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Abstract. In recent years, several intensive studies have been carried out in order to reduce the energy consumption of 
buildings. One solution lies on whole building energy simulation that permits to analyze the heat (and moisture) 
transfer through the building envelope and, consequently, is a way to understand how to improve the building 
performance. This papers aims to analyze the modeling level needed to successfully evaluate the heat transfer through 
glazing parts of windows in such whole building simulations as it is well-known that windows are the thermally 
weakest elements of the building envelope. 

In this way, predictions of glazing surface and zone air temperatures and energy demand obtained using both 
resistive and finite-volume based models are compared. Results show that for common window glazing structure and 
outdoor/indoor perturbations, differences between the two models are small. However, in the case of glazing 
presenting higher solar absorption and thermal inertia, the use of the finite-volume based model is required to 
accurately predict the glazing internal surface temperature and correctly analyze the building behavior such as energy 
consumption and condensation on the window glazing surface. 
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1. INTRODUCTION 

 
Glazing systems are usually thermally weak systems and are responsible for an important amount of heat losses or 

gains that can greatly affect the whole energy consumption of modern buildings. Works that have been proposed in the 
last few years, e.g. Askar  et al. (2001), Bahaj et al. (2008), Loutzenhiser et al. (2008), Poirazis et al. (2008), 
Papaefthimiou et al. (2009), Tanaka et al. (2009) and Urbikain and Sala (2009) justify the increasing interests in the 
glazing systems research area, mainly when they are coupled to building structures. 

The level of complexity required to numerically evaluate the effect of heat transfer through multilayered glazing 
systems on the building energy consumption clearly depends on the glazing properties and the external perturbations. 
Various simplifications regarding the treatment of heat transfer through glass panels are used in current building energy 
simulation programs such as EnergyPlus (Crawley et al., 2004) and TRNSYS (Klein et al., 2004). A two-node (four-
node) approach for single (double) glazing system (the so-called “Resistive Model”) has been used as a model to 
calculate the heat transfer through the glazing thickness. These simplifications are perfectly acceptable when dealing 
with glazing of small thickness for which thermal inertia is actually negligible but when applied to thicker or 
multilayered glazing, such as the one that are more and more commonly used in modern buildings, it may not represent 
the complex non-uniform distribution of conducted and absorbed solar radiation.  

Some studies (Powles et al., 2002, Ismail and Henriquez, 2003, and Strobel et al., 2007) showed that neglecting the 
glazing thermal inertia and/or considering the solar absorption in a simplified way could lead to notable errors on the 
evaluation of the glazing surface temperature and the Solar Heat Gain Coefficient. Evidently, those errors are amplified 
for thicker and more absorbing glazing materials.  

It should be noted that, in those analyses, the studied glazing systems were considered disconnected from the rest of 
the building. By integrating the model proposed by Strobel et al. (2007) into the PowerDomus Building Energy 
Simulation program (Mendes et al., 2003), the present study aims to analyze the modeling level needed to successfully 



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering 
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil 

 
 
evaluate the heat transfer through window glazing material in whole building simulation. In a first part, the two 
mathematical models employed here along with their main differences are presented. Then the description of the studied 
cases is given in a second section. The consequences of the simplest model’s simplifications on the evaluation of the 
glazing surface temperature, the zone air temperatures and the energy demands are reported in a third part. 

 
2. MATHEMATICAL MODELING 

 
2.1. Preliminary Notes 
 

The present mathematical models concern the determination of the so-called “center of glass” temperature, i.e., the 
temperature of the glazing itself. The window frame effect is then disregarded in the calculation of both the glazing 
temperature and zone heat gain. Moreover, the spectral dependency of the glazing optical coefficients (transmittance, 
reflectance and absorptance) is ignored here. Two window heat balance models are presented in this section: the 
simplified resistive model and the finite-volume based model. Both have been integrated into the Brazilian Building 
Energy Simulation program called PowerDomus (Mendes et al., 2003). 
 
