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Abstract

:

Windows in new buildings in Korea are equipped with double or triple glazing, a low-E coating, and gas injection between the panes of glass, in accordance with the regulations for the reinforced insulation of windows. However, these windows have certain issues, such as thermal transmittance variations and injected gas leakage. In this study, we investigated the current status of double-glazed windows filled with argon gas and analyzed the actual deterioration degree in terms of insulation performance via field experiments and simulations. Accordingly, we manufactured a 26-millimeter low-E double-glazed window test specimen and conducted tests in accordance with the KS F 2278 standard. The test results indicated that the thermal performance decreased by 10.9% when the argon gas filling rate was reduced from 95% to 0%. The simulation results showed that the thermal performance of windows that were insulated using only glazing decreased by 22.6% with the decrease in the argon gas filling rate; the thermal performance of the double-glazed windows also decreased by 13.6%. A comprehensive analysis of the field surveys and simulations predicted a 92% probability that the argon gas filling rate of double-glazed windows would be below 65% by two years after completion, in addition to a ~4.3% decrease in thermal performance.
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1. Introduction


Given the increase in greenhouse gas emissions from the building sector [1], the Korean government has set a greenhouse gas emission reduction target of 32.8% and has made considerable efforts to meet this target by strengthening the insulation standards for buildings [2]. Designing buildings in an energy-saving manner is necessary to reduce greenhouse gas emissions from the building sector. An energy-saving building can be designed by strengthening the insulation-related performance of the envelope and by subsequently minimizing energy consumption through the use of high-efficiency facilities [3]. The insulation performance of the envelope can be determined based on the insulation performances of the windows and walls. Windows exhibit greater heat loss than walls, and their insulation performance significantly affects the insulation performance of the building envelope [4]. The heat loss attributed to glazing accounts for a large proportion of energy wastage worldwide [5], and a building with 30% of its envelope being composed of windows can lose up to 60% of its energy [6]. Accordingly, the Korean government strengthened the insulation regulations for windows and applied various insulation-related technologies to comply with these strengthened regulations [7].



Windows in new buildings in Korea are equipped with triple glazing, low-E coatings, and gas injection technology between the panes of glass to comply with the reinforced insulation regulations for windows [8]. Although a low-E coating significantly affects the insulation performance of double-glazed windows compared to when using gas injection, the best thermal performance can be achieved by simultaneously applying a low-E coating and gas injection [9]. Double glazing filled with argon gas (90%) and air (10%) improves the U-value of the center of the glass by more than 5% compared to double glazing filled with 100% air [10]. Filling a cavity with gas reduces heat transmission and affects the thermal conductivity and convection, thereby improving the U-value [11]. Furthermore, the insulation performance can be improved by 15–20% when argon gas is combined with a low-E coating and multi-glazing [12].



However, the thermal transmittance of windows can differ from that measured in the laboratory because of the installation location, installation method, and aging [13]. Gas-injected insulated glass units can suffer from leakage problems, which are attributable to the expansion and contraction of glass caused by temperature differences between the indoor and outdoor environments during winter and summer [9,14]. Thus, it is necessary to analyze the deterioration degree in the insulation performance of gas-filled insulated windows installed in the field; however, the related research is limited [8,9,15].



To address this knowledge gap, in this study, the degree of deterioration in the thermal performance of argon-filled double-glazed windows caused by argon gas leakage was analyzed and examined from various perspectives. In summary, field surveys, insulation performance tests for various argon gas filling rates, and simulations using THERM 7.4 and WINDOW 7.4 were conducted. The research process was as follows:




	
Korean standards related to the thermal performance of building envelopes were examined to assess the thermal performance of windows installed in existing buildings.



	
In the next stage, double-glazed windows installed in existing buildings with similar thermal performances and located in similar climate zones were investigated to identify their argon gas leakage rates.



	
Based on the identified status survey data, the types and air leakage rates of the representative windows were confirmed, and the U-values were examined by conducting a KS F 2278 [16] certified performance test for the air leakage rate of each window specimen.



	
Using simulation programs, the thermal transmittance of double-glazed windows was calculated based on the argon gas leakage rates, and the window U-value deterioration in the field was analyzed.









