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Abstract.  

In the construction industry, low-emissivity glass is used to improve both thermal efficiency 

and visual comfort by reflecting or transmitting thermal radiation. The solar optical 

performances of this type of glass are calculated using the ASTM G173 (AM 1.5) solar 

spectrum, the unique worldwide standard. However, the local atmospheric conditions of real 

sites around the world are different from those used to model the ASTM solar spectrum, 

originally created for PV deployment in North America in the 2000s. As the latter has an impact 

on the shape of the ground-based solar spectra, the real solar properties of the installed low-e 

glass can be different from those calculated in laboratory conditions and using the standard. In 

this paper, we provide a comprehensive, multi-years analysis of the solar performances of a 

complete set of low-e glass located on 12 sites around the world. Local solar spectra are modeled 

using local atmospheric data. This new study analyse the solar transmittance of low-e glass 

around the world. Our results show that the ASTM solar spectrum is appropriate for the majority 

of the selected locations. For some particular sites, such as buildings near the equator or located 

in cities with high atmospheric turbidity, the standard solar spectrum is not appropriate. For these 

sites, solar transmittance can vary up to 5% when compared to the ASTM standard. 

Consequently, this paper shows the necessity to include the impact of local atmospheric 

conditions on the performances of low-e glass. 
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Nomenclature 

AM: Air Mass value 

AOD: Aerosol Optical Depth 

As: Solar absorptance  

As,lt: Longtime solar absorptance 

ASTM G173: Solar spectra used as standard 

DNI: Direct Normal Irradiance in W.m-2 
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GHI: Global Horizontal Irradiation in kWh.m-2 

GTI: Global Irradiance on a tilted surface in W.m-2 

Irr: Irradiance, in W·m-2 

pp: Percentage point  

PW: Precipitable Water, in cm 

Ts : Solar transmittance 

Ts,lt : Longtime solar transmittance 

SHGC: Solar Heat Gain Coefficient 

α1 and α2: Angström coefficients  

ɛ : Thermal emissivity 

 

1. Introduction 

Since time immemorial, man has strived to build and develop comfortable shelters to live in. 

Historically, fire and solar energy have been the main energy supplies produced to maintain a 

comfortable interior living environment. Thus, even before the democratization of glass 

windows, the number, orientation and shape of exterior openings have been studied with the 

objective of controlling solar gain so as to maintain optimum inside temperatures over the 

seasons. Therefore, people have always sought to optimise solar energy. 

 

When glass became the standard for the construction of buildings, solar radiation became 

possible; heat and light could enter into protected environments. Comfortable living and working 

spaces were created thanks to the daylight and solar heat which passed through the glass. As the 

use of glass structures in buildings became increasingly widespread over the years. The optical 

properties of the glass used, and thus its solar performance became crucial. This has been even 

more emphasized by the increasing trend to use wide glass surfaces in today's buildings. Several 

factors, such as quantity and quality of light, glare reduction, optimum lighting conditions and a 

satisfactory view from the inside, are taken into consideration when glass and windows are 

chosen [1], [2]. In addition, there are energy considerations. Indeed, buildings throughout the 

world consume huge amounts of energy to maintain optimal inside temperatures, either by 

heating or air conditioning. Even though our study was not exhaustive, we observe that the 

energy consumption of residential and commercial buildings in developed countries is 

particularly high. The energy bill of these buildings represents between 20% and 40% of the total 

national energy consumption, depending on the country [3], [4], [5]. This number often exceeds 

the energy consumption needed in the transport and industry sectors [6]. A significant part of this 

energy use is directly related to the windows, leading to heat loss in cold climates, or over-

abundant solar capture in warm ones, which increases heat and air-conditioning expenses [7], 

depending on the location of the buildings.  

 

Furthermore, we have deduced that the ideal window should ensure a good visual comfort by 

transmitting the visible solar spectrum, mainly from 400 to 700 nm [8]. Ideally, UV rays (280-

400 nm) should be reflected towards the outside so as to preserve people’s health and protect the 

inside materials from negative aging effects, such as surface discolouration [9], [10]. Regarding 

the treatment of infrared radiations (700-2500 nm, 50% of the total solar flux), the ideal optical 

curves of a smart window are often contradictory and depend on the climate [11]. Indeed, 



depending on the outside temperature and the site insulation, the sun's infrared radiation can be 

either beneficial (free solar energy gain) or detrimental (increase in both the heating and air 

conditioning costs) [12], [13]. These “smart windows” must transmit or reflect theses radiations 

[1], [14]. In a warm climate, the perfect window transmits visible light while reflecting the near 

and long infrared wavelengths outside in order to limit overheating [15]. In a cold climate, the 

ideal window transmits the whole solar spectrum inside (except UV, so 400 nm – 4 µm), but 

reflects long-wave infrared light ( > 4 µm) in order to capture and keep thermal radiation inside 

the building [15]. At least four key properties are used to assess the performance and 

characteristics of glazing and windows. These are defined by an international standard (ISO 

2003) [8] and are, for example: the heat transfer coefficient (U), visible transmittance (TV), the 

Solar Heat Gain Coefficient (SHGC) and thermal emissivity (ɛ) [14]. If each coefficient is 

described in literature, we can observe that TV is the part of visible light which passes through the 

glazing material factor for visible light (400-700 nm), and that the U-value (W.m-2.K-1) indicates 

the heat flow from the inside to the outside through the window. [10], [16]. The Solar Heat Gain 

Coefficient SHGC measures the solar thermal energy transmitted into the building, due to glass 

transparency of the solar spectrum and the glass solar absorptance. To calculate the SHGC 

precisely, two types of information are necessary: first, the spectral transmittance and spectral 

absorptance curves of the glass for the total solar spectrum (280-2500 nm); and second, a solar 

spectrum, describing the spectral flux density (W.m2.nm-1) for each wavelength.  

 

For decades, both laboratories and industrials have produced many studies treating spectral 

transmittance and absorptance optical performances of windows. Low-emissivity (low-e) or solar 

control coatings use several techniques, such as thin layer coatings or electrochromic materials, 

to shape reflectance and absorptance curves, so as to obtain optimal optical performances for 

windows. Hundreds of publications which study and propose low-e and solar control coatings for 

glass are available, depicted their spectral transmittance in Figure 1 [14], [17].  

