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Among them, MRT represents the effect of longwave solar irradiance on 
human thermal comfort [10]. To incorporate the influence of shortwave 
solar radiation on human thermal comfort, the thermal effect of short
wave solar radiation on human skin can be converted into equivalent 
longwave radiation, referred to as additional mean radiant temperature 
(MRT_delta), for inclusion in the PMV model [11]. To further account 
for the spectral nature of solar irradiance, window transmittance, and 
skin absorptance, a spectrally-resolved method is proposed to improve 
the accuracy of thermal comfort prediction. The role of windows in 
influencing thermal comfort can be evaluated by calculating the 
MRT_delta values via this spectrally-resolved method, in order to obtain 
the spectrally-resolved additional mean radiant temperatures 
(MRT_delta_s) and incorporate them into conventional PMV models 
[12]. The evaluation can then be used to establish a thermal effect index 
(TEI) that provides a measure of the window’s impact on the shortwave 
solar thermal effect. 

The International Glazing Database (IGDB) collects optical data for 
certified glazing products, including spectral transmittance data 
measured using a spectrophotometer. This database serves as the pri
mary data source for the LBNL WINDOW program that powers the NFRC 
window rating system [13]. Thus, generating TEIs for glazing systems in 
the IGDB will include an evaluation of the thermal effect of a significant 
number of glazing systems. For those glazing systems not present in the 
database and scenarios involving different solar zenith angles, windows 
facing different directions, and so on, an estimation of the thermal effect 
is necessary to avoid complex calculations. The spectral-average solar 
transmittance parameter (Tsol) of a glazing system is closely correlated 
with the MRT_delta_s but cannot fully capture the properties of the 
glazing that are related to its thermal effect. This is due to the failure to 
represent the spectral nature of window transmittance and involve the 
spectral interactions among window transmittance, solar irradiance, 
and skin absorption [14]. Thus, a simplified spectral-based method is 
also needed to effectively predict the thermal effect of glazing systems. 

Furthermore, different levels of the solar thermal effect require 
different thermostat settings to maintain thermal comfort, leading to 
different energy consumption levels. EnergyPlus is a powerful tool that 
integrates building simulation, environmental factors, HVAC system 
data, and so on in energy simulations, enabling energy consumption 
predictions and comparisons for the different heating and cooling loads 
during the solar cycle [15]. Accordingly, the sustainability impact of TEI 
generation can also be evaluated. 

This research underscores the necessity of developing a new index to 
evaluate the thermal effects of glazing products listed in the IGDB. If 
necessary, TEIs will be generated for the glazings listed in the database, 
with special consideration for their specific solar conditions and 
boundary settings. Next, energy consumption levels for the different TEI 
values will be analyzed and compared via EnergyPlus. Additionally, a 
fast estimation method will be proposed herein for individual conditions 
in which the solar spectral distributions reaching human skin are 
different from those of defined conditions, allowing for adaptation in 
response to specific needs. 

2. Prior knowledge 

Shortwave solar irradiance consists of direct, diffuse, and reflective 
solar irradiance; its effect on human indoor thermal comfort depends on 
the intensity and spectral power distribution of the sunlight reaching 
human skin. Under different conditions, the intensity and spectrum of 
solar irradiance can vary due to shifts in the three solar components 
reaching human skin. The dominant factors influencing availability are 
summarized in Fig. 1 [12]. The spectral transmittance of the window is 
one factor influencing the thermal effect of solar irradiance. A window’s 
thermal effect depends on the intensity and spectrum of solar irradiance 
reaching that window, which is influenced by the factors highlighted in 
the gray boxes in Fig. 1. In essence, due to the spectral nature of the solar 
spectrum and window transmittance, the variations in the solar spec
trum reaching the window influence the role that window plays. 

To quantify the thermal effect, a value represented by MRT_delta_s, 
the superposition of direct, diffuse, and reflected solar irradiance 
reaching human skin must be calculated through the process outlined in 
Fig. 1 and converted into MRT_delta_s. Solar irradiance reaching the 
building can be obtained from certain local organizations’ databases or 
simulated using software like SMART2. Window orientation determines 
whether direct solar irradiance can enter the indoors and reach human 
skin. The orientation degree of the window and solar azimuth angle can 
be used to consider the availability of direct solar irradiance indoors. 
Other factors can also be employed in the calculation, as well as defined 
values representing different conditions. With the variables defined and 
assumed, MRT_delta_s values can then be obtained. 

