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TÓM TẮT

Bài báo trình bày kết quả thử nghiệm khí hậu tự nhiên trong 30 tháng đối với các lớp phủ phản xạ bức xạ mặt trời sản xuất trong nước và nhập khẩu trong điều kiện khí hậu nhiệt đới Việt Nam. Mục tiêu nghiên cứu là đánh giá ảnh hưởng của các yếu tố khí hậu đến hiệu quả cách nhiệt và độ bền của lớp phủ thông qua thử nghiệm ngoài trời. Bốn loại sơn được phủ lên mẫu thép và phơi tại Trạm thử nghiệm khí hậu Hòa Lạc, đồng thời các mô hình nhà mái che được chế tạo để khảo sát đặc tính phản xạ của lớp phủ. Nhiệt độ bề mặt và nhiệt độ bên trong mô hình được đo đạc cùng với đánh giá sự thay đổi màu sắc, độ bóng, khả năng bám bẩn và hiện tượng phấn hóa. Kết quả cho thấy vào mùa hè, lớp phủ giúp giảm nhiệt độ bề mặt 22–25 °C và nhiệt độ bên trong 8–10 °C so với mẫu đối chứng; các giá trị này giảm xuống còn 12–16 °C và 6–7 °C vào mùa thu. Tất cả các lớp phủ đều bị xâm nhiễm vi nấm khi quan sát qua kính hiển vi (chủ yếu Aspergillus), chiếm 5–15% diện tích bề mặt, làm suy giảm khả năng phản xạ và độ ổn định màu. Nghiên cứu khẳng định tác động đáng kể của yếu tố khí hậu và sinh học đến tuổi thọ và hiệu quả làm việc của lớp phủ; đồng thời xây dựng mô hình dự báo tuổi thọ lớp phủ dựa trên phân tích hồi quy dữ liệu nhiệt độ.
Từ khóa: lớp phủ phản xạ bức xạ mặt trời, thử nghiệm khí hậu tự nhiên, hiệu quả cách nhiệt, vi nấm, phân tích hồi quy.
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ABSTRACT
This paper presents the results of 30-month outdoor climatic testing of Vietnam-manufactured and imported solar-reflective coatings under tropical conditions. The objective of the study was to evaluate the combined influence of climatic conditions on the thermal-insulation efficiency and durability of solar-reflective coatings in full-scale testing of paint-and-coating materials. Four types of solar-protective paints were applied to steel samples and exposed on test racks at the Hoa Lac climatic testing station (Vietnam). Model roofing structures coated with the tested materials were constructed to study the kinetics of the coatings’ reflective properties. Temperature measurements of the exterior surfaces and interior spaces of the model structures were conducted, along with assessment of changes in color, gloss, dirt retention, and chalking. It was shown that during summer, the coatings reduced surface temperature by 22–25 °C and indoor temperature by 8–10 °C compared with uncoated control samples. In autumn, these differences decreased to 12–16 °C and 6–7 °C, respectively. All coatings showed colonization by microscopic fungi (ascomycetes, presumably Aspergillus), covering 5–15% of the surface area, which negatively affected reflectance and color stability. The changes in decorative properties did not exhibit a strict seasonal pattern. Both seasonal climatic fluctuations and biological factors were found to significantly influence the service life and performance characteristics of solar-protective coatings. A predictive model for coating service life was developed using regression analysis of temperature data obtained from the coated model structures.
Keywords: solar-reflective coatings, outdoor climatic testing, thermal-insulation efficiency, micromycetes, regression analysis.
1. INTRODUCTION 
Under the tropical climate conditions of Vietnam, building structures and metal components of equipment, buildings, and facilities are simultaneously exposed to intense thermal and corrosive effects. High levels of solar radiation, elevated air temperatures, seasonal fluctuations in humidity, and heavy rainfall accelerate material aging processes and reduce service life. A particularly important challenge arises in the storage of equipment, fuel, and materials in warehouses and hangars, where the surface temperature of metal roofing can reach 60–70 °C during the summer, while indoor air temperatures may exceed 35–40 °C. In such cases, ensuring favorable thermal conditions inside buildings becomes critical.