 

 
Figure 1: Spectral transmittance curves of different windows with interesting low-e and solar 

control coatings [14], [17] 



Concerning coatings, the second information necessary to calculate the Solar Heat Gain 

Coefficient SHGC, a solar spectrum, has remained unchanged over time. The ASTM G173-03 

solar spectrum, proposed in 2003 by C.A. Gueymard, is still used 27 years later [18], [19], 

especially in many standards, such as the American Society of Testing and Materials (ASTM), 

the International Organisation for Standardization (ISO) or the International Electrotechnical 

Commission (IEC) [8], [20–23]. Historically, the atmospheric parameters used to model the 

ASTM G173-03 solar spectrum are an average value of different clear-sky conditions throughout 

the USA. Different sites with a Direct Normal Irradiation (DNI) of at least 6 kWh/m2 have been 

considered to propose a unique solar spectrum for the characterization of (Photovoltaic) PV cells 

in the USA [24], [25]. Just like other examples, the Air Mass value of 1.5 (therefore naming the 

solar spectrum “solar spectrum AM 1.5”) used in the standard “was selected based on 

indications that, for locations ranging from Caribou, ME (latitude 46°52’) to Phoenix, AZ 

(latitude 33°26’), ~ 50% of solar radiation (…) occurred above or below AM1.5” [26]. 

Considering that, the question addressed in this study focuses on the ability of the ASTM G173-

03 solar spectrum to characterize low-e and solar control coatings all over the world. We have no 

doubts about ASTM G173-03, which enables an appropriate characterization of solar 

performances for smart windows, but it seems essential to point out the small differences when 

the local atmospheric conditions are taken into account. Studying the validity of the ASTM 

standard has already been validated in several fields of solar energy, as PV, CPV or thermal 

collectors [27], [28], [29]. In the case of PV cells, differences have also been pointed out, with or 

without regard to concentration [27], [28].  

2.Theoretical Background 

The goal of the study presented in this paper is to evaluate the impact of atmospheric 

conditions on the solar performances of low-e or solar control coatings. Firstly, we will evaluate 

the impact of the main atmospheric variables. Secondly, realistic simulations shall be carried out 

based on local atmospheric data, for 12 sites located around the world, and for a period of at least 

one year (see Table 1). SMARTS 2.9.8 is used to model Global Tilted Irradiance (GTI) at 37° 

from a solar spectra based on local atmospheric conditions [19]. The local atmospheric 

conditions come from the AERONET meteorological database [30], [31]. Finally, we will 

compare the longtime solar performances obtained with the local atmospheric data to the ASTM 

G173-03 solar spectrum, currently used as a reference worldwide [8], [32]. 

2.1. Atmospheric variables  

The Earth’s atmospheric composition varies according to space and time, due to a large 

number of factors such as the seasons, the wind, natural and artificial emissions, the rain, 

evaporation… etc. [33], [34]. The atmospheric filter, by transforming the space solar spectrum 

directly emitted by the sun (also called AM0) into the ground-based solar spectrum (often called 

AM1.5 in the case of the ASTM standard), is not constant everywhere, as shown in Figure 2, due 

to two atmospheric variables : Aerosol Optical Depth (describing the atmospheric turbidity) and 

water vapor, as shown in June 2010 [35].  

 



  
Figure 2 : Left: Aerosol Optical Depth ; Right: Water Vapor in June 2010 [35]. 

The atmospheric filter is composed of several temporal and local variables. The variables 

which mostly affect solar spectrum characteristics, and thus the performance of coatings used in 

the construction industry, are Precipitable Water (PW), Aerosol Optical Depth (AOD), ozone, Air 

Mass factor (AM), as well as both altitude and atmospheric pressure [32]. The evolution of the 

particles’ size in the aerosol, which impacts the Raylegh scattering, can be described as an 

aerosol model or as Angström coefficients (α1 and α2) [34]. All the variables can deeply affect 

the absorption or reflection of sunlight, which transforms the space solar spectrum into the 

ground solar spectrum. The impact of each atmospheric variable on the solar spectrum is 

available in  literature [28].  

2.2.1 Air Mass 

The Air Mass (AM) coefficient is defined as the path length ratio (L) of a sunbeam which goes 

through the atmosphere to reach the surface and the zenith path length (L0). The AM value is 

linked to the Solar Zenith Angle (SZA, the angle between the sunrays and the vertical) as shown 

in the following equation 1 [36].  
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The lowest AM value on Earth is 1.0 (SZA = 0°, solar noon at the equator) and the highest is ≈ 

7 (SZA = 82.2°, when the sun is near the horizon), when the value used in the ASTM G173-03 is 

1.5 [18]. Due to Rayleigh scattering, considering the λ-4 dependence, the shortest wavelength is 

more affected by the AM value, with a peak attenuation close to 450 nm [34]. Consequently, a 

solar spectrum on Earth receiving a high AM value is poorer in visible wavelengths and contains 

more infrared wavelengths. 

2.2.2. Atmospheric turbidity 

Aerosol Optical Depth (AOD) quantifies atmospheric turbidity. Turbidity is the relative 

transparency provided by tiny solid and liquid particles such as pollen, ash, urban haze, or smoke 

particles suspended in the air, which constitute aerosols. Remember that clouds do not impact 

Aerosol Optical Depth. Other expressions of AOD such as the Angstrom or Schuepp Turbidity 

coefficients, or even meteorological range or airport visibility reports are available,  but these are 

not relevant to our study. We set the AOD at 500 nm in our SMARTS calculation because this 



data is provided by the AERONET database but also because a similar choice has been made in 

previous studies [27], [37], [38]. A sole AOD measurement, at 500 nm, does not constitute a 

spectral characterization, especially when compared to the full spectral domain of the solar 

spectrum (280 – 4000 nm). To describe the optical dependence of aerosol on wavelengths, two 

methods are available: a standard aerosol model (as in the standard solar spectrum) and two 

Angström coefficients (α). The Angström coefficient (α) can be a single parameter to describe a 

large wavelength range, or can be subdivided into sub-indicators. SMARTS uses two sub-

indicators (α1 and α2) split around 500 nm (380-500 nm and 500-870 nm) to describe a large 

wavelength range. 