2.2. Simplified Resistive Model  
 

The simplified resistive model (Fig. 1) is similar to those integrated in most building energy simulation programs 
and consists of evaluating the glazing surface temperatures using a two-node (four-node) approach for single (double) 
glazing systems. As described in the EnergyPlus Engineering Reference book (EnergyPlus, 2007), the window heat 
balance in this model is based on several assumptions: 

 
• the glass layers are thin enough that heat storage in the glass can be neglected; therefore, there are no heat 

capacity terms in the equations; 
• the heat flux is normal to the glass faces and is one dimensional; 
• the glass layers are opaque to infrared radiation; 
• the glass faces are isothermal. This is generally a good assumption since glass conductivity is very high; 
• the short-wave radiation absorbed in a glass layer can be apportioned equally to the two faces of the layer. 
 
The heat balance for a double-glazing window can be written as: 
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Figure 1. Simplified resistive model description. 

 
Where E is the long-wave radiation incident on window (W.m-2), h is the convective heat transfer coefficient (W.m-

2.K-1), k is the thermal conductivity (W.m-1.K-1), q is the heat flux (W.m-2), S is a source term (W.m-2), t is the time (s), T 
is the temperature (K), α is the thermal diffusivity (m2.s-1), ε is the surface emissivity (-) and σ is the Stefan-Boltzmann 
constant (W.m-2.K-4). The subscripts 1, 2, 3 and 4 are related to the glazing surfaces, o is for outdoor and i is for indoor. 
 

In Equation (1)-(4), Si is the radiation (short -wave and long-wave from zone lights and equipment) absorbed by the 
i-th layer. Short-wave radiation (solar and short-wave from lights) is assumed to be absorbed uniformly along a glass 
layer, so that for the purposes of the heat balance calculation it is split equally between the two faces of each layer, i.e., 
S1= S2 and S3= S4 for the double-glazing system. 

The “simplified” term has been added to emphasize the calculation of the absorption and transmission of solar 
radiation through the glazing system. The present model directly uses tabulated solar absorption and transmission 
coefficients obtained from the Window 5 program (Finlayson et al., 1995). Each coefficient is given for radiation 
incident angle ranging from 0° to 90° with a 10° increment. Values at intermediate angle are linearly interpolated. 
 
2.3. Finite-Volume Based Model 
 

The finite-volume based model (Fig. 2) has been presented in Strobel et al. (2007). The main differences with the 
simplified resistive model are: 

 
• the heat storage in the glass is taking into account by the resolution of the one-dimensional transient heat 

conduction within the glazing material; 
• the solar radiation absorption is a function of the location inside the glazing material;  
• the solar radiation absorption and transmission coefficients are evaluated according to the radiation incident 

angle (and not tabulated) using the calculations presented in Siegel and Howell (2001); 
• the value of the convective heat transfer coefficient between the two glass layers of a double-glazing system 

can be imposed constant or calculated according to the gas temperature and properties, the spacing between the glass 
layers and the window height using the correlations of Wright (1996); 

• the properties of the gas between the two glass layers of a double-glazing can be imposed constant or 
calculated according to the expressions described in Finlayson et al. (1993). 

 

 
 

Figure 2. Finite-volume model description. 
 

The general equation for the heat transfer across a glazing is given by Eq. (5): 
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The boundary conditions are similar to the ones described for the simplified resistive model, i.e., the radiative and 
convective heat fluxes are taking into account at the glass layers’ surfaces. The governing partial differential Eq. (5) is 
discretized using a fully-implicit scheme and the equations system is solved by means of the Tri-Diagonal Matrix 
Algorithm (TDMA). The radiation absorption that takes into account the solar ray multiple reflections between the two 
surfaces of a single glazing and between the two glass layers of double-glazing system is introduced in the source term 
of Eq. (5). Two options are available for calculating the absorbed radiation (Fig. 2):  

• the absorption can be considered uniformly distributed within the glazing material and is, as a consequence, 
very close to the previous model; or 

• the absorption can be precisely evaluated using the algorithm presented by Strobel et al. (2007) that accounts 
for the exponential attenuation of the radiation energy intensity in the glazing material according to the electromagnetic 
theory of radiation energy propagation. 

 
3. SIMULATION PROCEDURES 

 
3.1. Building Structure 

 
In order to verify and report the differences between the two glass-systems mathematical models, the BESTEST 

geometry presented by the International Energy Agency (IEA, 1995) has been chosen. Data provided by many building 
simulation programs – developed for the Building Energy Simulation Test (BESTEST) and Diagnostic Method report – 
have been used to define which are the most relevant situations to use a more complex model. 