One effective approach to reducing thermal loads on structures is the use of solar-reflective paint coatings, which lower surface temperatures by reflecting infrared radiation while maintaining sufficient resistance to ultraviolet exposure. These coatings can simultaneously serve decorative and protective functions, inhibiting photo-aging and atmospheric corrosion processes 1,2. The durability and performance of paint coatings depend on their composition and structure, as well as on climatic conditions and seasonal environmental factors, including variations in temperature, humidity, solar radiation intensity, and surface contamination 3,4.

Extensive experience has been accumulated in the climatic testing of polymer and composite coatings under various environmental conditions, along with analyses of differences in degradation mechanisms across climatic zones 2–7. However, studies focusing on commercial heat-reflective coatings in tropical climates remain limited. Some publications 7–9 emphasize overall temperature reduction and energy-saving effects, but data on seasonal variations in thermal insulation performance and long-term durability of such coatings in tropical environments are virtually absent. Several studies by Vietnamese and Russian researchers 8–13 highlight the necessity of accounting for seasonal factors, as these determine the dominant degradation mechanisms: in tropical regions, intense solar radiation and high temperatures prevail in summer, whereas precipitation, surface contamination, moisture condensation, and wind—often associated with typhoons—play a major role in winter, contributing to coating erosion.

Thus, investigating the seasonal effects on the performance characteristics of solar-reflective coatings represents a complex problem that requires consideration of multiple interacting factors, which can be reliably addressed only through field exposure testing. This paper presents the results of 30-month natural climatic exposure tests of four commercial solar-reflective paints conducted in Vietnam, with explicit consideration of seasonal variations. The obtained data make it possible to assess the thermal insulation efficiency, decorative appearance, and protective properties of the coatings, as well as to establish a scientific basis for developing service-life prediction models.

2. METHODS OF INVESTIGATION
2.1. Objects of Study
At present, several commercial thermal-insulating paint coatings are available on the Vietnamese market. Four representative products employing different thermal insulation mechanisms were selected for this study: Thermoluxx, Taiko CN01, Neomax T25, and Vitec PU-CN262. The investigated coatings are hereafter designated by the codes MS1, MS2, MS3, and MS4, respectively.

According to the manufacturers, the Neomax T25 and Vitec PU-CN262 coatings (Vietnam) contain hollow glass microspheres. These microspheres form a thermally insulating layer within the coating structure by reflecting solar radiation, including the infrared (IR) portion of the spectrum responsible for heat transfer. In addition, the presence of air within the hollow microspheres reduces heat transfer due to the low thermal conductivity of air 14.

Based on information provided by the manufacturers, the thermal insulation mechanism of Thermoluxx (Switzerland) and Taiko CN01 (Japan) relies on nanoceramic technologies. In particular, Thermoluxx claims the incorporation of “millions of ceramic spheres,” with the main components of the paint including water, silicate, zinc oxide, polyacrylate, and several other additives 15.
2.2. Test Site, Exposure Conditions, The aim of the study
Field exposure tests were conducted at the Climatic Testing Station (CTS) of the Joint Russian–Vietnamese Tropical Center (TC) in Hoa Lac (Hanoi; longitude 105.26°, latitude 21.06°, elevation 30.258 m). The site is characterized by a tropical monsoon climate, with hot and humid summers and moderately warm winters. The station is located approximately 100 km from the seacoast. A major industrial center—the city of Hanoi—is situated in close proximity to the Hoa Lac climatic testing station.

According to long-term observational data, the average annual chloride deposition rate in this area is 0.15 mg/(m²·day). The atmospheric SO₂ concentration is approximately 0.9 mg/m³, which exceeds the maximum permissible concentration by about 3.5 times, while the SO₂ deposition rate exceeds 110 mg/(m²·day) 3. The average wind speed is 1.7 m/s. The mean annual time of surface wetness (defined as air temperature ≥ 0 °C and relative humidity ≥ 80%) is 5754 h/year.

According to GOST 24482–80, the climate is classified as tropical humid. Under STANAG 2895, the climatic categories are as follows: for summer temperatures, category A3 (moderate); for winter temperatures, category C0 (cold, benign); and for air humidity, category B2 (hot and humid). According to GOST 9.039–74, the atmospheric environment is classified as industrial and heavily polluted.

