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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In subtropical Hong Kong, solar heat gain through glass windows contributes to a significant proportion of building cooling load. 
Therefore, in cooling dominated areas, the principal of window design includes both utilizing natural daylight and eliminating 
solar heat gain. In this study, a new heat insulated coating combined antimony-doped tin oxide (ATO) and cesium tungsten 
bronze (Cs0.33WO3) was developed. Based on measured properties of different glass samples, thermal and daylighting 
performance of different glass windows, including a clear glass window, a double-layer glass window, a low-e glass window and 
a coated glass window, were evaluated based on numerical simulation. Results indicate that the developed heat insulated coating 
can effectively reduce the solar heat gain while maintain the indoor daylighting illuminance at a high level. Up to 9.5% of 
building energy use can be saved if the coating is applied to south facing clear glass windows. 
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1. Introduction 

In subtropical Hong Kong, 31% and 12% of electricity was consumed by air conditioning and lighting for 
creating a thermally and visually comfortable built environment in the year 2015 [1]. Glass windows constitute an 
important element in building envelope since they are a compromise between energy efficiency and thermal and 
visual comfort [2]. On the one hand, solar heat gain via glass windows contributes to a significant proportion of 
building cooling load. The higher the solar heat gain, the greater the building cooling load and the larger electricity 
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consumption from the air conditioning system. On the other hand, the admission of daylight is one of the most 
important functions of glass windows. Natural light can not only improve the visual comfort and eye health of the 
occupant, but also reduce the electricity consumption from artificial lighting [3]. However, since daylight is the 
visible portion of solar radiation, these two conflict factors make it complicated to achieve an optimum design for 
glass windows [4]. 

Transparent heat insulated coatings, which can effectively reduce the solar heat gain while maintain good visible 
light transmittance, have been explored and used for energy efficient buildings. Antimony-doped tin oxide (ATO) is 
one of the most widely reported materials for heat insulated coatings, but this material shows poor near-infrared 
(NIR) shielding performance with wavelength between 780 nm and 1,300 nm [5]. However, cesium tungsten bronze 
(CsxWO3) was found to have a good NIR shielding performance at the range of 780 nm to 1,300 nm [6]. Therefore, 
in this study, a new heat insulated coating combined ATO and Cs0.33WO3 is developed. A systematic study is carried 
out on the thermal and daylighting performance of glass window using the developed heat insulated coating in 
comparison with conventional glass windows in cooling dominated Hong Kong. It is expected that the newly 
developed heat insulated coating can effectively reduce the unwanted solar heat gain and achieve building energy 
efficiency. 

2. Preparation and testing 

The heat insulated coating was mainly created by combining two types of nanoparticle dispersions – ATO and 
CS0.33WO3 – both of which were prepared based on hydrothermal methods. The details of the preparation of the heat 
insulated coating has been introduced by Xu et al. [7]. 

Two identical clear glasses provided by Ming Sheng Glass Pte Ltd, with one of them coated with the heat 
insulated coating, were used to evaluate the effect of the coating on thermal and daylighting performance of glass 
windows. A low-e glass, provided by Shandong Laiwu New Sunshine Glass Fibre Co., Ltd, was also employed for 
comparison. The optical properties of three glass samples were measured using a UV-VIS-NIR spectrometer. 

The UV-VIS-NIR transmittance spectrums and the average UV-VIS-NIR transmittance of glass samples are 
shown in Fig. 1 and Table 1, respectively. It can be observed that the NIR transmittance of the coated glass is 
significantly lower than that of the uncoated clear glass and low-e glass, indicating that the heat insulated coating 
can significantly reduce the transmitted solar heat gain. Although the average VIS transmittance of the coated glass 
is a little lower than that of the low-e glass, the coated glass can block the most UV light among three glass samples. 

 

 

Fig. 1. UV-VIS-NIR transmittance spectrums of glass samples 
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consumption from the air conditioning system. On the other hand, the admission of daylight is one of the most 
important functions of glass windows. Natural light can not only improve the visual comfort and eye health of the 
occupant, but also reduce the electricity consumption from artificial lighting [3]. However, since daylight is the 
visible portion of solar radiation, these two conflict factors make it complicated to achieve an optimum design for 
glass windows [4]. 

