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Abstract: Synergistic active-passive utilization of solar energy in buildings plays an important role 

in achieving nearly zero energy buildings. Building-integrated photovoltaic (BIPV) is a crucial 

initiative to reduce heating energy consumption, especially in cold climate zones with abundant solar 

radiation. However, few studies have examined the impact of design parameter of photovoltaic 

combined vacuum glazing (PVCVG) on building energy efficiency. This study assessed the energy 

performance of Several typical Windows and PVCVG with various Window-to-Wall Ratio (WWR) 

design conditions in residential buildings in Lhasa, and investigated how the WWR and orientation 

of PVCVG influence energy consumption by DesignBuilder software. The findings indicate that 

PVCVG exhibits great energy-saving potential in Lhasa, with both orientation and WWR of PVCVG 

substantially affecting energy consumption. Specifically, When the south-facing WWR > 40%, the 

energy generated by the three kinds of PV Windows can meet the building's requirements. the 

optimal orientation for PVCVG is southward, followed by east and west orientations. PVCVG reaches 

optimal energy satisfaction when the South WWR is 85%. This study is expected to provide useful 

information for improving the energy use efficiency in cold climate zones with abundant solar 

radiation and promoting sustainable building development. 

Keywords: photovoltaic window; Window-to-Wall Ratio (WWR); orientation; power generation; 

energy performance 

 

1. Introduction 

Energy serves as the foundation for human survival and development, with energy 

consumption serving as a reflection of economic and social progress. In 2018, during construction 

operations, building energy consumption constituted 21.7% of China's total energy consumption. 

However, windows exhibit the poorest thermal performance, accounting for approximately 60% of 

the energy loss within the building envelope [1]. The challenge is especially obvious in Lhasa. The 

cold climate leads to high heating demands. The shortage of conventional energy sources forces 

reliance on external energy supplies to meet regional needs. Faced with the double pressures of 

energy supply and demand, solar power becomes a feasible alternative to traditional fuels. The 

integration of solar technology into architectural designs is a crucial trend in the future development 

of Tibet because of its great advantages in improving energy efficiency and facilitating practical use. 

Building-integrated photovoltaic (BIPV) technology involves incorporating photovoltaic 

components into the building's exterior, creating a synergy between architectural design, structural 

integrity, and the multifunctional attributes of building materials, while also facilitating renewable 

energy production [2]. PV modules can be integrated into various building surfaces and are classified 

into four main categories: BIPV-roofs (including flat roofs, sloped roofs, skylights, etc.), BIPV facades, 

BIPV windows, and BIPV shadings [3]. As shown in Figure 1. 
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contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2025 doi:10.20944/preprints202501.1809.v1

©  2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202501.1809.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 19 

 

 

Figure 1. Classification of the BIPV system. Sources: [3]. 

Photovoltaic (PV) glazing is manufactured by embedding photovoltaic cells within glass, 

significantly affecting a building's energy performance through its optical, thermal, and electrical 

properties [4]. Figure 2 shows how the PV glazing module impacts the energy consumption of the 

structure. Photovoltaic glass effectively captures solar radiation while minimizing the amount of 

radiation that penetrates into interior spaces, thereby influencing both the solar heat gain coefficient 

(SHGC) and the U-value of the window. SHGC and U-value are critical in determining a room's 

thermal gain or loss, rendering them essential factors for evaluating a building's energy performance 

[5]. The thermal performance of a window is defined by its U-value, which measures heat loss due 

to temperature differences between indoor and outdoor environments, along with the SHGC, which 

quantifies incoming solar energy through glazing [6]. The electrical performance is evaluated based 

on power generation efficiency and total energy output from photovoltaic glazing [7]. The 

transmittance of visible light (TVIS) through photovoltaic glass significantly impacts energy 

consumption in building lighting systems. A comprehensive set of parameters, including glare, 

illuminance levels, uniformity of illuminance, and color rendering index, was utilized to evaluate the 

indoor lighting conditions [8]. 
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Figure 2. The process of PV glazing influence on building energy consumption. 

Previous studies on the thermal performance of photovoltaic (PV) windows have demonstrated 

that these windows offer significant advantages in cooling-dominated regions [9]. In the heating 

season, the heating load may increase because incoming solar heat gain is low with PV glazing. 