2.2.3. Precipitable Water  

Precipitable Water (PW) describes the atmospheric moisture, that is to say the amount of 

condensed water (in cm) contained in an atmospheric column, without clouds. As water vapor 

has an important absorption coefficient in near-infrared zones, this effect cannot be discarded. 

Precipitable water can vary from ≈ 0 cm (extremely dry, like desert air) to ~ 6 cm (very high 

humidity level, e.g.  tropical air). More details can be found in other publications, especially in 

the SMARTS user manual [33], [34]. When focusing on the solar spectrum domain (280-2500 

nm), the water vapor absorption wavelength band is mostly located in the near-infrared and 

infrared zones (940, 1,100 and 1,400 nm) [28]. Consequently, a solar spectrum passing through a 

wet atmosphere is poorer, in terms of flux density, in the infrared region, thus reducing the solar 

transmittance (defined below) of low-e solar glass.  

2.2.4. Ozone column 

The ozone column is the amount of ozone (O3, in cm) contained in a vertical atmospheric 

column above any location. Ozone mostly affects the shortest wavelengths, and absorbs the 200-

310 nm wavelength range to protect the earth’s surface from high UV energy [36], [39].  

2.3. Solar spectra modeling: SMARTS  

To perform ground-based solar spectra modeling, we used the 2.9.8 version of the Simple 

Model Atmospheric Radiative Transfer of Sunshine (SMARTS) from January 2019. SMARTS 

2.9.8 is a radiative model code, which models the ASTM G173-03 Global Tilt (GT) and the 

Direct and Circumsolar (DC) solar spectrum used in all the worldwide standards [18], [40]. This 

new version of SMARTS (2.9.8) has been available since May 2019 [19] and though it provides 

several improvements, it does not correct important miscalculations. For this reason, we used the 

new version, and our results could then be compared to the previous studies, which used 

SMARTS 2.9.5. Succinctly, SMARTS modeling starts from extraterrestrial solar spectra and 

reduces it, wavelength by wavelength, by calculating the absorption and the reflection provided 

by the all-important atmospheric phenomenon. To achieve this goal, the SMARTS model needs 

the parameters listed above. All the details can be found in the literature [33], [34].  

 

To put it simply, SMARTS inputs information from text files and outputs its results into two 

text files. This model is both user-friendly and efficient but fails to generate a huge quantity of 

solar spectra. For this study, we coded a script on Scilab (v5.5) [41] in order to read the data. 



2.4. Optical and solar performances 

Several optical factors need to be calculated so as to have an overview of smart windows and 

advanced coatings for buildings. These factors are thermal comfort, UV protection and good 

visibility through the windows. The most important solar radiation glazing factors fall into four 

categories:  

i. factors describing the ability of UV rays to interact with human skin or materials in the 

buildings. Ultraviolet solar transmittance (TUV ); Solar Material Protection Factor (SMPF) 

and Solar Skin Protection Factor (SSPF) are the most common factors [10],  

ii. factors describing the optical behavior within the entire solar spectrum from Ultraviolets 

to Infrareds (280-2500 nm), such as Solar Transmittance (TS), Solar Reflectance (RS) and 

Solar Absorptance (AS) [8],  

iii. factors describing visual comfort for the human eye, such as visible solar transmittance 

(Tvis), external or internal visible solar reflectance (Rvis,ext, Rvis,int) and color rendering 

factors (CRF) [23],  

iv. factors describing the thermal behavior of the windows, such a thermal emissivity (ɛ) 

calculated thanks to the absorptance curves (using Kirchoff’s law, emittance equal 

absorptance at the same wavelength and temperature, ɛ(λ,T) = α(λ,T) into the long 

infrared region (using a black body response) and Solar Factor (SF), calculated from TS , 

RS  and ɛ.  

 

This section focuses on the differences, in terms of optical performances, between solar 

spectra from local atmospheric data and the ASTM G173-03 solar spectrum (AM 1.5), which is 

most generally used. In conclusion, only the factors requiring a full solar spectrum (280-2500 

nm) are relevant. For this reason, our work focuses on solar transmittance (TS) and solar 

absorptance (AS). In this paper, we use data found in other studies, using real samples with the 

same thickness. Please note that solar reflectance (RS) can be deduced thanks to the law of 

conservation of energy, if necessary. If the UV flux is also a function of the local weather, the 

factors described in section i), TUV, SMPF and SSPF are not calculated, to avoid adding 

unnecessary information to our study. The factors describing visible comfort for the human eye 

in section iii), are not taken into account either, since no solar spectrum is required [8]. Also, the 

Solar Factor in section iv) is not included, because thermal emittance (ɛ) is needed, which 

requires absorptance curves for the total infrared region which are not measured for glass.  

 

Solar transmittance (TS), and solar absorptance (AS), are the ability for a sample to transmit 

(T) and absorb (A) the solar flux density over the total solar wavelength range. Both values will 

thus be a number between 0 and 1, calculated in the UV, visible and infrared region of the solar 

spectrum, i.e. 280-2500 nm [8], [22]. The law of conservation of energy is ensured by the three 

solar performances: solar transmittance, added to both solar absorptance and solar reflectance, is 

always equal to one.  

� = 1 − " − #  (2) 

 

To calculate solar transmittance (Ts) or solar absorptance (As), the spectral transmittance 

T(λ) or absorptance A(λ) of each sample is linked to the intensity of a solar spectrum Sn(λ) in 



W.m-2.nm-1, in the whole solar region, from 280 to 2500 nm. The irradiance chosen is Global 

Tilted Irradiance (GTI) and not Direct and Circumsolar (DC), chosen based on our applications 

(buildings and windows). It is defined as a 5 nm step, according to the standard 

recommendations [22].  
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(3-b) 

 

We observed that the solar region (280-4000 nm) is different from the solar performance 

calculation (280-2500 nm). The first reason is metrological: access to the sample’s optical 

performances from 2500 to 4000 nm is not easy. In the near IR region, the irradiated power is so 

scarce that the overall weight of the 2500-4000 nm region is only 0.0018 of the total solar 

spectrum. The second reason is comparative : the actual standards [20] recommend using an 

ASTM G173-03 solar spectrum from 280 to 2500 nm. As all the values are discrete, the 

integration is solved thanks to a summation (dλ is replaced by ∆λ).  