One BESTEST building structures have been chosen and are based on the single-zone model of the BESTEST 
methodology for the low-thermal mass (600FF) cases. Figure 3 shows the building model geometry, while Table 1 
presents the building envelope material properties and Table 2 shows the window properties for the BESTEST case. 

The 600FF geometry is made up of one room with 8.0 m X 6.0 m X 2.7 m of length, width and height, respectively. 
There are also two south-oriented 6.0 m² windows. The input signals applied on the building simulation tool are the 
Denver’s weather variables, that is: outdoor temperature, outdoor relative humidity and diffuse and direct solar 
radiations. Also one forced ventilation rate of 0.5 air changes per hour and a 200 W internal hot gain (100% sensible : 
60% radiative, 40% convective) have been applied to the zone. In the heating and cooling loads, temperatures of: i) 
heating if air temperature is less than 20°C and; ii) cooling if air temperature is higher than 27°C have been adopted. 

 
Table 1. Materials for lightweight case (BESTEST 600FF).  

Materials k (W/m²) ρ (kg/m³) cp (J/kg.K) d (m) 
Exterior Wall (inside to outside) 

Plasterboard 0.16 950 840 0.012 
Fiberglass quilt 0.04 12 840 0.066 
Wood siding 0.14 530 900 0.009 

Floor (inside to outside) 
Timber flooring 0.14 650 1200 0.025 

Insulation 0.04 10 1400 1.003 
Roof (inside to outside) 

Plasterboard 0.16 950 840 0.0100 
Fiberglass quilt 0.04 12 840 0.1118 
Wood siding 0.14 530 900 0.0190 

 

Table 2: Window properties. 

Property Value 
Pane thickness (standard 1/8’’ glass under the inch-pound  ([IP] 

system) 
3.048 mm 

Air-gap thickness 12.7 mm 
Index of refraction 1.526 

Normal direct-beam transmittance through one pane in air 0.86156 
Conductivity of glass 1.06 W/m.K 

Conductance of each glass pane 333 W/m².K (R: 0.003 m².K/W) 
Combined radiative and convective coefficient of air gap 6.297 W/m².K (R: 0.1588 m².K/W) 

External convective heat transfer coefficient 24.0 W/m².K (R: 0.0416 m².K/W) 
Internal convective heat transfer coefficient 3.0 W/m².K (R: 0.333 m².K/W) 

Overall heat transfer coefficient (U) (Double glazing) 3.0 W/m².K (R: 0.333 m².K/W) 
Overall heat transfer coefficient (U) (Single glazing) 2.6 W/m².K (R: 0.378 m².K/W) 

Hemispherical infrared emittance of ordinary uncoated glass 0.84 
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Density of glass 2200 kg/m³ 
Specific heat of glass 750 J/kg.K 

Double-pane solar heat gain coefficient (at normal incidence - 
SHGC) 

0.787 

 

Figure 3: BESTEST dimensions (600FF). 

 
3.2. Simulation Parameters 

 
A two-year simulation period with objective of avoiding the effects caused by the initial conditions has been 

adopted. The results presented in this work have been obtained on the second year of simulation. A previous study to 
define the time step for the simulations has been performed and, according to the results, a 900 s time step has been 
chosen. The number of nodes needed in the finite-volume based model has also been selected by previous tests and, in 
Fig. 4, comparisons for the BESTEST 600FF simulations, where just the number of nodes has been changed, are 
presented. According to the results presented in Fig. 4, it is noticed that 10 nodes are enough to perform a simulation 
with a maximum error of 0.1 °C on the glass surface. 

 

 

Figure 4: Absolute error as a fraction of the number of nodes. 

 

4. RESULTS 
 
This section presents comparisons between the simplified resistive and the finite-volume based models. In addition, 

comparisons to the results (temperature variations and heating and cooling loads) obtained by different softwares during 
the development of the International Energy Agency study (IEA, 1995) for the BESTEST 600FF and 600 cases have 
also been reported in this work. 

First, a single glazing system applied to the BESTEST 600FF building structure (originally composed of double-
glazed windows) has been simulated in order to verify the correct physical behaviors of the proposed models. After 
those validation procedures, an original case study based on BESTEST 600FF with a double glazing system of higher 
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thermal inertia and solar absorption has been evaluated in order to emphasize the differences between the two building 
simulation models. All the results presented in this article regarding the zone air and glass internal surface temperatures 
are reported for the 4th of January (winter) and 27th of July (summer). 