Additionally, the thermal insulation of the PV glazing is poor for the heating-dominated regions [10]. 

Regarding the abovementioned matter, a novel PVCVG (photovoltaic combined vacuum glazing) is 

proposed to improve the thermal performance of the conventional PV glazing [11]. The thermal and 

electrical performances of the PVCVG have been assessed through laboratory experiments and field 

tests [12]. The overall annual energy performance of the PVCVG in Hong Kong was examined [13]. 

It was suggested that the PVCVG could enhance the thermal performance and overcome the 

deficiency of the PV glazing. 

The substitution of conventional transparent glass with photovoltaic glass significantly enhances 

solar power generation. However, it may also result in a reduction of passive solar thermal gain and 

an increase in energy consumption for artificial lighting. Furthermore, alterations in electricity 

production and energy utilization for heating, cooling, and illumination do not necessarily yield a 

positive effect on the overall energy consumption of the building, which is profoundly influenced by 

window orientation and the Window-to-Wall Ratio (WWR). Shen et al. [14] examines the optimal PV 

cell coverage ratio regarding the energy consumption of office buildings in central China where PV 

façades have been adopted, considering various combinations of architectural variables such as room 

depth, WWR, and orientation. Liao et al. [15] used EnergyPlus to simulate and compare the energy 

consumption of photovoltaic glass with three conventional glass types in power generation, lighting, 

cooling, and heating. They considered five building factors: room depth, height, width, window 

height, and WWR. Results indicate that photovoltaic glass outperforms single and double glazing in 

energy performance. It is particularly advantageous in shallow rooms with large windows or high 

ceilings compared to traditional glass. Poh Khai Ng et al. [16] performed an energy analysis of PV 

glazing in Singapore, highlighting the potential of PV glazing in various orientations within tropical 

regions. And this study specifically highlighted the necessity of optimizing the WWR through diverse 

design strategies to maximize energy benefits. Chow et al. [17] conducted an investigation into the 

performance of translucent amorphous silicon windows in an office building located in Hong Kong. 

Their findings indicate that at a WWR of 0.33, a visible transmittance range of 0.45 to 0.55 achieves 

optimal energy-saving performance. Miyazaki et al. [18] employed EnergyPlus to investigate the 

impact of PV window transmittance and WWR on heating and cooling loads, daylighting, and power 

generation in office buildings. The findings indicate that a solar cell transmission rate of 40%, when 

combined with a WWR of 50 percent, effectively reduces energy consumption. Kapsis et al. [19] 

employed DAYSIM to investigate the annual daylight performance of various PV window 

configurations within a cooling-dominated continental climate. The study examined the effects of 

WWR, orientation, and lighting design on the selection of optimal optical properties for PV glazing. 

Zhang et al. [20] compared the energy performance of PV windows to that of commonly used energy-

saving windows. The results indicate that PV glazing can achieve a reduction in total electricity 

consumption of up to 18% and 16% per year, respectively, when compared to clear single-pane and 

double-pane glazing in cooling-dominated regions such Hong Kong. Olivieri et al. [21] investigated 

four transparent photovoltaic modules with varying transmittance levels in Madrid. The study 

revealed that the solar protection and insulating properties of a-Si photovoltaic modules are less 

effective than those offered by traditional glazing. 

Variations in the WWR have a complex and multifaceted impact on building energy 

consumption [22]. On the one hand, enlarging the window area can enhance natural illumination and 

augment the quantity of solar radiation penetrating the indoor environment, thereby contributing to 

a reduction in winter heating energy requirements. On the other hand, this modification may also 

result in elevated cooling energy demands during summer months [23]. Additionally, the WWR 

impact both the indoor lighting environment and associated lighting energy consumption [24]. The 
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intensity of solar radiation received by windows with varying orientations significantly influences 

the available solar radiation within interior spaces [25]. Consequently, it is essential to investigate the 

impact of PVCVG orientation and WWR on the heating, cooling, and overall annual energy 

consumption in residential buildings located in Lhasa. At present, scholars have carried out a number 

of research activities on the energy consumption of photovoltaic glass in different climate zones, but 

the examination of the PVCVG system in Lhasa, a region distinguished by its cold climate and 

substantial solar radiation potential, remains insufficiently explored. Therefore, this study focuses on 

two aspects: On the one hand, the energy performance of PVCVG and several typical windows 

utilized in residential buildings in the Lhasa area was compared. On the other hand, we explore how 

the design parameters of PVCVG, such as the WWR and orientation, influence its energy 

performance. 