2.5. Sample presentation 

Seven samples of coated glass used in buildings are studied in this paper. For all the samples, 

spectral transmittance and spectral absorptance values are necessary throughout the solar 

spectrum (280-2500 nm). Figure 3 and Figure 4 both show the transmittance and absorptance of 

the samples. All the samples have the same thickness (1mm). There are two kinds of samples: 

two samples were obtained by modeling (named “Glass without coating” and “Standard AR 

glass”) and five samples were used from studies. We performed the modeling, using a transfer 

matrice method described in our previous papers [42]. The first sample (black dotted line), used 

here as a reference, is a 1 mm BK7 glass, without any coating. An uncoated glass has a close to 

1.5 refractive index, therefore a glass surface without antireflective coating shows a standard 

reflectance of 5% per face in all the solar spectrum [42]. The second sample (black dash line) is a 

commercial triple layer AR coating, [43]. This coating shows high transmittance on the visible 

spectrum with a peak at 400 nm. The transmittance decreases in the near infrared region to reach 

70-80% transparency in the infrared region. Both of these samples show a very low percentage 

of absorptance (Figure 4). Their transmittance and absorptance curves were obtained by 

modeling [42]. The five other samples are low-emissivity glass (low-e) or solar-control coatings 

used in smart windows. The curves were obtained by digitalization or directly from the authors 

of previous studies focusing on smart windows or low-e coatings [44–48]. These types of glass 

are designed for highly visible light transmittance, with low or high reflectance in the infrared 

region, depending on climate conditions, as explained above. Today, a large number of different 

coatings have been designed to ensure low-e glazing, the materials frequently used are typically 

doped metal oxides and metal films sandwiched between dielectric layers [1]. The green curve 

shows a low-e glass for cold climates designed to maximize solar flux (high solar gain). Three 

different samples, shown with blue curves (from 1 to 3) have coatings designed for moderate 



solar gain. All of the blue samples show highly visible transmittance and different shapes, due to 

the coating’s composition which  impacts both transmittance and absorptance in the near and 

long infrared regions. The last sample,  the red curve, shows low solar gain, due to moderate 

visible transmittance and extremely low transmittance in the infrared spectrum (λ > 1000 nm). 

Using the law of conservation of energy, it is possible to deduce the reflectance behaviour of 

each sample. If the high solar gain sample shows high reflectance in the infrared region to reflect 

the thermal radiation outside the building, thermal emittance (ɛ) for the low solar gain must be 

around 40%.  

 

 
Figure 3: Spectral transmittance curves for low-e samples 

 
Figure 4: Spectral absorptance curves for low-e samples 
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3. EFFECT OF ATMOSPHERIC VARIABLES ON LOW-E GLASS 

Figures 5, 6 and 7 demonstrate the impact of the three main atmospheric variables (Air Mass, 

Aerosol Optical Depth and Precipitable Water) on low-e glass solar transmittance and 

absorptance. One may expect that these changes in spectral distribution of the solar spectrum 

would have potential effects on solar performance. In order to validate this theory, the 

atmospheric variables were studied one by one, setting other variables at their reference value 

used to model the ASTM G173-03 solar spectra (AM = 1.5, AOD= 0.084 and PW= 1.416 cm). 

Graphs indicating the impact of the variables (AM, PW, AOD) on the solar spectrum are detailed 

in other previous literature [28].  

 

3.1. Air Mass Impact  

Air Mass (AM) is defined as atmospheric thickness related to the shortest path (AM = 1, 

solar noon at the equator). AM is generally the most sensitive variable of the solar spectrum. 

Figure 5-a shows the effects of low-e glass on solar transmittance by varying AM, in 

percentage points (pp). We have observed, on all the glass types studied, that the higher the 

AM factor, the more the glass transmits solar energy. For example, with an AM factor 

superior to 3, (location with a high latitude or during the first or last hour of the day), solar 

transmittance can increase by several percentage points. The only exception is the “Moderate 

solar gain (2)” sample. As shown in Figure 3, the transmittance of this sample quickly 

decreases in the near-infrared range, showing a poor ability for this glass to transmit sunlight 

with high AM. In other words, AM increases the relative importance of the longest 

wavelengths, and glass which is relatively more transmitting in the longest wavelengths 

would be beneficially affected by an increased air-mass factor.  

 

 

Figure 5-a: Low-e glass solar transmittance depending on the AM factor 



Contrary to solar transmittance, the solar absorptance of most low-e glass (see Figure 5-b) 

decreases with high AM, except the “Moderate solar gain (2)” sample. High solar gain glass and 

low solar gain glass show the most important decreases in solar absorptance. The “Moderate 

solar gain (2)” sample demonstrates the law of conservation of energy: the solar absorptance 

increases while the solar transmittance decreases.  

 
Figure 5-b: Solar absorptance of low-e glass depending on the AM factor 

3.2. Impact of Precipitable Water  

Precipitable Water, or the quantity of water in an atmospheric column, has an impact on the 

solar spectrum in specific absorption ranges only, contrary to AM and AOD, which both affect 

the whole solar spectrum.  

 

Figure 6-a describes, in percentage points (pp), the solar transmittance losses of our samples. 

All coated samples are impacted. The solar transmittance loss is proportional to the precipitable 

water quantity, and varies from one sample to another. A standard atmosphere is used for 

comparison (PW = 1.416, represented by a black vertical line).  A drier atmosphere increases the 

solar transmittance of coated glass. Conversely, a tropical atmosphere (PW > 4 cm)  decreases 

solar transmittance by 1 to 2 percentage points, depending on the sample and the PWvalue. The 

low-e glass samples with a narrow transmission range (like “Moderate solar gain (1) and (2)” or 

“low solar gain”, see Figure 3) are more impacted.  