The meteorological parameters recorded at the Hoa Lac station over the 30-month exposure period are as follows: annual solar radiation of 4306.93 MJ/m², a mean air temperature of 25.22 °C, relative humidity of 89.35%, and total precipitation of 2520.94 mm (Table 1).
Table 1. Monthly average climatic parameters during exposure at the Hoa Lac Climatic Testing Station.

	
	Spring - Summer
	Autumn - Winter

	Average monthly solar radiation, MJ/m²
	425.61
	258.88

	Average temperature, °C
	27.98
	21.52

	Average relative humidity, %
	89.01
	86.98

	Total precipitation, mm
	294.11
	55.33


During exposure, the thermal insulation properties of the coatings change as a result of coating material degradation. The coatings are subjected to ultraviolet (UV) and infrared (IR) radiation, humidity, rainfall and dust, wind, and microbiological activity, which lead to erosive and corrosion–mechanical wear and aging 9. In addition, the durability and aging behavior of the coatings are influenced by seasonal factors: in spring and summer, elevated solar radiation and high temperatures dominate, whereas in autumn and winter, high humidity levels and moisture condensation play a major role.

The aim of this study is to investigate the combined effects of seasonal climatic factors on the thermal insulation performance and durability of solar-reflective coatings under natural exposure conditions. Field exposure was carried out on an open concrete площадке at the Hoa Lac Climatic Testing Station (Hanoi, Vietnam) over a period of 30 months. To achieve this aim, the following objectives were defined:

To evaluate the temporal evolution of coating properties using standard test methods:

– visual appearance assessment (GOST 9.407–2015);

– gloss measurement method (GOST 31975–2017);

– color difference determination method (GOST R 71216–2024);

– chalking degree determination method (GOST 16976–71).

To assess thermal insulation efficiency in a model–field experimental setup.
2.3. Materials, Specimens, and Model Structures
Four types of coatings, designated MS1, MS2, MS3, and MS4, were selected for testing. All coatings were white and were applied to steel substrates made of St3 steel with a thickness of 2 mm and dimensions of 70 × 150 mm. The coatings were applied in two layers without a primer, in accordance with the manufacturers’ application instructions. After natural curing for 7 days, the average dry film thickness ranged from 140 to 260 μm.

A total of 132 specimens were prepared, including 12 control specimens, while the remaining 120 specimens were exposed outdoors on an open concrete площадке in accordance with ASTM G7/G7M-13. The specimens were mounted on exposure racks at an angle of 45° to the horizontal and oriented southward (Fig. 1), ensuring maximum exposure to solar radiation and climatic factors.
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Figure 1. Field climatic exposure of coatings on racks installed on an open concrete site.
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Figure 2. Model roof structures for monitoring outdoor and indoor temperatures.
To model thermal insulation performance under conditions close to real-world operation, five roof-like model structures made of profiled galvanized steel with dimensions of 2 × 1 × 2 m were constructed. Four of these structures were coated with the investigated paint coatings, while one served as an uncoated control (Fig. 2). This experimental design made it possible to monitor the influence of climatic cycles on their performance characteristics.
2.4. Instruments and Measurement Procedures
Natural climatic exposure tests are conducted over several years in order to confirm the long-term effectiveness of protective coatings (GOST 9.909–2023). Specimens intended for the evaluation of protective and decorative properties in accordance with TCVN 13527:2023 were mounted on exposure racks and inspected at 3-month intervals throughout the exposure period. The following parameters were assessed: color, gloss, surface soiling, blistering (bubble formation), chalking, and coating cracking (GOST 9.311–2021).

Gloss measurements were performed in accordance with TCVN 2101:2016 (GOST 31975–2017 / ISO 2813:2014) using a Trio Glossmeter at a measurement angle of 60°.