Transparent heat insulated coatings, which can effectively reduce the solar heat gain while maintain good visible 
light transmittance, have been explored and used for energy efficient buildings. Antimony-doped tin oxide (ATO) is 
one of the most widely reported materials for heat insulated coatings, but this material shows poor near-infrared 
(NIR) shielding performance with wavelength between 780 nm and 1,300 nm [5]. However, cesium tungsten bronze 
(CsxWO3) was found to have a good NIR shielding performance at the range of 780 nm to 1,300 nm [6]. Therefore, 
in this study, a new heat insulated coating combined ATO and Cs0.33WO3 is developed. A systematic study is carried 
out on the thermal and daylighting performance of glass window using the developed heat insulated coating in 
comparison with conventional glass windows in cooling dominated Hong Kong. It is expected that the newly 
developed heat insulated coating can effectively reduce the unwanted solar heat gain and achieve building energy 
efficiency. 

2. Preparation and testing 

The heat insulated coating was mainly created by combining two types of nanoparticle dispersions – ATO and 
CS0.33WO3 – both of which were prepared based on hydrothermal methods. The details of the preparation of the heat 
insulated coating has been introduced by Xu et al. [7]. 

Two identical clear glasses provided by Ming Sheng Glass Pte Ltd, with one of them coated with the heat 
insulated coating, were used to evaluate the effect of the coating on thermal and daylighting performance of glass 
windows. A low-e glass, provided by Shandong Laiwu New Sunshine Glass Fibre Co., Ltd, was also employed for 
comparison. The optical properties of three glass samples were measured using a UV-VIS-NIR spectrometer. 

The UV-VIS-NIR transmittance spectrums and the average UV-VIS-NIR transmittance of glass samples are 
shown in Fig. 1 and Table 1, respectively. It can be observed that the NIR transmittance of the coated glass is 
significantly lower than that of the uncoated clear glass and low-e glass, indicating that the heat insulated coating 
can significantly reduce the transmitted solar heat gain. Although the average VIS transmittance of the coated glass 
is a little lower than that of the low-e glass, the coated glass can block the most UV light among three glass samples. 

 

 

Fig. 1. UV-VIS-NIR transmittance spectrums of glass samples 
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     Table 1. Average UV-VIS-NIR transmittance of glass samples. 

Glass type UV (%) (300-380 nm) VIS (%) (380-780 nm) NIR (%) (780-2500 nm) 

Clear glass (without coating) 49.4 88.1 81.9 

Clear glass (with coating) 32.8 70.6 9.1 

Low-E glass 33.9 76.2 34.1 

3. Simulation 

Thermal and daylighting performance of the glass window with heat insulated coating were evaluated using a 
whole building energy simulation program – EnergyPlus [8]. Three types of conventional glass windows, including 
the clear glass window, the double-layer glass window and the low-e glass window, were adopted for comparative 
analysis. 

3.1. Simulation setup 

An office room, whose description is provided in Table 2, was used for the simulation study. It is assumed that 
there is only one external wall with window facing one direction while all other surfaces are adiabatic. The 
measured properties of the glass samples in Fig. 1 were used as the input of glass materials for clear glass window, 
coated glass window and low-e glass window, respectively. The double-layer glass window is composed of two 
layers of clear glass separated with a 6 mm air gap. 

Table 2. Brief description of the office 

Location Hong Kong (Latitude: 22.32˚ N, Longitude: 114.17˚ E) 

Dimensions 10.0 m (length) × 6.0 m (depth) × 3.6 m (height);  

Window-wall ratio = 0.6; 

Window height = 0.5 m 

Construction of external wall 5 mm mosaic tiles + 10 mm cement/sand plastering + 100 mm heavy concrete + 10 mm gypsum plastering 

Daylighting control Control type: continuous (minimum input power fraction = 0.3; minimum light output fraction = 0.2); 

Reference point: 500 lux at 0.75 m above floor in the middle of the office 

HVAC design parameters Operation hours: Monday – Friday: 06:00 - 20:00; Saturday: 06:00 – 16:00; Sunday: OFF 

Occupancy density: 13 m2/person; 

Lighting power density: 15 W/m2; 

Equipment power density: 10 W/m2; 

Outdoor air flow rate: 0.008 m3/s·person 

Thermostat set point temperature: 24 ˚C 

3.2. Solar radiation and daylighting illuminance profiles 

To further illustrate the effect of heat insulated coating on solar and visible performances of the office room, the 
average annual hourly transmitted solar radiation and indoor daylighting illuminance profiles (from 08:00 to 19:00) 
of the office room facing south using the clear glass window and the coated glass window were presented in Fig. 2. 
It can be observed that both of the profiles show the identical trends and peak at the same time. Compared with the 
clear glass window, the coated glass window can significantly reduce the transmitted solar radiation, resulting in less 
cooling energy demand during the daytime. Although the indoor daylighting illuminance of the office room with the 
coated glass is much lower than that with the clear glass, the average hourly indoor daylighting illuminance during 
the daytime can still meet the recommended lighting level of 500 lux. 
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Fig. 2. Average annual hourly transmitted solar radiation and indoor daylighting illuminance profiles 