 



 
Figure 6-a: Solar transmittance of low-e glass depending on Precipitable Water 

A solar spectrum with a drier or wetter atmosphere, compared to standard one, also has an 

impact on solar absorptance. Among the glass samples studied, the two most impacted are the 

low solar and the high solar gain samples: The first one has an absorptance peak in the near 

infrared region, and the second shows a constant and growing absorptance (see Figure 4). In any 

case, the solar absorptance variation, between extremely dry and extremely wet atmospheres, is 

around +/- 1%, which is relevant, without being problematic.  
 

 
Figure 6-b: Solar absoptance of low-e glass depending on Precipitable Water 



3.3. Impact of Aerosol Optical Depth 

As previously described, Aerosol Optical Depth (AOD) is related to the amount of solar 

radiation attenuated due to atmospheric aerosols made up of fine particles, urban haze, sea salt, 

desert dust or smoke particles. Considering the typical AOD wavelength dependence, the solar 

spectrum attenuation mainly occurs at short wavelengths (300-1000 nm). The AOD value 

measured at 500 nm for the standard solar spectrum can vary from almost 0 (an ideally clean 

atmosphere) to 1 (an atmosphere with high turbidity). Specific and rare events, like dust storms, 

forest fires or volcanic eruptions, due to which the AOD value can rise up to 3.0, are not 

considered in this paper. The distribution of the particles in the aerosol, according to their size, is 

directly dependent on the location of the aerosol. It can be characterized by an aerosol model or 

by the Angström coefficients (α1 and α2) distributed from either side of the AOD (see section 

2.2.2.) In the case of the standard ASTM G173-03 reference spectrum, the Shettle & Fenn Rural 

reference aerosol model is used with AOD500nm = 0.084. Figure 7-a describes the solar 

transmittance of low-e or solar control glass according to AOD values. A similar conclusion to 

AM’s effect can be drawn. Solar transmittance variation grows with aerosol optical depth, as 

near-infrared and infrared wavelengths are less reflected or absorbed by the aerosol. As the AOD 

effect on the solar spectrum is more complex than AM, the increase is not strictly linear, as 

observed with AOD values near 0.2.  
 

  
Figure 7-a: Solar transmittance of low-e glass depending on the AOD value 

Solar absorptance variation according to the AOD (Figure 7-b) has a similar shape as AM, 

albeit with lower values. “Moderate solar gain” samples (from 1 to 3) increase their absorptance 

values, but never beyond the 0.5 percentage point. Low and high solar gain low-e glass absorbs 

less solar radiation as the AOD increases. Finally, and as expected, the solar absorptances of 

glass without coating and of standard glass are not affected by the AOD. This is to be expected 

because the transmittance of this glass is relatively constant over the full solar spectrum 

wavelength range.  

 



 
Figure 7-b : Solar Absorptance of low-e glass depending on the AOD value 

3.4. Summary  

The variation of the solar optical performances of low-e or solar control glass, depending on 

the three main atmospheric variables (AM, PW and AOD), greatly depends on the glass sample. 

Graphs indicating the impact of  AM, PW, AOD on the spectrum are available thanks to 

A.Voissier [28]. As expected, AM has the most impact on optical performances (TS, AS, etc). We 

observed that as AM and turbidity coefficients increase, so does solar transmittance, thus 

reducing the short wavelength in the solar spectrum. On the contrary, a moist atmosphere 

reduces solar transmittance while a drier atmosphere has the opposite effect. Solar absorptance 

can be increased up to 3% (percentage point) by a high AM factor (>4 represents a low solar 

zenith angle). The two other atmospheric variables (PW and AOD) have less impact on  solar 

absorptance. The impact of atmospheric variables has already been pointed out for PV cells and 

CPV cells in [27], [28], [29].  

4. LONGTIME SOLAR PERFORMANCES FOR 12 SITES LOCATED AROUND 

THE WORLD 

To complement the results obtained previously, in this section we will discuss the real tests 

that were performed using long-term atmospheric variables (AM, AOD, PW). Indeed, these 

parameters evolve  simultaneously, hour after hour, depending on the weather, the seasons or 

specific events. The impact of the local weather on the optical performance of low-e glass was 

studied at 12 different locations situated around the world, each with different atmospheric 

conditions. For each site, we modelled the solar spectra as much as possible for at least a year, 

using real atmospheric variables before calculating the solar optical performances of low-e glass. 

All the values obtained were compared to the ASTM G173-03 standard, the solar spectrum 

reference. 



4.1. AERONET Database and modelling 

To obtain the atmospheric variables of different sites, we used AERONET. AERONET, 

which stands for AErosol RObotic NETwork, is a free and public database which provides data 

from atmospheric conditions all around the world. This ground-based remote sensing aerosol 

network was established by NASA and PHOTON [30]. Its website is available at : 

https://aeronet.gsfc.nasa.gov [31]. The AERONET federation has imposed the standardization of 

instruments, calibration and processing and provided researchers with high-quality data for 

decades. In November 2020, over one thousand stations were available worldwide. We only used 

the 2.0 quality assurance data, which is the highest level available after cloud screening, 

calibration, and degradation correction. All the atmospheric parameters previously described, 

such as AOD, PW, Angström coefficients (α1 and α2), ozone layer and solar zenith angle were 

available. This allowed us to model solar spectra with SMARTS without using other data [34].  
 

Even if several preconfigured atmospheric models are available in SMARTS, we used the two 

Angström coefficients (α1 and α2), also provided by AERONET, to model the aerosol. This way, 

SMARTS could estimate the size distribution of the particles. Global Tilted Irradiance (GTI) 

solar spectra are calculated thanks to the SMARTS radiative model [12]. Even if the AM values 

can be calculated directlyfrom the solar zenith angle (SZA, equ. (1)), we used the value proposed 

in the AERONET database.  

4.2. Selected Locations 

Twelve different locations were selected according to the following criteria:  

1. They should provide level 2.0 quality data (the highest quality provided by AERONET) 

for several years, without important discontinuity. This first criterion was the most 

difficult to meet, and most of the locations proposed in AERONET do not meet this 

criterion [49], [28], [50].  

2. They must represent the different weather conditions found around the world as closely 

as possible.  

3. Specific atmospheric conditions must be represented if possible, for example: sites with 

low and high ozone, PW or AOD.  