The window visible transmittance described in the product specifi
cations fails to consider spectral variations in solar irradiance and the 
weights of the transmittance across all wavelengths of the full waveband 
for the solar spectra obtained in differing conditions. Accordingly, the 
solar-weighted solar transmittance of a window (Tsol_s), which takes 
variations in the solar spectra into account, was developed to represent 
the transmittance properties of the window after consideration of the 
spectral nature and variations involved [12]. 

3. Method 

3.1. Thermal effect simulation settings and glazing datasets 

The MRT_delta_s values were calculated for the simulation of solar 
energy’s thermal effect on humans in indoor near-window zones under 
different glazing conditions. Tsol_s values were then determined for 
comparison with the window transmittance data provided by various 
manufacturers. Since this research focused on investigating the role of 
windows, the fixed solar and skin absorptance spectra were used in the 
simulation. The calculations utilized the American Society for Testing 
and Materials G-173 spectrum, which is regarded as a reference air mass 
1.5 spectrum [16,17]. The direct normal and diffuse horizontal irradi
ance spectra of the reference solar values were extracted from the 
simulation via SMART2 terminal-based software (version 2.9.5) [18, 
19]. According to the software output, the total broadband global irra
diance of the reference solar values for the horizontal plane was 697 
W/m2. For skin absorptance, a white skin absorptance with a 
spectral-average absorptance of 0.570 was assumed, and the spectrum 
was extracted from the Reference Data Set of Human Skin Reflectance 
[20]. To align with the wavelength intervals of the solar spectrum, 
interpolation was employed for the skin’s spectral absorptance. 

The glazing spectral transmittance data for the simulation were 
derived from the IGDB, However, it was found that the wavelength in
tervals of the transmittance of the glazing systems in the IGDB were 
inconsistent. As a result, certain glazing systems (# 545) had to be 
excluded because their wavelength intervals of spectral transmittance 
differed significantly from the selected intervals of the solar spectrum 
and the skin’s spectral absorptance. Some of the spectra that were 
retained were interpolated to include missing wavelengths and abridged 

Nomenclature 

Tvis Spectral-averaged visible transmittance of window 
MRT_delta Additional mean radiant temperature 
MRT_delta_s Spectrally-resolved additional mean radiant 

temperature 
TEI Thermal effect index 
Tsol Spectral-averaged solar transmittance of window 
Tsol_s Solar-weighted solar transmittance of window 
Tsol_eff Effective waveband spectral-average solar 

transmittance of window  
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necessitates the establishment of a parametric relationship between 
solar irradiance and MRT_delta_s, which must then be incorporated into 
the simulation. 

In this research, the thermostat setpoint temperatures were para
metrically linked with the level of incident solar irradiance on external 
window surfaces facing south. To establish such a parametric relation
ship, a series of computations were conducted. Initially, the MRT_delta_s 
values were derived from the median point in each related thermal effect 
level for each window model. Subsequently, PMV models were 
employed to calculate the new room air temperature required to 
maintain thermal comfort at the target PMV value of 0. Finally, by 
comparing the newly calculated room air temperatures with the original 
temperature (prior to solar radiation) under varying levels of incident 
solar radiation, we could establish a straightforward linear regression 
model to depict temperature variation. Consequently, each window’s 
TEI level had a distinct variation model that could calculate the neces
sary thermostat setpoint temperature, building upon the original set
point temperature as a baseline. To incorporate this relationship into the 
energy simulation, the Energy Management System (EMS) module was 
configured in EnergyPlus. EMS has been utilized extensively in para
metric energy simulation to devise customized control strategies and 
algorithms for simulating and optimizing the operation of diverse en
ergy systems within a building. These methods have facilitated 
advanced energy performance simulations such as energy and 
daylighting performance that incorporate dynamic facades, smart HVAC 
systems in buildings, and energy performance through the integration of 
smart materials [23–26]. 