3.3. Thermal and daylighting performance 

Fig. 3 shows the annual window heat gain per window area in different cases. It can be observed that the annual 
window heat gain of the coated glass window is the lowest among four glass windows. Compared to clear glass 
window, the application of double-layer glass window, low-e glass window and coated glass window can reduce the 
annual window heat gain by around 11%, 16% and 20%, respectively, for all orientations. Therefore, the heat 
blocking effect of heat insulated coating is significantly better than double-layer and low-e glass technologies in 
cooling dominated Hong Kong. In addition, the largest annual window heat gain appears in south orientation, 
followed by west, east and north orientations. 

 

 

Fig. 3. Annual window heat gain per window area for different orientations 

To get an idea of building energy use from space cooling and artificial lighting, cooling and lighting energy 
consumptions of the office room were obtained. Fig. 4 shows the annual cooling energy consumption per room area 
in different cases. For all orientations, the office room using the coated glass window consumes the lowest cooling 
energy. The largest cooling energy consumption is observed in south orientation. The cooling energy consumption 
of the south facing office room using double-layer, low-e and coated glass windows can be reduced by around 1.9%, 
8.4% and 10.6% compared with that using clear glass window. However, for north facing office room, only around 
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in different cases. For all orientations, the office room using the coated glass window consumes the lowest cooling 
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8.4% and 10.6% compared with that using clear glass window. However, for north facing office room, only around 
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The annual lighting energy consumption per room area in different cases is shown in Fig. 5. Obviously, the office 
room with clear glass window consumes the lowest lighting energy. The lighting energy consumption of the office 
room with low-e glass window is a slightly lower than that with double-layer glass window. For all orientations, the 
office room with coated glass is the worst in terms of the daylighting performance, and consumes around 1% more 
lighting energy than that with clear glass. The descending order of lighting energy consumption with respect to 
window orientation is east, north, south and west. 
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3.4. Energy saving potential 

Based on the simulation results of annual cooling and lighting energy consumptions, the annual total energy 
consumption and annual energy savings in different cases were obtained, as shown in Table 3. The results indicate 
that the office room with the coated glass achieves the largest annual energy saving for all orientations. Among all 
orientations, the south facing office room benefits the most from using the coated glass window. The south facing 
office room with coated glass can save around 9.5% of total building energy use per year. 
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     Table 3. Annual total energy consumption and annual energy savings. 

Type of glass 
window 

South East North West 

Consumption 
(kWh/m2) 

Saving 
(%) 

Consumption 
(kWh/m2) 

Saving 
(%) 

Consumption 
(kWh/m2) 

Saving 
(%) 

Consumption 
(kWh/m2) 

Saving 
(%) 

Clear 272.5 - 259.1 - 205.4 - 262.3 - 

Double-layer 268.0 1.7 255.2 1.5 204.7 0.3 259.1 1.2 

Low-e 252.0 7.5 241.1 7.0 195.1 5.0 243.7 7.1 

Coated 246.7 9.5 236.5 8.7 192.6 6.2 239.0 8.9 

4. Conclusions 

This study evaluated the thermal and daylighting performance of the glass windows using a newly developed 
heat insulated coating. The heat insulated coating was mainly created using ATO and CS0.33WO3 nanoparticle 
dispersions based on hydrothermal methods. The heat insulated coating achieved excellent NIR shielding property. 
A simulation model was developed to evaluate the thermal and daylighting performance of an office room with 
different glass windows, including a clear glass window, a double-layer glass window, a low-e glass window and a 
coated glass window. The results indicate that the coated glass window can effectively reduce the transmitted solar 
radiation and window heat gain, and performs the best thermal performance among different glass windows. 
Although the daylighting performance of the office room with coated glass window is worse than that with other 
glass windows, the average annual hourly indoor daylighting illuminance can exceed 500 lux during the daytime. 
South facing windows can benefit the most from the heat insulated coating among all orientations. Based on this 
study, it can be seen that the developed heat insulated coating is an excellent product for building energy efficiency 
in cooling dominated Hong Kong. 
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