 

In related bibliography, W. Jessen et al. [27] used 5 sites in their study about thermal solar 

materials, while Vossier et al. [26] used 6 sites in their study on CPV solar cells [28]. In addition, 

our solar spectra data bank was used to calculate the longtime solar performances of smart 

windows. The necessity of low-e or solar control glass was not considered in the selection of the 

locations. A selected site could be chosen for several reasons, such as geographical interest (high 

altitude, high or low latitude), specific atmospheric conditions (low or high PW, AOD… etc.) or 

specific location (large cities, near the ocean). Table 1 presents the different sites according to 

their name in the AERONET software and their location (latitude and longitude). As our aim was 

to analyse a complete year without an important discontinuous period, the simulated years (not 

specified in the table) could be different for each location but do not have any impact on the 

overall conclusion. GHI (Global Horizontal Irradiance, in kWh/m2/y) was given as 

complementary information, from the SolarGis interactive web map [51]. The selected locations 

cover a large part of the latitude and longitude of the Earth, with stations on both sides of the 



equator. Figure 8 shows the selected locations on a GHI (Global Horizontal Irradiation, kWh/m2) 

world solar map. As for geographical distribution, five sites are located in the Northern 

hemisphere, three in the Southern hemisphere and four near the equator. One site (Casleo n°2) is 

situated at high altitude (up to 2,000 m), in the Argentinian desert. The city of Helsinki was 

added because it is the northernmost station in the AERONET database (latitude: 60.204°). 

Likewise, Singapore is an interesting site for a dual reason: it is situated near the equator (1.298°) 

while having tropical weather (see Table 2). Dakar (n°4), La Parguera (n°7) and American 

Samoa (n°10) are close to the equator and located near the ocean. Birdsville (n°2) is a unique site 

located in the middle of the Australian desert. Casleo (n°3) and Mezaira (n°8 near Abu Dhabi), 

present the most abundant solar resource in the world, with GHI up to 2400 kWh/m2/y. For each 

sites, we selected atmospheric data for five years. The years selected years are between 2015 and 

2020, when possible. Two sites are exceptions: Casleo and Birdsville where coverage over this 

periode is not available, probably due to the shutdown of the station. As far as possible and 

according to the data available, this five-years has been respected.  

 

Table 1: Selected locations 

N° Location 

name (in 

Aeronet) 

Country  

(-) 

Latitude 

(°) 

Longitude 

(°) 

GHI 

(kWh/m2/y) 

Altitude 

(m) 

Years 

1 Beijing China 39.977 116.381 1348 92 2015-2020 

2 Birdsville Australia -25.899 139.346 2490 46.5 2013-2018 

3 Casleo Argentina -31.799 -69.296 2676 2485 2011-2014 

4 Dakar Senegal 14.394 -16.959 2113 21 2015-2020 

5 Helsinki Finland 60.204 24.961 1000 52.8 2015-2020 

6 Neon Wood USA 47.128 -99.241 1430 590 2015-2020 

7 La Parguera Puerto Rico 17.970 -67.045 2126 12.4 2015-2020 

8 Mezaira AEU 23.105 53.755 2440 201 2014-2019 

9 Palaiseau France 48.712 2.215 1156 156 2015-2020 

10 American 

Samoa 

American 

Samoa 

-14.247 -170.564 1815 76 2015-2020 

11 Seoul South 

Korea 

37.458 126.951 1438 116 2015-2020 

12 Singapore Singapore 1.298 103.780 1681 30 2015-2020 

 



 
Figure 8. Selected locations on a Global Horizontal Irradiation world solar map [52]  

Table 2 presents the atmospheric parameters of values such as turbidity (AOD), precipitable  

water (PW) etc. for each selected location. With geographical location, atmospheric conditions 

are the second criterion selected. A site can be chosen for specific atmospheric conditions despite 

a less interesting geographical situation. As previously mentioned, the values presented are time-

weighted. Weighted values are necessary because the AERONET database is rich in points close 

to the sunrise or sunset, which are not representative of the conditions expected in the daytime. 

Atmospheric conditions used to model the ASTM reference solar spectrum are given as a 

reference by literature [18].  

 

Most sites, except Birdsville, Casleo, Helsinki and American Samoa, have a higher AOD than 

the ASTM G173 (AOD = 0.084). The AOD variation can be important, as in Mezaira located in 

the UAE desert (four times the ASTM G173 AOD value), in Dakar, or in Beijing or Seoul, two 

megalopolises. In comparison, Casleo is situated at a high altitude (2,485 m) and has the purest 

atmosphere (AOD = 0.025). The two Angström coefficients (α1 and α2) which describe the 

aerosol model are all quite different, showing location’s aerosol variability. As for Precipitable 

Water, the distribution is quite equitable: 4 sites have a drier atmosphere than the reference 

values (PW < 1.416 cm), 4 sites are close to the reference values (Birdsville, Neon Wood, 

Mezaira, Palaiseau) and the last 4 sites have a moist atmosphere, typical of tropical locations. We 

noticed that the sites with the driest atmosphere also have the highest altitude (Casleo, n°3). On 

the contrary, the tropical locations (Dakar, La Parguera, American Samoa and Singapore), with 

low latitudes and located near an ocean, have the moistest atmospheres recorded. The record 

value is observed for Singapore, with a PW value of 4.781 cm. The ozone (O3) layer, a gas which 

can absorb UV rays, is given here in cm. For all of the sites, the total ozone column is lower than 

the one used for the ASTM G173-03 DC, except for Beijing and Helsinki. The tropical sites 

(Dakar, La Parguera, American Samoa, Singapore), and the high altitude site (Casleo, 2485 m) 

have the lowest ozone layer values. If we can expect more or less UV flux intensity in the local 

solar spectra, we can recall that: i) atmospheric thickness (AM factor) must be considered and ii) 

other gases and atmospheric parameters (PW, AOD) impact the UV light reaching the ground. 



The AM factor is given for information only, and calculated from the solar zenith angle for one 

year. The given measurements are not perfectly, nor equally distributed during the year, thus the 

AM value can be overestimated or underestimated. Despite this, correlation between latitude and 

the AM value is correct. Two sites, Beijing and Seoul, show a specific combination of high AOD 

and AM value.  