2. Literature Review


As mentioned in Section 1, the insulation performance of windows is a crucial aspect of buildings; accordingly, the insulation performance of windows has been extensively studied. Double- or triple-glazed windows, low-E coatings, and gas injection between the panes of glass are the most commonly used approaches for enhancing the insulation performance of windows [17]. Figure 1 shows the composition of a gas-filled double-glazed window, consisting of two or more glass panes separated by spacers and a desiccant bonded with edge seals. Gas and air have been introduced between the panes, and a low-E coating has been applied to Surface #2.



Research on insulating window systems has been conducted since the 1970s [18], including studies on reducing the energy consumption of buildings by improving the U-value and solar heat gain coefficient (SHGC) of windows [19,20,21] and achieving an energy consumption reduction in buildings by adjusting the windows ratio [22,23]. Until recently, such studies have been conducted in various climate zones [24]. To enhance the insulation performance of windows, generating a vacuum in the air layer between the glass panes [25,26], applying electrochromic glass [27,28], and injecting silica aerogel into the window system [29,30] have also been considered and researched. Despite ongoing progress and development, it has been confirmed by researchers that the insulation performance of windows deteriorates over time [31,32]. Consequently, studies on developing methods to measure the insulation performance of windows have also been conducted. Representative examples include EN 675 [33] and ISO 9869-1 [34], which are laboratory and field measurement methods, respectively. However, ISO 9869-1 has limitations as it requires a minimum testing period of three days and windows that can be opened. Consequently, the U-value has been analyzed in real time using data measured in the field with a low-cost method [35,36]. Despite many studies being conducted on window insulation performance deterioration, there is limited research on the decline in thermal performance as influenced by the gas leakage rates of gas-injected double-glazed windows [8,9,15]. According to the existing research, the nominal gas-filling rate is 85–90%, and the U-value degrades when the percentage of gas falls below 80% [15]. Therefore, spacer bars, gas filling, and sealants, which determine the initial quality, must be applied using an appropriate manufacturing process that significantly affects the sustainability of the thermal performance of the insulating glass [31,32].



One study in the literature analyzed the filling rates of gas-filled windows and doors from various manufacturers, which were determined to be 66–94% [37]; however, that study was conducted in 1983, limiting its current relevance. Furthermore, some studies measured the leakage and analyzed the changes in the U-values; however, these calculations relied on laboratory values [9].



The EN 1279-3 standard checks the gas loss rate using an artificial aging test. This standard specifies that double-glazed windows meet the specifications when the gas leakage rate is within −5% after 56 repeated cycle tests from −20 to 5 °C and is maintained for 4 weeks [38]. This aging test was conducted under the assumption that the maximum gas loss rate of double-glazed windows installed in a building would be less than 5% over 25 years. Leakage defects caused by gas filling in these windows occur frequently in Korea, and one of the causes of these gas leakage defects is the improper sealing-in of the gas after filling [39]. Another cause is the sealing material, which can cause the filled gas to leak when applied to an IGU without checking the characteristics of the sealing material [8]. Therefore, in Korea, there is a collective standard for gas-filled double-glazed windows, and a certification mark is granted when the gas content is greater than 85%. The filling-gas leakage amount is less than 0.5% per year, and the gas content is maintained within −5% [40]. However, there are still concerns regarding the deterioration of thermal performance caused by argon gas leakage in the field. Studies on changes in the U-value based on argon gas concentrations that are linked to field data are rare.




3. Field Measurements


3.1. Selection of the Target Area


To receive a new building permit in Korea, the U-values of the building envelope components must be lower than the standard U-values dictated by the energy-saving design standards for buildings (hereafter, the building energy code) [12]. This standard has been strengthened in a step-by-step manner since 2009 and was revised in 2018. Figure 2a shows the relevant geographical information, such as South Korea’s latitude, longitude, and neighboring countries. Figure 2b illustrates the four South Korean zones defined by the building energy code, from Region 1, the coldest, to Region 4 (an island), located in the southernmost region. Figure 3 shows the minimum temperature time series for representative cities in the four regions from 2011 to 2020.