A prototypical small office building model provided in the ASHRAE 
90.1–2019 of the Department of Energy (DOE) served as the founda
tional structure [27]. The building was divided into five zones based on 
their facade directions, as defined in the report [27]. Among the five 
predefined zones for the building, the zone with the facade facing south, 
named Zone 1, was simulated in this study. This zone had an area of 
113.45 m2 and six windows on its façade, totaling a window surface area 
of 20.64 m2 and window-to-wall ratio of 24.44 %. Parametric simula
tions were performed for Zone 1 in a variety of climate zones. 

Theoretically, the thermal effects of window systems on users 
contribute to both heating and cooling loads, as the setpoint tempera
tures of the heating and cooling thermostat require adjustment. To 
streamline the energy simulation process and comparatively observe the 
distinct impacts, only extreme climatic zones, specifically Climate Zones 
1 (Honolulu, HI) and 7 (Grand Junction, CO), were considered in this 
case study. This approach was adopted because other zones with both 
heating and cooling energy use may not distinctly demonstrate the im
pacts of the thermal effects of various window systems with different 
thermal effect indicators. Consequently, the cooling loads for Zone 1 and 
heating loads for Zone 7 were extracted from the simulation results and 
compared across different window models. 

To include the adjustment of thermostat setpoint temperatures in the 
simulation, a “Surface Outside Face Incident Solar Radiation Rate per 
Area” sensor was adopted. The thermostat setpoint temperatures for 
cooling and heating were used as actuators in the simulation. “Begin 

Timestep Before Predictor” was the program call manager, which 
occurred near the beginning of each timestep but before zone loads were 
calculated. Simulations were conducted at a resolution of 10 min. Ac
cording to Fig. 2, the EMS program determined the HVAC setpoint, 
based on the average solar irradiation on six south-facing windows. For 
Climate Zone 1, a cooling demand region, the original setpoint was set to 
21.11 ◦C; for Zone 7, a heating demand region, the original setpoint was 
23.89 ◦C. As a result of the base model simulation report for Zone 1, the 
entire year was simulated as a cooling year. Therefore, the energy 
consumption was calculated for the entire year. For Zone 7, however, 
December to April was the cold season, which was also used for this 
simulation. We compared the parametric simulations with the baseline 
simulation (which utilized a selected window construction) and ran the 
model without considering the impacts of solar irradiance on the set
point temperatures. 

3.3. Correlation calculations and dominant wavelengths extraction for 
predicting spectrally-resolved additional mean radiant temperature 

Tsol_s is a more comprehensive way of reflecting the features of the 
MRT_delta_s values because this variable is generated by considering the 
spectral nature of solar irradiance and window transmittance; however, 
this also means that the data measurement and associated computation 
effort are more complicated. For this research, Tsol was made easier to 
access and calculate by simply averaging the whole waveband of the 
window transmittance, but also less accurate due to its ignorance of the 
spectral nature. Therefore, a new variable was generated to offer an 
easier calculation that still considers the spectral nature. The effective 
wavebands of the window transmittance spectra incorporate the rela
tionship between the solar spectrum and window transmittance spectra. 
Here, transmittance in these wavebands was averaged to obtain effective 
waveband spectral-average solar transmittance (Tsol_eff). In this 
research, simulations were used to identify the effective wavebands of 
window transmittance for the solar spectrum selected. One continuous 
waveband and two separate wavebands from the full spectrum were 
explored to obtain the best prediction of MRT_delta_s. 

The brute-force method is a guaranteed way to enumerate and 
examine all possible solutions to a given problem [28]. This method 
provides the most trustworthy results for the correct solution but re
quires longer and heavier computation. We expected that the effective 
wavebands selected could serve as a benchmark for guiding further 
evaluation of the windows, and the problem we were trying to solve was 
small and simple, requiring reasonable computation space; thus, we 
selected the brute-force method to find effective wavebands for pre
dicting MRT_delta_s. The brute-force method was employed to simulate 
all of the one-waveband combinations, and the correlations between the 
simulated waveband combinations and MRT_delta_s values were calcu
lated to obtain the waveband with the highest correlation to MRT_del
ta_s. In the simulation, the length (denoted by i) and the start point of the 
waveband (denoted by j) were iterated, as shown in Fig. 3. Among the 87 
wavelengths of the full waveband, the waveband from wavelengths j to 
(i + j-1) that had the greatest correlation was considered the most 
effective waveband for calculating the solar transmittance of the win
dow, allowing for the spectral nature of the variables to be considered. 