 

Table 2: Longtime mean atmospheric values for the different locations 

N° Location name 

(in Aeronet) 

Latitude 

(°) 

AOD at 

500 nm 

PW 

(cm) 

α1  α2 AM Ozone 

(cm) 
(-) (-) 

  ASTM G173-03   0.084 1.416     1.5 0.343 

1 Beijing 39.977 0.596 1.328 1.016 1.063 2.072 0.338 

2 Birdsville -25.899 0.047 1.639 1.395 0.764 1.882 0.274 

3 Casleo -31.799 0.025 0.438 1.012 0.501 1.912 0.275 

4 Dakar 14.394 0.397 2.563 0.415 0.333 1.736 0.271 

5 Helsinki 60.204 0.077 1.087 1.321 1.310 2.614 0.346 

6 Neon Wood 47.128 0.103 1.550 1.361 1.364 2.238 0.327 

7 La Parguera 17.97 0.158 3.647 0.622 0.329 1.770 0.268 

8 Mezaira 23.105 0.369 1.884 0.842 0.563 1.817 0.274 

9 Palaiseau 48.712 0.155 1.679 1.168 1.209 2.277 0.337 

10 American Samoa -14.247 0.056 4.058 0.696 0.527 1.748 0.255 

11 Seoul 37.458 0.430 1.402 1.154 1.330 2.070 0.336 

12 Singapore 1.298 0.410 4.781 1.274 1.389 1.702 0.264 

 

4.3.Longtime optical performances 

The complete collection of thousands of solar spectra per site allows us to calculate the 

longtime solar performance of each sample, noted As,lt  for the solar absorptance, and Ts,lt for the 

solar transmittance. Then, similarly to solar transmittance (Ts) or solar absorptance (AS), we 

defined the ratio of the total transmitted or absorbed energy, divided by the total energy available 

for several years, [8], [22]. As the solar spectrum changes over time, we added the subscript (n) 

so as to point out that two solar performances can be different, depending on their solar 

spectrum. Since the difference in time between two measurements in the AERONET database is 

not fixed, we calculated the time gap ∆tn, between a given solar spectrum (n) and the following 

one (n+1). Both a minor time difference of less than 15 minutes, and a larger one superior to 

several hours, are excluded, in order to avoid miscalculation [53].  
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It should be noted that the longtime irradiance (In·∆tn) calculated thanks to this method, 

cannot substitute for the annual irradiance (GTI in our case) found in a database. The values 



given here are only for 4 to 5 years, while sites like SolarGis provide average solar potential 

values calculated for many years [51]. 

5. RESULTS 

The results first consist in the computation of the longtime solar transmittance and 

absorptance, and then their comparison with the values calculated with the standard reference, 

the ASTM G173-03 Global Tilt solar spectrum [8], [18]. Our solar spectra databank is used to 

calculate the longtime solar performances.  

5.1. Longtime Solar Transmittance  

The longtime solar transmittance of low-e glass corresponds to the total quantity of the sun’s 

radiant energy which passes through a window in a year. Table 3 shows the results, with the 

lowest values in red and the highest values in green. To start, an uncoated glass showed a very 

constant solar transmittance, with longtime values from the different sites near the ASTM value. 

If a standard antireflective coating is applied, the typical longtime solar transmittance is between 

82.7% and 85%. Sites at a low altitude, as well as low AM and high Precipitable Water values 

(La Parguera and American Samoa) show values superior to the ASTM standard. For these sites, 

the ASTM solar spectrum underestimates solar transmittance, especially for low solar gain (≈ 1 

of a percentage point). For the others, except Beijing and Seoul, the longtime values calculated 

with the standard solar spectra are near the longtime values. As for Beijing and Seoul, they are 

the only exceptions in the table, showing specific behaviors. The calculated longtime solar 

transmittance for these two sites is the lowest of all the glass samples. For the “low solar gain” 

and “moderate solar gain (1) and (2)” samples, the difference in solar transmittance goes up to 5 

percentage points (pp). For these two sites, the use of the ASTM resulted in a highly exaggerated 

overestimation of the real solar transmittance, and, as a consequence, the solar gain provided by 

the windows. Fortunately, the use of high solar gain windows was suggested at these sites, and 

the result is that the ASTM overestimation is only two percentage points. This specific behavior 

is due to the combination of two factors: high AOD (0.598 for Beijing and 0.437 for Seoul) and 

high AM values (2.09 for Beijing and 2.04 for Seoul). As Figure 5 and Figure 7 show, these two 

factors reduce solar transmittance. The specific combination of these two factors strongly 

impacts the solar spectrum, which leads to a decrease in solar transmittance. Different sites show 

that the combination of different factors reduces solar transmittance, as illustrated by Helsinki 

(AM = 2.61 ; AOD = 0.077), Dakar (AM = 1.75 ; AOD = 0.397) or Mezaira (AM = 1.82 ; AOD = 

0.370).  

 

Table 3: Longtime solar transmittance of low-e glass for 12 differents atmospheric conditions 

 Glass 

without 

coating 

Standard 

AR glass 

High 

solar gain 

Moderate 

solar gain 

(1) 

Moderate 

solar gain 

(2) 

Moderate 

solar gain 

(3) 

Low 

solar 

gain 

ASTM 90.6% 84.3% 70.4% 59.9% 59.3% 48.6% 26.5% 

Beijing 90.5% 82.7% 68.1% 54.9% 53.6% 46.5% 22.5% 

Birdsville 90.6% 83.9% 70.1% 59.0% 58.2% 48.6% 25.6% 

Casleo 90.5% 83.9% 69.8% 58.5% 57.6% 47.7% 25.5% 

Dakar 90.5% 84.4% 70.3% 60.0% 59.3% 48.4% 26.7% 



Helsinki 90.6% 83.7% 69.6% 58.0% 57.0% 47.8% 25.0% 

Neon Wood 90.6% 84.1% 70.1% 59.2% 58.5% 48.3% 26.0% 

La Parguera 90.5% 84.9% 70.8% 61.3% 60.8% 48.9% 27.8% 

Mezaira 90.5% 83.9% 69.8% 58.7% 57.9% 48.1% 25.6% 

Palaiseau 90.5% 83.9% 69.7% 58.5% 57.7% 48.0% 25.5% 

American Samoa 90.6% 84.8% 70.8% 61.2% 60.8% 49.1% 27.9% 

Seoul 90.5% 82.9% 68.6% 55.8% 54.6% 47.2% 23.0% 

Singapore 90.5% 85.0% 70.9% 61.6% 61.1% 49.0% 28.1% 

 