Table 1 lists the regional standard U-values of the windows as specified by the energy code, which was revised in 2018. Figure 2 shows that Region 2 has the largest area, is located in the center, and has the largest residential population because of the location of major cities such as Seoul. The field survey area in this study was limited to the windows of buildings in Region 2 that were newly built after 2018. This is because windows installed in buildings in the same region that were newly built after 2018 were likely to have a similar performance.




3.2. Field Investigation


The target scope of this research includes windows installed in new buildings located in Region 2 that were completed after 2018. The filling rates of windows with argon gas were measured. A Sparklike HandheldTM device 3.0 (Sparklike, Helsinki, Finland), which operates based on spectroscopy, was used for the measurements. This device assesses gas concentrations by measuring the light emissions induced in the spatial layer of gas-filled double-glazed windows through a high-pressure spark [42]. Table 2 and Figure 4 summarize the technical specifications of the Sparklike Handheld™ device, as provided by the manufacturer. Windows composed of glass with a thickness of less than 6 mm and a cavity of less than 20 mm can be measured at temperatures between 0 and 35 °C. According to the data, the measurement error was within 1% when the argon gas concentration exceeded 90%; however, it decreased to ~3.7% at the 50% level.



Although a few studies have compared the argon gas filling rate of several windows installed in the same building, the measured values are affected by the environmental characteristics of the various window faces [9,13,14]. Therefore, the argon gas filling rates were measured and analyzed as follows:




	
The average of the values measured on three or more sides was calculated, assuming that there would be environmental differences caused by factors such as the orientation of the window or the surrounding buildings.



	
The position of the spacer affects the argon gas filling rate; therefore, the gas filling rate is measured at four points located 10 cm away from the edge of each window frame. Furthermore, the average value is calculated. Figure 5 illustrates the listed measurement data from four locations (windows 1, 2, and 3) according to the year of completion. The upper left, upper right, lower right, and lower left points are shown in the order of MP1, MP2, MP3, and MP4. The argon gas filling rate is maintained at a higher value at the top of the window than at the bottom.








Figure 6 shows the equipment used for the measurements and a preview of the field measurements being taken. Table 3 lists the specifications of the measured windows and the argon gas filling rate results. The completion date, measured window size, glass composition, and frame material are explained on the left. Windows 1, 2, and 3 indicate the average values of the argon gas filling rates, obtained by selecting one or more windows of the same size from each of the three sides of the building and by measuring the values at the four corners, as shown in Figure 5. Figure 7 shows the average values for Windows 1, 2, and 3 in chronological order according to the completion year. This indicates that there is some correlation between the completion date and the argon gas filling rate; however, this is not entirely visible.



The average filling rates of the windows installed in buildings completed from 2018 to 2023 were analyzed to be 49.9%; the standard deviation was 19.2–23.6% and the filling rate for each window showed a large difference, from a maximum of 95.4% to a minimum of 0.6%. The more recent the construction year, the higher the argon gas filling rate; however, this is not an absolute trend, and it can be attributed to the argon gas filling rate being influenced by the appropriate manufacturing process and initial quality, as indicated in previous studies. As reported in a previous study [15], the thermal performance of gas-filled windows deteriorates when the argon gas filling rate falls below 80%. In this study, the argon gas filling rate of all investigated windows was confirmed to be less than 80%, except in the case of a building completed in 2023. This indicates that argon gas leakage from the windows is a serious problem.



The field measurement results indicate that the probability the argon gas filling rate of double-glazed windows will be less than 65% two years after completion is approximately 92%; the probability that the argon gas filling rate will be less than 35% is approximately 33%.





4. Certified Laboratory Test


4.1. KS F 2278


KS F 2278 is a Korean standard that defines a test method to measure the heat transmittance of a window set, comprising an evaluation method for measuring the amount of heat supplied to the heating device and the air temperature. The test is conducted in a test rig equipped with a protective thermal box, a cold-air-blowing device to achieve a cold room, and other measuring devices inside a constant- and low-temperature room with an opening of 2 × 2 m, as shown in Figure 8.



