is calculated 
at 15,164 €, 8512 € and 7584 € for each scenario, respectively, where the higher cost is for the repaints with 
the higher frequency. As it is presented, the difference in the total cost between the one-year repainting interval 
and the three-year repainting interval is significantly greater than the difference between the three-year 
repainting interval and the five-year repainting interval. This highlights the fact that the maintenance cost is of 
higher importance regarding the total cost, particularly when the repaintings are regular, while there is a greater 
balance when the repainting of the cool material is not that often.   

 

 

Figure 8. Total cost through the fifteen-year period for each maintenance strategy. 

 

Finally, the comparison of the three maintenance strategies is presented in Figure 7. As shown, every strategy 
is evaluated based on its energy performance, economic performance and thermal comfort. Then, given a 
weighting factor of 0.4, 0.4 and 0.2, respectively, the total score of each strategy is calculated and presented. 
Regarding the thermal comfort and the energy performance, these two categories are better addressed 
through the one-year repaint interval, while on the opposite hand, as for the economic performance, the 
greatest score is achieved by the five-year repaint interval, indicating once again the fact that the repaint cost 
is of higher importance regarding the total cost. The highest score is the one of the strategy where repaint is 
performed every three years and combines relatively lower costs compared to the strategy where repaint is 
performed every year and better energy performance compared to the strategy where repaint is performed 
every five years, as shown in Figure 9. 



 

Figure 9. Evaluation of the performance for each maintenance strategy. 

4. Conclusions 
In this study, the performance of cool materials applied to the roof of a residential apartment in Athens was 
investigated, regarding the energy consumption and the thermal comfort. Moreover, the evaluation of three 
different maintenance (repaint) strategies was performed, including the calculation of the life cycle cost for 
each one. The results showed that the 38% decrease in the solar reflectance of the cool material after a service 
of five years can result in an increase of 28% of the maximum cooling load and a 23% increase in the PMV 
index. Most of this increase was calculated during the first two years of the material’s lifetime.  

Regarding the maintenance strategies, three different repaint intervals were examined, including the repaint 
of the cool material every year, every three years and every five years. These were evaluated based on their 
energy and economic performance, as well as thermal comfort, to ensure a holistic approach. While the 
scenario that the repaint of the cool material is performed every year had a better energy performance, with a 
total cooling energy consumption of 22,600 kWh for the period of fifteen years, 61% lower than the one of the 
scenarios that the repaint is performed only once every five years. On the other hand, though, the total life cost 
was almost 100% more, mainly because of the high cost of the material.  

After the energy performance, economic performance and thermal comfort were each given a weighting factor, 
the evaluation for the three strategies was performed. The optimal scenario is the one in which the repaint of 
the material is performed every three years. The total energy consumption for this maintenance strategy is 
32,233.3 kWh, while the life cycle cost for the period of fifteen years is 8512.6 €. Finally, regarding thermal 
comfort, the average PPD index for the fifteen-year period is calculated at 12.13%.  

In the future, it will be useful to conduct a study regarding the maintenance strategies and the ideal repaint 
interval of the thermochromic materials, since the ageing factor is significantly different. Additionally, there 
could be an investigation into the effect of future climate data on the performance and ageing of the cool 
materials, as well as their maintenance strategies. Finally, it would be essential to investigate the performance 
and ageing of the cool materials when applied on a larger (urban) scale.  

Nomenclature 
A Area, m2 

g Solar Heat Gain Coefficient 

k Degradation rate constant, year-1 

L Total energy loss per occupant, W/m2 

LC Labor Cost, € 

M Metabolic rate, W/m2 

MC Maintenance cost, € 

PMV Predicted mean vote, -  

PPD Predicted percentage of dissatisfied, % 

r Solar reflectance of cool material 

RC Total cost for the repaint of the material, € 

t Time, years 

U Thermal transmittance, W/(m2·K) 



Abbreviations 

ECP Economic Performance 

EER Energy Efficiency Ratio 

ENP Energy Performance 

ES Evaluation Score  

COP Coefficient of Performance  

THC Thermal Comfort 
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