This study aims to provide guidance on the WWR decision-making process for PVCVG and 

other types of windows for residents in cold climate zones. Furthermore, the optimization of WWR 

discussed in this paper contributes to reducing the operational demands of active systems and 

facilitates energy savings [26]. Therefore, exploring the optimal WWR may provide valuable insights 

for future research on the relationship between building energy consumption and window systems. 

2. Research Methodology 

2.1. Research Framework 

To investigate the overall energy performance of the PVCVG, this study utilized DesignBuilder 

to develop a comprehensive model of a typical residential building featuring this PVCVG window. 

The energy simulation process consists of three stages: (1) the parameters of window units, (2) 

residential prototype modeling and weather data invoking, (3) simulations of window units under 

different design parameters. As shown in Figure 3. 

In the first stage, the optical and thermal properties of various glazing systems were assessed 

using the Berkley Lab WINDOW software [27]. The Berkeley Lab WINDOW offers a comprehensive 

library of glazing systems designed to aid users in creating more intricate window configurations. 

Vacuum glass and PV glass were identified as suitable materials for window applications in the 

Berkley Lab WINDOW. Subsequently, multi-layer models of PVCVG, along with several 

representative glass configurations, were developed to evaluate their performance characteristics. 

The measured properties of the window units were employed to calculate key metrics, including U-

value, solar heat gain coefficient (SHGC), and visible light transmittance (TVIS). These parameters 

can subsequently be imported into DesignBuilder for further analysis. 

In the second stage, a three-dimensional model representing a typical small residential building 

was developed, featuring dimensions of 3 meters in width, 3 meters in depth, and 3.3 meters in 

height. The only external wall is equipped with a window. Subsequently, the facade view of the 

window was established, simulation parameters regarding room energy consumption were inputted, 

and weather data specific to Lhasa was utilized. 

In the third stage, several representative window units were selected as competitors to vacuum 

photovoltaic glass in order to evaluate the energy performance of different windows in Lhasa. To 

gain a comprehensive understanding of the energy performance of PVCVG, the orientation of the 

windows and their WWR were adjusted to analyze the impact of various architectural design factors 

on different energy consumption aspects, including lighting, cooling, heating, power generation, and 

net energy consumption. 
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Figure 3. Framework of simulating the energy consumption. 

2.2. Window Units 

Flexible cadmium telluride (CdTe) thin-film solar cells offer the advantages of lightweight 

construction and customizable shapes [28]. CdTe can be fabricated into millimeter-wide strips that 

are uniformly arranged on the glass surface, facilitating even natural light transmission without 

casting shadows [29]. CdTe PV glazing allows for the adjustment of cell coverage ratio (CCR), 

achieving a transmittance range from 10% to 90%, with most applications typically utilizing a 

transmittance between 30% and 60%. This technology enables energy savings in buildings while also 

enhancing indoor lighting quality [30]. 

Vacuum glass utilizes a specialized structure within the vacuum layer, which eliminates thermal 

conductivity and convective heat transfer, effectively obstructing heat conduction between indoor 

and outdoor environments [31]. This significantly reduces the heat transfer coefficient (U-value), 

making it particularly advantageous in cold regions due to its superior thermal insulation 

performance and energy-saving effects. Consequently, it serves as an optimal complementary 

technology for photovoltaic glass by substantially minimizing heat loss and reducing the heating 

consumption [32]. 

In this study, PVCVG, which integrates CdTe thin-film photovoltaic glass with vacuum glazing 

technology, is selected as a representative approach. A fundamental model of the vacuum 

photovoltaic window is developed using photovoltaic glass with 40% light transmittance and 

vacuum glazing based on the most widely adopted parameters for the vacuum layer. As shown in 

Table 1. 

Table 1. Parameters and structure of PVCVG. 