The test method involves the following process:



The thermal resistance of the surrounding wall of the hot box is approximately 2.6–4.3 m2∙K/W. A heating device and airflow-stirring device are installed inside the hot box, and the inside of the warm chamber is set to (20 ± 1) °C. The air temperature in the cold chamber is set to (0 ± 1) °C at the temperature measurement locations shown in Figure 9, to maintain a steady state. The temperature measurement locations for calculating the thermal resistance consist of nine points, including measuring the air temperature of the warm chamber at five points, the air temperature of the cold chamber, and the air temperature of the hot box using a thermocouple. The temperature and heat-quantity measurements were conducted three times at 30-minute intervals after reaching normalization. The heat transmission resistance was calculated using this temperature difference and the heat value that passed through the test specimen.



The thermal transmittance resistance (R) (m2∙K/W) is calculated as follows:


  R =     ( Q   H a   −   Q   C a ) · A       Q   H   +   Q   F   −   Q   I     + ∆ R ,  



(1)




where A, QHa, QCa, QH, QF, and QI represent the opening area for heat transfer (m2), average air temperature in the hot box (K), average air temperature in the cold chamber (K), heat supplied by the heater (W), heat supplied by the air circulation fan (W), and calibrated heat (W), respectively, which reflect the difference between the average values of the hot box and the warm chamber air temperatures.




4.2. Experiment According to KS F 2278


A thermal transmittance test performed according to the KS F 2278 window insulation test requirements was conducted at a testing laboratory located in Region G, to quantitatively determine the degree of change in the insulation performance of multilayer insulated glass windows according to the argon gas filling rate. Based on the high-efficiency energy equipment certification window set data provided by the Korea Energy Agency [43], a 26-millimeter double-layer glass that is commonly applied in the field was used as the target.



The test double-glazed window was manufactured as a fixed window with a size of 2000 × 2000 mm, produced according to KS F 2278, and with a 60-millimeter aluminum frame. Four argon gas filling rates were specified for this test: 95%, 75%, 65%, and 0%, which were selected because of the following reasons.



	
The Sparklike Handheld™ 3.0 device has a problem wherein the measurement error increases when the argon gas filling rate is less than 50% [15]; therefore, measurements with a filling rate of less than 50% were excluded from the test conditions.



	
According to market research, the highest argon gas filling rate is 95%.



	
Excluding the data below 50% from the field measurement results, data with a filling rate of 60–80% accounted for 65% of the total data; therefore, 65% was added to the test conditions.






The argon gas filling rates of the test specimens were set to approximately 1% of the targets: 0%, 65.9%, and 95.7% in the first, second, and third tests, respectively. Figure 10a shows a technical drawing of the test specimen; Figure 10b shows images of the experiments. Figure 11 shows the test results based on the KS F 2278 standard. The test results show that the U-values increased from 1.332 to 1.477 W/m2K along with a decrease from 95% to 0% in the argon gas concentration, deteriorating the thermal performance of the test window. A comparison of the thermal performance of the double-glazed window for each case, based on an argon gas concentration of 95%, indicated that the thermal performance was −0.3% for 75% argon gas, −3.0% for 65%, and −10.9% for 0% argon gas, revealing a thermal performance deterioration.





5. Simulations


The double-glazed window simulations, based on different argon gas filling rates, were conducted under the same conditions as the official test, which uses WINDOW 7.4 and THERM 7.4, as conducted in the Lawrence Berkeley National Laboratory (LBNL). The programs provide a simulation-based window performance evaluation tool as used by the National Fenestration Rating Council, Incorporated (NFRC).



WINDOW 7.4 is a program that can be used to calculate the thermal performance index (thermal transmittance, solar heat gain coefficient, shading coefficient, and visible light transmittance) of windows. WINDOW 7.4 incorporates a library of glass materials produced worldwide and can perform relatively accurate thermal performance simulations. Therefore, it is commonly used in related research because it has numerous features that allow its use.