Two separate wavebands from the full wavebands were also simu
lated by the brute-force method. To reduce calculation burden and 
operation time, the effective waveband obtained from the one- 
waveband calculation was regarded as the first effective waveband, 
and the second waveband was iterated from the remaining wavebands 
that were longer or shorter than wavelengths in the first effective 
waveband (as described in Fig. 4). In the simulation, the start wave
length (denoted by f) and length (denoted by g) of the second waveband 
were iterated. The waveband from wavelength f to (f + g-1) that had the 
greatest correlation was the second waveband of the two effective 
wavebands. Tsol_eff could then be calculated by averaging the window 
transmittances in the wavebands selected. 

Table 2 
Properties of ten window models.  

Window model U-factor (W/m2K) SHGC Tvis 

WindowTEI-1 2.71 0.10 0.07 
WindowTEI-2 2.72 0.18 0.15 
WindowTEI-3 2.72 0.26 0.23 
WindowTEI-4 2.73 0.32 0.33 
WindowTEI-5 2.73 0.38 0.37 
WindowTEI-6 2.73 0.43 0.47 
WindowTEI-7 2.73 0.50 0.59 
WindowTEI-8 2.73 0.59 0.65 
WindowTEI-9 2.74 0.70 0.78 
WindowTEI-10 2.74 0.80 0.82  
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for excluding 545 of the glazing systems in the index’s generation was 
the considerable discrepancies in the wavelength intervals of trans
mittance spectra provided in the database, as compared to those of the 
solar spectrum used for simulation. Secondly, the TEI can serve as a 
guide for households selecting window products. If this index was 
adopted market-wide, it would offer households a more comprehensive 
basis for their window selection and retrofit decisions, going beyond 
pure energy efficiency measures like SHGC and U-factor. The TEI could 
be utilized in commercial and residential glazing evaluations by both 
customers and designers. If incorporated into the NFRC label, the index 
could inform customers about the impact of solar penetration on human 
thermal comfort under certain window glazing systems. The higher the 
TEI of the glazing, the more the occupant is influenced by solar thermal 
effects, primarily in zones with south-facing windows. The specifics of 
this influence would vary depending on other factors related to thermal 
comfort evaluation and specific indoor conditions. However, a general 
understanding of the index would guide customers to a preliminary 
judgment about the glazing, promoting better performance in terms of 
thermal comfort and energy efficiency. 

The TEI can also be applied in web-based window evaluations such 
as those conducted through the Efficient Windows Collaborative Plat
form, which offers window suggestions to customers based on location, 
house size, and age. However, this platform currently does not consider 
the direct impact of solar radiation on human skin. If the TEI were in
tegrated into the platform’s evaluation process, it could provide more 
informed suggestions that consider both comfort level and energy cost. 

The comprehensive standardization of the TEI, however, requires 
further development. For a complete understanding of windows’ impact 
on indoor thermal comfort, we need to consider not just the short-wave 
radiation effects of solar radiation, but also the long-wave thermal ra
diation and convective thermal consequences. The former is associated 
with the surface emissivity features and insulation capabilities of win
dows. For example, changes in surface condensation, emissivity, and the 
inner surface temperature of a window can significantly alter the radi
ative heat transfer for occupants [30]. These effects could be incorpo
rated into the commonly used PMV model by adjusting the MRT value. 
Convective heat transfer can be considered from two perspectives: 
infiltration through window frames and drafts caused by temperature 
differences between the window surface and interior room temperature. 
Both factors are closely related to the insulating ability of the window. 
For instance, our previous work has demonstrated the impacts caused by 
temperature differences between the window’s inner surface and indoor 
air temperature under varying supply air modes and placements [31]. 
To incorporate these effects, more airflow-related analyses will be 
needed. These analyses could then be included in the PMV model by 
adjusting local air speed and asymmetric temperature variation. 

5.2. Effective waveband-based method for generalizing the thermal 
comfort effect evaluation for specific solar conditions 

The TEI was generated by assuming a certain solar irradiance, skin 
color, and boundary settings. Due to the diversity of customer needs, it is 
indispensable to evaluate the performance of windows under specific 
conditions that are different from the reference settings. For instance, 
when the day of the year, time of day, weather, or window orientation 
varies, the solar spectrum reaching the window will vary accordingly, 
resulting in variations in window thermal performance that diminish the 
representativeness of the TEI. 