PVCVG parameters PVCVG structure 

PV glazing 

type 

Structure 

3.2 mm cover plate + 

Thin-film PV Cell + 3.2 

mm substrate 

Light transmittance 40% 

Thin-film Cell CdTe 

Air gap Thickness 15mm 
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Vacuum glass 

type 

Structure 

5mm Clear glass + 

0.2mm air gap + 5mm 

Clear glass 

 

Height of pillars 0.2mm 

Diameter of pillars 0.3mm 

Array spacing 30mm 

Pressure 0.001pa 

To analyze the energy consumption associated with various window types employed in 

residential buildings in Lhasa, we selected representative categories of traditional and Photovoltaic 

windows. The traditional window types include Single Glazing (SG), Double Glazing (DG), Vacuum 

Glazing (VG), and Photovoltaic windows include Single PV Glazing (S-PV), Double PV Glazing (D-

PV), and PV Combined Vacuum Glazing (PVCVG). Performance parameters for photovoltaic glass 

were provided by manufacturers and subsequently imported into WINDOW software. The thermal 

and optical properties of standard glass were obtained from the IGDB international glass database. 

this data was then integrated into WINDOW thermal calculation software to evaluate the thermal 

performance of different window configurations. The structural characteristics and thermal 

parameters of these diverse window types are summarized in Table 2. 

Table 2. Typical window units and parameters. 

Window units Structure U-value SHGC TVIS 

Single glazing (SG) 5mm clear glass 5.913 0.864 0.899 

Double glazing (DG) 
5mm clear glass+15mm air gap+5mm 

clear glass 
2.730 0.768 0.814 

Vacuum glazing (VG) 
5mm clear glass +0.2mm Vacuum gap 

+5mm clear glass 
2.228 0.756 0.814 

Single PV glazing (S-

PV) 
7mm PV glazing 5.261 0.571 0.435 

Double PV glazing 

(D-PV) 

7mm PV glazing +15mm air gap 

+5mm clear glass 
2.657 0.470 0.398 

PV combined 

vacuum glazing 

(PVCVG) 

7mm PV glazing +15mm air gap 

+5mm clear glass +0.2mm vacuum 

gap +5mm clear glass 

1.574 0.410 0.366 

2.3. Residential Prototype Modeling 

2.3.1. Residential Prototype Geometry and Parameters 

The widely adopted building energy simulation software encompasses EnergyPlus, DOE2 and 

DesignBuilder. By capitalizing on the friendly interface, comprehensive database, and sophisticated 

energy consumption simulation capabilities of DesignBuilder. Numerous scholars have utilized this 

tool to conduct a variety of energy consumption studies while concurrently validating the accuracy 

of its simulations. 

The established standard living unit measures 3m in length, 3m in width, and 3.3m in height. 

Given that the simulated building type is a residential building, the family mode 'Domestic 

Circulation' has been selected from the Activity Template. The model incorporates factors pertinent 

to building energy consumption, including occupant activity levels, calculated indoor temperatures 
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for winter and summer, indoor illumination levels, and fresh air conditions. Based on the actual 

circumstances of the simulated building, the average occupancy is set at 3 individuals per 100 m2. 

The human metabolic rate is defined as 0.90. Indoor lighting is configured to achieve an illumination 

level of 100 lux while maintaining indoor temperatures of 18℃ during winter and 26℃ during 

summer. The Performance model of Photovoltaic panel adopts the simple power generation mode, 

and the Cell efficiency value is set to 15%. And its Fraction of surface with active solar cells is set to 

0.6. The heat transfer coefficient for external walls is specified as 0.35 W/(m2·K), whereas that for roofs 

is designated at 0.25 W/( m2·K). 

2.3.2. Scenarios of Window Proportion Design 

The WWR represents the ratio of the window area to the façade area. This metric is a crucial 

factor in façade design, as it significantly influences the energy efficiency of a building [33]. The 

general guideline in architectural design posits that a small to moderate window-to-wall ratio (WWR) 

is regarded as the most energy-efficient façade configuration. Although current regulations stipulate 

that the WWR limit for windows in cold climate zones of China is set at 50%, this standard primarily 

applies to traditional window designs. To evaluate the optimal WWR for various types of 

photovoltaic windows, this research project determined that the appropriate simulation range for 

WWR should encompass values from 10% to 90%. 