For a comparative analysis of the test results based on the KS F 2278 standard, the indoor and outdoor temperature conditions of the same standard were entered, and a thermal transmittance analysis was conducted on the double-glazed windows used in the actual experiment. Furthermore, the thermal transmittance rate of double glazing without a window frame was analyzed to verify the results when the effect of the window frame was excluded. The simulation model involves the same frame structure and glass specifications as the actual experimental model (Figure 10). The thermal transmittance rate of the entire window was calculated by simulating the one-dimensional thermal transmittance rate of each frame and glass using THERM/WINDOW 7.4; then, the area proportion of the relevant part to the entire window was calculated. This is based on the thermal transmittance calculation formula presented in ISO 15099 [44]. The one-dimensional thermal transmittance of each frame, calculated from THERM’s 2D heat transfer analysis and glass center thermal transmittance value, was established via WINDOW 7.4:


  U t =   ∑   A   g v     U   g v   + ∑   A   f     U   f   + ∑   l   ψ   ψ     A   t      



(2)




where Ut, Agv, Ugv, Af, Uf, lψ, ψ, and At represent the total transmittance of the window (W/m2K), projected vision area (m2), thermal transmittance of the vision area (W/m2K), projected frame area (m2), thermal transmittance of the frame area (W/m2K), length of the vision area perimeter (m), linear thermal transmittance, which accounts for the interaction between the frame and glazing or the interaction between the frame and an opaque panel (W/mK), and the projected window area (m2), respectively.



This system assumes a fixed window comprising a 60-millimeter aluminum frame, which is surrounded by polystyrene foam. Figure 12 illustrates the jamb, head, and sill thermal analysis model images obtained using THERM 7.4.



Table 4 and Table 5 list the physical properties of the window’s structural members applied to the thermal analysis model and the areas, arranged by sector, which are applied in the calculations. The environmental conditions for analysis were set according to KS F 2278. The internal and external temperatures were 20 and 0 °C, respectively.



Figure 13 shows the simulation results of the double-glazed window and the glass window (the window with the frame removed), along with the KS F 2278 test results discussed in the previous section. Compared to the simulation results for the glass alone, those of the double-glazed windows showed a decrease in the insulation performance of 32.6–43.1%, with an average of 36.3%. The better the insulation performance, the greater the deterioration of insulation performance. This detailed simulation showed a value that was approximately 20.5–22.4% higher than the test result; however, when corrected based on an argon gas filling rate of 95%, as shown in Figure 12, it showed an error range of 1.3–2.5%, which is the error range established after correction. These values were found to be reliable. Table 6 lists the increase in thermal transmittance as a percentage, based on the thermal transmittance when the argon gas filling ratio is 95%.



The analysis results can be summarized as follows.



	
The simulation results for each argon gas filling rate, as corrected by the experimental values of the double-glazed window, range from 1.332 W/m2·K for an argon gas filling rate of 95% to 1.513 W/m2·K for an argon gas filling rate of 0%. Furthermore, for 1.513 W/m2·K, the thermal transmittance rate increased by 0.196 W/m2·K per 10% argon gas leakage rate. The insulation performance deteriorated by up to 13.6% compared to the 95% argon gas filling rate, depending on the argon gas filling rate, which ranged from 95% to 0%. This value is slightly higher than the experimental value, which decreased by 10.9%.



	
The simulation results for each argon gas filling rate for the double-glazed window were calculated, ranging from 1.171 W/m2·K for an argon gas filling rate of 95% to 1.436 W/m2·K for an argon gas filling rate of 0%. For the 1.436-W/m2·K simulation result, the thermal transmittance rate increased by 0.260 for a 10% argon gas leakage rate. The thermal performance deteriorated by up to 22.6% compared to that for the 95% scenario, which is dependent on the argon gas filling rate from 95% to 0%. This can be attributed to the frame, which is not affected by the argon gas leakage rate.






According to an existing study [9] examining the case of an office building, when the argon gas filling rate of the windows decreased from 92.7% to 0%, the heating energy consumption of the building was found to increase by 6.3%. For a single-family house, the increase was found to be 8.7%. Based on the field measurement results of this study, there is a 33% probability that the argon gas filling rates would be less than 35% two years after installation. If the lifespan of windows is assumed to be 25 years, the economic losses are likely to be greater. Additionally, issues with the quality of the indoor living environment, such as condensation or mold due to a drop in the surface temperature of the windows, will be perceived as more significant from the residents’ perspectives.