The use of the spectrally-resolved method to calculate the thermal 
effect of a window under a certain solar spectrum requires multiplica
tion of the solar and window transmittance spectra by wavelength, 
which can be both complicated and time-consuming. The intricate 
calculation is acceptable from a standardization perspective, but not 
necessary for rapid analysis and diagnosis. Thus, the spectrally-resolved 
method was applied to glazing systems in the IGDB to extract effective 
wavebands via the brute-force method, providing a range to average 

window transmittance spectra and generating Tsol_eff values. This 
effective waveband method, which was explained using the reference 
solar spectrum outlined above, could be extended to generate effective 
wavebands for representative solar conditions and enable the rapid 
generation of Tsol_eff. Tsol_eff could then directly be used in the 
straightforward traditional method to generate MRT_delta, which could 
subsequently be employed to obtain the human thermal comfort level 
via a web-based tool [32]. 

Relative to the longer spectral range data, a shorter waveband ne
cessitates simpler measurement devices, due to the reduced demand for 
detection precision with regard to window transmittance, notwith
standing its effectiveness and lower operation demand. Conversely, 
longer wavebands require more advanced spectrometer measurements/ 
devices. For example, the effective wavebands obtained for the reference 
solar spectrum in this research were (370 nm, 1,150 nm) and (2,250 nm, 
2,400 nm), which eliminated the detection of the UV portion of window 
transmittance. The reduction in measurement demand could possibly 
allow for easier-access implements like mobile devices, facilitating more 
affordable computations and increasing the viability of household 
applications. 

5.3. Energy impact and smart building integration for energy savings and 
indoor comfort 

Our analysis illustrated that in heating-dominated climates, windows 
with higher TEI values are preferable, due to their potential to reduce 
heating loads. Conversely, in cooling-dominated climates, windows with 
lower TEI levels should be prioritized to mitigate the need for excessive 
cooling energy. As an alternative strategy, shading systems or overhangs 
could be deployed to limit direct solar irradiance, and thus minimize the 
consequent thermal effects on occupants and spaces. In mixed climates, 
where both heating and cooling needs are significant, the choice of 
window TEI level becomes more challenging. A careful evaluation and 
potentially a compromise in TEI level may be necessary to strike a bal
ance between optimizing thermal comfort and minimizing energy use. 

One compelling application of these findings is their integration with 
smart thermostats and occupancy sensors, specifically for near-window 
zones. Smart thermostats, which can be programmed to adjust temper
ature setpoints based on occupancy, time, and other factors, could be 
fine-tuned to consider the TEI levels of installed windows. For instance, 
in buildings with high TEI windows, smart thermostats could be pro
grammed to reduce the heating setpoint temperature when solar irra
diance is high, in order to leverage the thermal effects of these windows 
and save on heating energy. Conversely, in buildings with low TEI 
windows, smart thermostats could be programmed to increase the 
cooling setpoint temperature when solar irradiance is high to mitigate 
the additional cooling load induced by these windows. 

Additionally, the integration of occupancy sensors in near-window 
zones could further enhance the potential energy savings. These sen
sors could provide real-time data regarding whether occupants are 
present in the near-window zones and thus are directly affected by the 
solar radiation transmitted through the windows. A smart thermostat 
could then dynamically adjust the temperature setpoints based on both 
the TEI level of the window and the occupancy status of the near- 
window zone. For instance, if the sensors detected that the near- 
window zone was unoccupied, the smart thermostat could maintain a 
constant setpoint temperature, thereby saving energy by avoiding un
necessary heating or cooling. By harnessing the interplay between 
window properties, occupancy patterns, and programmable tempera
ture setpoints, building operators could leverage these integrations to 
optimize both thermal comfort and energy use. 

Lastly, another future avenue of exploration could involve the 
development of smart window systems with tunable transmittance 
properties, both in terms of intensity and spectrum. In specific climates 
and under varying solar conditions, a series of computations using the 
established TEI and related spectral-based estimation methods could be 
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