Color changes were determined using an X-Rite Ci62 spectrophotometer in accordance with ASTM D2244-16. Color differences ΔE*, ΔL*, Δa*, and Δb* between successive exposure cycles were calculated based on the measured L*, a*, and b* values in accordance with GOST R 71216–2024:

	                         ΔL* = L*i - L*0                  (1)

	                            Δa*=a*i-a*0                     (2)

	                            Δb*=b*i-b*0                    (3)

	        ( ΔE*)2 = ( ΔL*)2+ ( Δa*)2 + (Δb*)2   (4)


where: L*₀ and L*ᵢ are the mean lightness values of the reference specimen before testing and of the specimen after the i-th exposure cycle, respectively (i = 3, 7, 10, 15, 20); a₀ and b₀ are the mean values of the color coordinates a* and b* before the start of exposure; aᵢ and bᵢ are the mean values of the color coordinates a* and b* of the specimen after the i-th exposure cycle (i = 3, 7, 10, 15, 20).
In the present study, the surface temperature of coated model structures was compared with that of a reference structure without a protective coating. Similarly, the indoor air temperature inside coated model structures was compared with the temperature inside the uncoated reference structure. The resulting temperature differences were taken as the criterion for thermal insulation performance.

Exposure of the specimens began in December 2022. For comparative analysis, reference temperature values were recorded at six-month intervals from the start of the observation period. Temperature measurements were carried out at 2-hour intervals from 08:00 to 18:00 over the course of one month on sunny days, both on the surface of the roof structures and inside the model enclosures, with and without coatings. Monthly average temperatures were then calculated. This approach made it possible to track the gradual reduction in thermal insulation performance during the exposure period. The effect of the season in which the exposure began, as well as short-term climatic fluctuations, was not taken into account.
Indoor temperatures were measured using HOBO UX100-003 temperature and humidity data loggers with an accuracy of ±0.1 °C, while external surface temperatures were measured using a Bosch GIS 500 infrared thermometer with an accuracy of ±0.1 °C.
3. TEST RESULTS
During the 30-month natural climatic exposure tests conducted at the Hoa Lac Climatic Testing Station, data were obtained on changes in thermal insulation performance as well as the decorative and protective properties of the four investigated solar-reflective coatings.
3.1. Evaluation of Thermal Insulation Performance
Thermal insulation performance tests revealed significant differences between the coated structures and the uncoated reference structure with maximums in the summer. 
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Figure 3. Difference in the external surface temperature of coated structures relative to the uncoated reference structure as a function of time.
Figure 3 shows the temporal variation in the surface temperature difference of the coated structures relative to the uncoated reference, while Figure 4 presents the temperature difference inside the model structures with the respective coatings compared with the indoor temperature of the uncoated reference structure.
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Figure 4. Difference in indoor temperature of model structures with the respective coatings relative to the uncoated reference structure as a function of time.
3.2. Evaluation of Color and Gloss Changes

The results presented in Figure 5 show the color difference (ΔE*), a parameter that incorporates changes in all three color coordinates - L*, a*, and b* - for the four types of coating specimens over the 30-month exposure period. The color contrast of the coatings increases with exposure time. 
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Figure 5. Evolution of color contrast (ΔE*) of the coating specimens over time.
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Figure 6. Changes in gloss of the coating specimens over time.
According to GOST 9.401–91, color changes become clearly perceptible to the naked eye when ΔE* exceeds 3. The MS1 coating exhibited a significant color change after 3 months (ΔE* = 6.06) and after 30 months (ΔE* = 10.8), which is indeed visually detectable. In contrast, the MS4 coating showed a color difference of ΔE* = 3.7 after 30 months of exposure. Changes in coating gloss over the test period are shown in Figure 6.
3.3. Evaluation of Surface Soiling, Cracking, Blistering, and Chalking of Coatings

The results of tests conducted in accordance with GOST 9.909–2023 to evaluate surface soiling, cracking, blistering, and chalking after 30 months of natural climatic exposure are presented in Table 2.
Table 2. Surface soiling, cracking, blistering, and chalking of the coatings.
	Paint-and-coating materials
	Surface soiling
	Crack-ing
	Bliste-ring
	Chalking