6. Conclusions


Based on the field survey and simulation results within the scope of this study, the probability that the argon gas filling rate of double-glazed windows would be less than 65% two years after completion is approximately 92%. In this case, the insulation loss rate was approximately 4.3%. Furthermore, the performance degradation was predicted. In the same survey, the probability that the argon gas filling rate would be less than 35% was approximately 33%. In this case, a deterioration in insulation performance of ~8.6% was predicted.



The Republic of Korea plans to enforce an energy self-sufficiency rate of 20% or higher for all buildings with a total floor area of 500 m2 or more by 2030, and a 100% energy self-sufficiency rate for all buildings by 2050. Therefore, high-insulation window sets of 0.8–0.9 W/m2·K will be analyzed, tested, and applied to maximize the buildings’ outer shell insulation performance. The thermal transmittance rates of approximately 15,000 sets of windows registered as high-efficiency energy equipment in Korea w analyzed, and the products with a rating of 0.9 W/m2·K or less accounted for ~37.5%.



Among these, only 15.8% of windows were cases in which argon gas was not injected and there was no aluminum frame. Various standards specify that the argon gas leakage rate from windows must be maintained to within approximately 5% for 25 years. The adhesion between the seal and sealant must be increased to prevent filled gas loss, and improvements in the sealing method, such as increasing the compression width, are required. Furthermore, it will be necessary to develop various gas-filling technologies to minimize changes in the argon gas filling rate caused by changes over time.



This study has some limitations. For instance, the field survey was only conducted in Region 2, and the number of buildings surveyed was small. In future work, we plan to increase the number of surveyed buildings. Buildings within the four regions of Korea will be further investigated to study window insulation performance deterioration due to argon gas filling leakage.
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Figure 1. Gas-filled insulating glass unit [10]. 
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Figure 2. Geographical location and zone categorization of South Korea. (a) Geographical location [41], (b) Regional division according to the building energy code. 
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Figure 3. Annual minimum temperatures in the representative cities of the four regions from 2011 to 2020. 






Figure 3. Annual minimum temperatures in the representative cities of the four regions from 2011 to 2020.



[image: Buildings 13 02935 g003]







[image: Buildings 13 02935 g004] 





Figure 4. Standard deviation limits of the Sparklike Handheld device, shown according to the window’s argon filling rate [42]. 
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Figure 5. Measurement data from the four window locations. (a) Measurement technique; (b) Window 1; (c) Window 2; (d) Window 3. Measurement point (MP); window (W). 
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Figure 6. (a) Measurement device and (b) field measurement preview. 
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Figure 7. Relationship between the window argon gas filling rate and the completion date. 






Figure 7. Relationship between the window argon gas filling rate and the completion date.



[image: Buildings 13 02935 g007]







[image: Buildings 13 02935 g008] 





Figure 8. KS F 2278 test rig diagram. Letters A–J indicate the warm chamber, hot box, cold chamber, cold air discharge, heater, baffle plate, air circulation fan, test specimen, test specimen frame, and partition wall, respectively. Numbers 1–6 indicate the standard calibrator, temperature-measuring instrument, power meter for the heater, power meter for the air-circulation fan, power controller, and power stabilizer, respectively. 
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Figure 9. Diagram of the temperature measurement points. * ~100 mm. ** ~200 mm. 
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Figure 10. Window specimen for the KS F 2278 test: (a) a specimen of a technical drawing; (b) images of the window specimen and test. 
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Figure 11. The KS F 2278 test results according to the argon gas filling rate. 
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Figure 12. Thermal analysis model image via THERM 7.8: (a) jamb, head, and sill; (b) window structure. 
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Figure 13. Thermal transmittance of the windows and glass, shown according to the argon concentration. 
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Table 1. U-value standards for windows according to region [12].
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Region 1

(W/m2K)

	
Region 2

(W/m2K)

	
Region 3

(W/m2K)

	
Region 4

(W/m2K)






	
When exposed directly to outdoor air

	
Residential

	
0.9

	
1.0

	
1.2

	
1.6




	
Non-residential

	
1.3

	
1.5

	
1.8

	
2.2




	
When exposed indirectly to outdoor air

	
Residential

	
1.3

	
1.5

	
1.7

	
2.0




	
Non-residential

	
1.6

	
1.9

	
2.2

	
1.8











 