5.2.Longtime Solar Absorptance 

As previously discussed, the longtime solar absorptance corresponds to he total quantity of 

the sun’s radiant energy absorbed by the glass and the coating. Table 4 shows the solar 

absorptance results, with the lowest values in green and the highest values in red. The data 

relating to several low-e glass samples show a greater homogeneity: the difference in percentage 

points between sites or when compared to the ASTM references, is minimal.We can thus 

conclude that the ASTM solar spectrum can correctly predict the solar absorbed flux. The 

difference between the lowest value (in green) and the highest (in red) is often only a few digits. 

For all the samples, except for the “High solar gain” and “Low solar gain”, the maximum 

difference between the sites is inferior to 1.2 percentage point. Indeed, solar absorptance values 

are often lower on (regular / basic / untreated) glass, as windows are not specifically made to 

absorb solar flux. Consequently, the variations due to local atmospheric conditions are lower. 

According to the ASTM values, Beijing and Seoul (two sites with high AOD and AM values) 

have the maximum deviation, contrary to the longtime solar transmittance. It is interesting to 

oberve that, for the low solar gain and the high solar gain samples, these two sites have the 

highest value (49.3 % and 49.2%), showing their ability to absorb the sunlight and to convert it 

into heat. Likewise, tropical sites like La Parguera and Singapore have the lowest longtime solar 

absorptance value for the “high solar gain” and “low solar gain” samples. The “moderate solar 

gain 3” sample shows a maximum difference between the sites of 1.2 percentage point, between 

Seoul and Singapore. In this case, tropical sites (La Parguera and Singapore) have highest 

absorptance values. This behavior is due to a high spectral absoptance of the “moderate solar 

gain 3” sample in UV (greater than 0.5 or 50% below 400 nm) as can be seen in Figure 4.  

 

Table 4: Longtime solar absorptance of low-e glass for 12 different atmospheric conditions 

 Glass 

without 

coating 

Standard 

AR glass 

High solar 

gain 

Moderate 

solar gain 

(1) 

Moderate 

solar gain 

(2) 

Moderate 

solar gain 

(3) 

Low solar 

gain 

ASTM 0.3% 0.2% 17.5% 12.3% 14.2% 32.0% 47.7% 

Beijing 0.3% 0.3% 19.4% 11.8% 14.1% 31.3% 49.3% 

Birdsville 0.3% 0.2% 17.8% 12.2% 14.2% 31.5% 48.3% 

Casleo 0.3% 0.2% 18.1% 12.2% 14.2% 32.1% 48.1% 

Dakar 0.3% 0.2% 17.5% 12.3% 14.1% 32.1% 47.5% 

Helsinki 0.3% 0.2% 18.2% 12.0% 14.1% 31.7% 48.3% 

Neon Wood 0.3% 0.2% 17.8% 12.2% 14.2% 31.8% 47.9% 

La Parguera 0.3% 0.2% 17.1% 12.4% 14.1% 32.2% 47.0% 

Mezaira 0.3% 0.2% 18.0% 12.1% 14.1% 31.6% 48.0% 

Palaiseau 0.3% 0.2% 18.0% 12.1% 14.1% 31.6% 48.1% 



American Samoa 0.3% 0.2% 18.0% 12.1% 14.1% 32.0% 47.3% 

Seoul 0.3% 0.3% 19.1% 11.9% 14.1% 31.1% 49.2% 

Singapore 0.3% 0.2% 17.0% 12.4% 14.1% 32.3% 46.9% 

 

DISCUSSION & CONCLUSION 

With the growing concern of energy consumption in the construction industry, it has become 

crucial to understand the role of solar flux. The use of low-e and solar control glass in buildings 

plays an important energy-saving role. In order to increase our understanding of the Solar Heat 

Gain Coefficient, in this paper we endeavoured to calculate the solar transmittance and 

absorptance of a panel of low-e glass samples in correlation with local atmospheric variables, as 

opposed to using the default calculations of the ASTM G173-03 solar spectrum. We have shown 

that the Air-Mass factor, Aerosol Optical Depth and Precipitable Water play an important part 

and can modify solar flux, whether it is transmitted or absorbed by smart windows. Using 12 

locations, we performed realistic modelling to calculate the longtime solar transmittance and 

absorptance using a databank of thousands of solar spectrum models according to local 

atmospheric conditions. This modelling was performed thanks to the AERONET database, using 

SMARTS software. We have demonstrated that in specific conditions, such as high Air-Mass 

and Aerosol Optical Depth, as observed in the cities of Beijing and Seoul, the longtime 

transmitted flux could be reduced up to 5%. Tropical climates, such as La Parguera or American 

Samoa, where Precipitable Water in the atmosphere is high (> 3cm), increase the longtime 

transmitted flux (≈ 1%). Such specific sites are now well-identified and require further study. As 

opposed to longtime transmitted flux, longtime solar absorptance at the local sites fluctuates less 

for the most part, showing variations below 1.2%. The variation between the solar transmittance 

or absorptance values, using the ASTM G173 solar spectrum and the local sites, is different for 

each sample. Low-e glass samples with a high transmittance variation in the near infrared region 

are predominantly impacted by these parameters. 

 

In conclusion, the ASTM solar spectrum sometimes overestimates solar transmitted flux. This 

solar spectrum, modelled with an Air-Mass of 1.5 and clear-sky conditions in the USA, is 

efficient for most conditions, except for sites near the equator or those which combine high Air-

Mass and high atmospheric turbidity. For these locations, we recommend using local 

atmospheric data whenever possible and available, especially when accurate models and 

simulations are necessary. Finally, specific low-e and solar control coatings can be designed and 

manufactured for these specific sites using local atmospheric solar spectra instead of the standard 

ASTM.  
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