The effective lighting area is not computed for window openings that are less than 0.8m from 

the ground. Consequently, the opening windows of the building should preferably be positioned 

above 0.8m. The facade design of different WWR is depicted in Figure 4. 

 

Figure 4. Scenarios of window proportion design. 

2.3.3. Weather Data in Building Simulation 

When engaging in building-related practices and research, the utilization of local weather data 

is essential. Building performance simulations were conducted using hourly time steps over an entire 

year, employing the ASHRAE weather data of Lhasa. Figure 5 shows the temperature and solar 

radiation circumstances in a typical year in Lhasa. The diurnal temperature variation can surpass 20

℃, with a maximum wet bulb temperature of 12℃ and a minimum of -14℃. The total hourly 

horizontal solar radiation in this region can reach up to 850 W/m2, while the direct solar radiation 

may attain levels of up to 760 W/m2. 
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Figure 5. Weather data for Lhasa. 

2.4. Simulation Method 

In this study, the energy-saving performance of typical window types was evaluated with 

DesignBuilder based on Lhasa's typical climate data. The six exterior window types mentioned earlier 

are considered variables, and the residential prototype specifies the south-facing window unit, with 

the WWR increasing from 10% to 90% in 10% increments, to analyze the energy consumption changes 

of typical windows with different WWR. 

Furthermore, the architectural design parameters of residential units utilizing PVCVG are 

simulated to analyze the impact of water level differences and orientation on energy consumption. 

To evaluate the performance of PVCVGs accurately, the residential prototype treats orientation and 

WWR as variables, with a minimum WWR established at 10%, incrementally increased to 90% in 5% 

increments. This study investigates the effects of varying orientations and WWR on heating, cooling, 

lighting, overall energy consumption, and net energy consumption in residential buildings. 
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3. Results 

3.1. Energy Performance of Typical Window Units 

Figure 6 illustrates the energy performance of six kinds of representative windows with different 

WWR. Lighting energy consumption slightly decreases as WWR increases, remaining between 50 

and 60 kwh. Regardless of the type of window, the influence of lighting energy consumption on the 

annual energy consumption is very limited, accounting for approximately 10% to 20% of the annual 

overall energy consumption. 

When the WWR≤20%, there is no cooling energy consumption for the six window types. When 

the WWR>30%, the cooling energy consumption rises along with the increase of WWR. When the 

WWR varies from 10% to 90%, the cooling energy consumption of S-PV, D-PV and PVCVG windows 

is still lower than the heating energy consumption. Meanwhile, the cooling energy consumption of 

SG, DG, and VG windows is significantly higher than that of S-PV, D-PV, and PVCVG windows. 

When the WWR>40%, the cooling energy consumption of SG, DG and VG windows surpasses the 

heating energy consumption and even becomes a major component of the annual energy. 

When the WWR varies from 10% to 90%, the heating energy consumption of S-PV, D-PV, and 

PVCVG windows is significantly higher than that of SG, DG, and VG windows. When the WWR is 

50%, the heating energy consumption of the SG window is 29.7% of the S-PV window, the DG 

window is 9.99% of the D-PV window, and the VG window is 6.9% of the PVCVG window. 
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Figure 6. Energy performance of typical windows. 

The annual energy consumption of several types of windows is significantly influenced by 

WWR. Heating energy consumption constitutes the main part with the small WWR. In the large 

WWR condition, the primary overall energy consumption of SG, DG, and VG windows is cooling 

energy consumption, while for S-PV, D-PV, and PVCVG windows, the primary overall energy 

consumption is heating energy consumption. When the WWR is 50%, the main energy consumption 

of the VG window is cooling energy consumption, accounting for approximately 73.08% of the annual 

energy consumption. However, the main energy consumption of the PVCVG window is heating 

energy consumption, accounting for about 74.4% of the overall energy consumption. Additionally, 

when the WWR varies from 10% to 50%, the overall energy consumption of S-PV, D-PV, and PVCVG 

windows is higher than that of SG, DG, and VG windows. When the WWR changes from 60% to 90%, 

the overall energy consumption of the PV windows is lower than that of the traditional windows. 
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Even when the WWR is 90%, the overall energy consumption of the PVCVG window is merely 28.4% 

of the VG window. 