	MS1
	2
	1
	0
	2

	MS2
	2
	0
	0
	2

	MS3
	1
	1
	0
	1

	MS4
	1
	0
	0
	1


The results indicate that none of the four thermal-insulating coatings exhibited blistering. Minor cracking was observed in the MS1 and MS3 coatings. The dust adhesion index was assessed visually: MS1 and MS2 showed some dust accumulation and slight chalking, while MS3 and MS4 demonstrated lower dust retention and chalking resistance.
4. DISCUSSION OF RESULTS
The graphs presented in Figures 3 and 4 indicate that roofs coated with solar-reflective coatings clearly exhibit higher temperature differences compared with the uncoated reference surfaces, although there are some variations among the coatings themselves. During the hottest hours of the day (10:00–14:00) in the summer season, the coatings reduced surface temperatures by 23–26 °C and lowered indoor temperatures by 8.0–9.6 °C compared with uncoated structures.

Thus, in the summer, the solar-reflective coatings effectively reduced the thermal load on the metal roofing and contributed to an improved indoor temperature regime. After 18 months of exposure, the thermal insulation performance of the coatings decreased, with MS1 showing the poorest surface temperature reduction (Figure 3). Coatings MS2 and MS3 maintained surface temperature reductions of 23.0–22.0 °C, whereas MS1 reduced the surface temperature by only 20.0 °C. However, indoor temperature differences among the coatings were less pronounced: all tested coatings reduced indoor temperatures by 7.8–8.4 °C.

After 30 months of exposure, the thermal insulation performance continued to decline. As shown in Figure 3, MS1 consistently exhibited lower efficiency across the entire exposure period. MS2 and MS3 maintained surface temperature reductions of 21–22 °C, while MS1 reduced surface temperatures by 19 °C. Inside the structures, all coatings demonstrated comparable performance, reducing temperatures by 7–8 °C. From the graphs in Figures 3 and 4, it is evident that despite some differences in surface temperatures between coatings during the same seasons, the indoor temperature differences among the model structures remain small. The graphs also show that the thermal insulation performance of the coatings is lower in winter than in summer. This is likely because, during summer at the Hoa Lac station, higher ambient temperatures and greater solar radiation intensity are recorded. This expected outcome is consistent with the fact that heat flux is proportional to the temperature gradient.

The relatively uniform reduction of indoor temperatures across seasons can be further explained by an analysis of the coating surfaces under microscopy (Figure 7).
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Figure 7. Micromycetes on the coating surfaces (from left to right, top: MS1, MS4; bottom: MS3, MS2), magnification ×120.
On one hand, the photographs (Figure 7) show that the surface of MS1 contains large fragments of settled fungi and dust, which reduces its reflective capacity and results in the highest surface temperature among the specimens. On the other hand, the dense structure indicates that the matrix binds the components firmly, making them less susceptible to erosion, which preserves the coating thickness and promotes heat dissipation.

Analyzing the micrographs of MS3 and MS2, which demonstrated the best surface temperature differences, suggests that the looser surface structure is a result of erosion. This erosion likely facilitated self-cleaning of the surface by removing fragments of fungal growth and dust. While thickness and heat dissipation decrease slightly, the reflectivity is preserved. Consequently, the effects of fouling and erosion act in opposite ways for coatings of different types, which helps to level out temperature differences inside the model structures.

Seasonal color deviations between summer and winter are minimal (Figure 5). As indicated by microscopic studies, the influencing factors differ, but their quantitative effect on color is similar: in summer, high solar radiation and temperature are dominant, while in winter, biofouling plays a greater role.

Gloss measurements over the exposure period (Figure 6) show that MS4 exhibits the highest gloss, while MS1 has the lowest. After 30 months, gloss decreased for all four coatings, with the most significant reduction observed for MS1—25–30%.

Changes in color and gloss occurred similarly in both summer and winter, highlighting the significant role of solar radiation intensity in coating degradation. At the same time, biological factors also influence these properties. The observed yellowing of all coatings, initially attributed to intense UV radiation causing photo-oxidative degradation of the polymer, was further investigated using ×120 magnification (Figure 7), revealing the presence of microscopic fungi. These fungi were identified based on cultural and micromorphological characteristics, using standard identification guides (Hoog et al., 2000; Domsch et al., 2007) and articles containing brief descriptions of specific genera and species 16,17. The fungi belong to Ascomycota, likely Aspergillus, though precise identification would require genomic analysis. Due to surface roughness, micromycetes grow in depressions and cracks, forming a characteristic greenish network.