Table 2. Technical specifications of the Sparklike Handheld™ 3.0 device.
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Technical Capabilities






	
Min/max glass thickness

	
2–6 mm




	
Min/max cavity dimension

	
6–20 mm




	
Operating conditions

	
0–35 °C




	
Humidity

	
10–90% RH











 





Table 3. Argon gas filling rates and window specifications for the windows measured on site.
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	Building/Construction Year
	Window Size (mm)
	Glass Structure (mm) (1)
	Frame

Material
	Window 1

Ar (%)
	Window 2

Ar (%)
	Window 3

Ar (%)





	2018a
	1000 × 1500
	6 + 12a + 6
	AL (2)
	63.0
	54.5
	49.8



	2018b
	2000 × 3000
	6 + 12a + 6
	AL
	35.4
	41.0
	52.4



	2018c
	1500 × 2500
	6 + 12a + 6
	AL
	3.6
	36.7
	26.0



	2019a
	1300 × 2500
	6 + 14a + 6
	AL
	74.0
	69.6
	53.8



	2019b
	1000 × 2700
	6 + 12a + 6
	AL
	48.1
	45.5
	38.3



	2019c
	1200 × 2700
	6 + 14a + 6
	AL
	65.4
	31.3
	42.1



	2019d
	1700 × 2500
	6 + 12a + 6
	AL
	23.0
	43.7
	17.7



	2020a
	1700 × 2500
	6 + 12a + 6
	AL
	24.3
	66.7
	61.0



	2020b
	2400 × 2300
	6 + 16a + 6
	PVC
	62.2
	61.7
	63.0



	2021a
	2500 × 5000
	6 + 14a + 6
	AL
	61.4
	49.2
	70.3



	2021b
	1500 × 2500
	6 + 14a + 6
	AL
	27.0
	24.0
	20.3



	2021c
	1200 × 1500
	5 + 16a + 5
	AL
	72.6
	4.5
	28.4



	2022a
	2300 × 2400
	6 + 14a + 6
	PVC
	59.5
	62.4
	71.5



	2022b
	1300 × 2400
	6 + 16a + 6
	AL
	71.5
	76.6
	56.4



	2022c
	1700 × 2300
	6 + 16a + 6
	AL
	73.4
	62.2
	64.0



	2023a
	1700 × 2300
	6 + 16a + 6
	PVC
	80.8
	84.7
	81.4







(1) Glass thickness + air thickness + glass thickness. (2) Aluminum frame.













 





Table 4. Physical properties applied to the thermal analysis model.
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	Name
	Conductivity (W/m·K)
	Emissivity





	Aluminum
	160
	0.9



	Spacer
	0.16
	0.9



	Polyamide
	0.25
	0.9



	Polystyrene foam
	0.16
	0.9










 





Table 5. Areas by sector.
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Head (1)

	
Sill (1)

	
Jamb (1)






	
Frame area

	
0.1331

	
0.1331

	
0.2663




	
Edge area

	
0.1102

	
0.11020

	
0.2204




	
Glazing area

	
3.0267








(1) All values are presented in m2.













 





Table 6. U-values according to the argon gas filling rate for unmounted double-layer glass and double-layer glass windows.
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	Argon Filling Rates
	Glass Simulation
	U-Value Increase (%) (1)
	Window Simulation (2)
	U-Value Increase (%) (1)





	0%
	1.436
	22.6
	1.513
	13.6



	15%
	1.394
	19.1
	1.485
	11.5



	25%
	1.367
	16.7
	1.466
	10.1



	35%
	1.339
	14.3
	1.447
	8.7



	45%
	1.367
	16.7
	1.428
	7.2



	55%
	1.311
	12.0
	1.409
	5.8



	65%
	1.283
	9.6
	1.390
	4.4



	75%
	1.255
	7.2
	1.370
	2.9



	85%
	1.227
	4.8
	1.351
	1.4



	95%
	1.171
	-
	1.332
	-







(1) Increase based on the thermal transmittance of the 95% argon scenario. (2) Simulation values for the window.
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