 
4.1. Single Glazing System 

 
Figure 5 presents the variation of the glass internal surface temperature for the single glazing system. Both models 

give identical responses because of the high conductivity and small thickness of the glass. As a consequence, the 
variations of the zone air temperature obtained using the simplified resistive and the finite-volume based models are 
also identical (Fig. 6). 

 

 

Figure 5: Glass internal surface temperature for the single glazing system configuration. 

 
 

 

Figure 6: Zone air temperature for the single glazing system configuration. 

 
4.2. Double glazing system of high inertia 

 
The present case concerns the low inertia building (600FF case) with a double glazing system of high thermal 

inertia. The objective of this configuration is to evaluate the difference between the two models in an extreme case 
where most of the solar radiation is actually absorbed within the glass panels of the window and do not directly enter 
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into the building. For the present case, the two options have been tested for the finite-volume based model: the 
absorption has been considered uniformly distributed within the glazing material (identified as “uniform”) or the 
absorption has been precisely evaluated using the algorithm accounting for the exponential attenuation of the radiation 
energy intensity in the glazing material (“non-uniform”).  

Figure 7 presents the indoor glass surface temperature variations obtained with the three models. Firstly, there is 
almost no difference between the two ways of considering the solar absorption within the glazing material. Note that no 
effect of those two approaches has been observed for the previous configurations of conventional glazing systems. 
Secondly, the simplified resistive model predicts much lower temperature during the sunny hours with a maximum of 
about 4°C for the winter day. Figure 8 shows the effect on the indoor temperature that is much attenuated and almost 
inexistent for the summer day. Statistically, the difference between the two models is higher for this double glazing 
system of high inertia where mean indoor air temperature is 0.25°C higher for the finite-volume based model (Tab. 3). 
As a consequence, heating and cooling loads are respectively much lower and higher for this model (Tab. 4). In 
particular, compared to the results obtained with the simplified resistive model, the cooling energy and power peak 
increase of about 50% and 25%, respectively. The impact on the condensation risk is also notable: 39.5 hours of 
condensation has been calculated for the resistive model and only 19 hours for the second model. 
 

 

Figure 7: Glass internal surface temperature for the double glazing system configuration. 
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Figure 8: Zone air temperature for the double glazing system configuration. 

 
Table 3: Zone air temperature comparisons for the double glazing system of high inertia. 

 MODEL 

ZONE AIR 
TEMPERATURE 

Simplified resistive 
Finite-volume based 

(non-uniform) 
Finite-volume 

based (uniform) 

MINIMUM (°C) -19.60 -19.52 -19.52 
MAXIMUM (°C) 40.99 41.44 41.26 

MEAN (°C) 16.30 16.57 16.54 
 

Table 4: Heating and cooling loads comparisons. 

 HEATING COOLING 

MODEL 
ENERGY 
(MWh) 

PEAK 
(kW) 

PEAK DATE – 
TIME 

ENERGY 
(MWh) 

PEAK 
(kW) 

PEAK DATE – 
TIME 

Simplified resistive 5.803 3.680 04/01 - 2:00 0.701 1.580 26/07 - 15:00 
Finite-volume based 5.541 3.787 04/01 - 2:00 1.040 2.005 11/08 - 13:00 

 
5. CONCLUSIONS 

 
Due to the effects caused by glazing elements in the thermodynamical behavior of buildings, as internal gains/losses, 

the heat transfer calculation through glass surfaces is an important issue which has to be taken into account when the 
building hygrothermal and energy simulation is considered. 

Comparisons between two glazing heat transfer models coupled to a standard building geometry have been 
presented in this work. No difference between the predictions obtained by the resistive model and the finite-volume 
based model has been observed in the case of single glazing windows. However, when a double glazing system is 
present, notable differences appear regarding the energy demand and condensation occurrence. In this case, the 
simplified resistive model is no more legitimate and the absorption of solar radiation within the glazing system has to be 
better described. 

Although the present study has been focused on a limited number of building configurations, it has nevertheless put 
into relief some important limitations of the model that is commonly integrated in building energy simulation programs 
to calculate the heat flow through glazing systems. In particular, caution has to be exercised when studying energy 
demand and problems related to the glazing system surface temperature (e.g. condensation and thermal comfort) of 
buildings with a large percentage of their envelope made up of double-glazing systems. 
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