Using regression analysis to process the results, a model was proposed for evaluating coating durability and retention of functional properties 18. The control parameter was the temperature difference inside the model structure with coating and the uncoated reference structure during hot, sunny seasons, corresponding to 6, 18, and 30 months of exposure. Linear regression provided an accurate fit to the data, with coefficients of determination R² of 0.9985 for MS4, 0.9868 for MS3, 0.9973 for MS2, and 0.9643 for MS1. Figure 8 presents the extrapolated graphs of temperature difference over time.

A functional limit criterion of 20% of the initial temperature difference was selected, corresponding to approximately 2 °C, indicated by the horizontal black line. By identifying the intersection points of the regression curves with this line, the approximate service life of the coatings as reflective surfaces can be estimated. It should be noted that the model assumes, among other things, that erosion during service does not completely destroy the coating, that short-term climatic fluctuations are negligible, and that coating continuity is preserved. More precise predictions would require longer-term observations, consideration of climatic deviations, and coating durability.
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Figure 8. Extrapolated graphs for estimating the functional service life of the coatings.
According to the extrapolated graphs, the estimated functional lifetimes are: MS1 – 110 months, MS3 – 122 months, MS4 – 162 months, and MS2 – 167 months. These results are consistent with conclusions regarding the protective and decorative properties of the coatings observed during the exposure tests, where MS2 demonstrated the best performance and MS1 the poorest.
5. CONCLUSIONS

In this study, 30-month outdoor climate exposure tests were conducted on four types of solar-reflective coatings under tropical climate conditions at the Hoa Lac Climate Testing Station (Vietnam) to evaluate the impact of climatic factors on their thermal insulation performance and durability.

The tests showed that in summer, under high solar radiation and elevated ambient temperatures, the coatings provided optimal thermal insulation, reducing roof surface temperatures by 23–26 °C and indoor temperatures by 8–10 °C compared with uncoated reference samples. In winter, efficiency decreased to 12–16 °C on the surface and 6–7 °C indoors due to lower ambient temperatures and reduced radiation intensity. This confirms that thermal insulation performance is strongly dependent on seasonal climatic conditions.

Microscopic fungi (Ascomycetes, likely Aspergillus) were observed on the surfaces of all tested coatings, occupying 5–15% of the surface area, negatively affecting both reflectivity and color stability. Regarding thermal protection, MS2 and MS3 performed best, MS1 performed worst, and MS4 was intermediate.

Changes in decorative and protective properties were not strictly season-dependent. In spring and summer, more pronounced color changes were observed (ΔE* = 3.7–10.8, according to GOST R 52490–2005) along with gloss loss (up to 0.4 GU, according to GOST 31975–2013), caused by both high UV radiation and surface micromycetes. In winter and autumn, pollution and intensive fungal growth on the coatings were observed due to wind, contamination, precipitation, and high humidity. However, erosion of some samples led to self-cleaning of the surfaces. Chalkiness values (GOST 9.909–2023) ranged from 1–2, and microcracks were detected on the surfaces.

Over the test period, the coatings retained their functional solar-reflective properties despite erosion and biological influence, although their quantitative values declined significantly. Surface analysis indicated that MS2 was the most susceptible to erosive damage. Nevertheless, MS2 demonstrated the best retention of solar-reflective properties due to the removal of dust and fungal fragments.

A durability model for the tested coatings was proposed based on regression analysis. Extrapolation using the selected criterion—the temperature difference between the surfaces of the coated model structures and the uncoated control, combined with the minimum retention of solar-reflective properties—yielded results consistent with the experimental data.

Thus, the study demonstrated that seasonal climatic variations (spring–summer versus autumn–winter) induce different degradation mechanisms in solar-reflective coatings, which must be considered when predicting service life and designing new materials.
Future research should focus on investigating possible degradation mechanisms of composite solar-reflective coatings and their dependence on the structure and nature of the matrix and filler, using scanning electron microscopy, spectrometric methods, and X-ray phase analysis.
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