The power generation of S-PV, D-PV and PVCVG windows significantly increases along with 

the rise of WWR. When the WWR varies from 10% to 90%, the generation of the PV window rises 

from 77.99 kWh to 854.5 kWh. 

When the WWR≤20%, the net energy consumption of SG, DG, and VG windows is lower than 

that of S-PV, D-PV, and PVCVG windows. When the WWR is 30%, the energy performance of S-PV, 

D-PV, and PVCVG begins to demonstrate an advantage. When the WWR is 40%, the net energy 

consumption of the S-PV, D-PV, and PVCVG windows starts to become negative. When the WWR 

continues to increase to 90%, the net energy consumption of S-PV, D-PV, and PVCVG windows is -

451.54 kWh, -584.33 kWh, and -628.26 kWh respectively, generating more surplus electric energy. The 

surplus power generated by PVCVG is significantly higher than that produced by other types of 

windows. 

3.2. PVCVG Energy Performance with Different Orientation and WWR 

3.2.1. Lighting Energy Consumption 

The lighting energy consumption of the residential prototype is influenced by variations in 

orientation and WWR, as shown in Figure 7. The lighting energy consumption across all operational 

conditions ranges from 50 to 60 kWh. In the simulations conducted for this study, alterations in 

orientation do not result in significant variations in lighting energy consumption. however, rooms 

with north-facing windows exhibit the highest lighting energy usage, followed by those with south-

facing windows, while west-facing and east-facing windows show slightly lower levels of energy 

consumption. When the WWR is between 10% and 50%, an increase in WWR correlates with a 

decrease in lighting energy consumption. When WWR rises to between 50% and 90%, there are no 

substantial changes observed in lighting consumption, which indicating that the WWR exceeding 

50% for any direction can adequately fulfill daytime lighting requirements for the room. 

 

Figure 7. lighting energy consumption of PVCVG. 

3.2.2. Heating Energy Consumption 

The heating energy consumption of the residential prototype is illustrated in Figure 8. The 

heating consumption of rooms with varying orientations exhibits a decreasing trend from north to 

west, east, and south. The heating energy consumption of this room consistently ranges between 

670.51 kWh and 739.87 kWh, and there is no significant variation in the heating energy consumption 

of the north-facing room with windows relative to its WWR. In contrast, the heating energy 

consumption of east-facing oriented and west-facing rooms decreases with an increase in WWR, 

exhibiting more significant variations in the energy consumption of east-facing rooms. Specifically, 
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as the WWR ascended from 10% to 90%, the heating energy consumption of the south-facing room 

declined from 619.52 kWh to 41.06 kWh, constituting merely 6.63% of the original. 

 

Figure 8. Heating energy consumption of PVCVG. 

3.2.3. Cooling Energy Consumption 

The residential prototype with PVCVG in Lhasa generates only minimal cooling energy 

consumption, as shown in Figure 9. When the WWR≤25%, negligible cooling energy consumption 

is observed in rooms with north-facing and south-facing windows. However, surpassing this 

threshold leads to a modest increase in cooling energy consumption. A positive correlation exists 

between WWR and cooling energy consumption. The correlation between energy consumption and 

WWR is more pronounced in rooms facing west and east, while the correlation between energy 

consumption and WWR is insignificant in rooms facing south or north. For example, when the WWR 

varies from 10% to 90%, the cooling energy consumption of the east-facing PVCVG rises from 0 to 

150.83 kWh, while that of the north-facing room with windows increases from 0 to 27.41 kWh. 

Importantly, this cooling energy expenditure constitutes merely 5% to 10% of overall annual energy 

consumption. Therefore, it is crucial to incorporate additional categories of energy consumption for 

a more comprehensive assessment of WWR and orientation. 

 

Figure 9. Cooling energy consumption of PVCVG. 

3.2.4. Overall Energy Consumption 

Annual overall energy consumption includes the total energy used for lighting, heating, and 

cooling in a room over one year, as shown in Figure 10. The trend of overall energy consumption 

closely resembles that of heating energy consumption. This indicates that annual energy 

consumption is mainly driven by heating demands, while the contributions from cooling and lighting 

remain relatively minimal. 
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The overall energy consumption of south-facing rooms shows a significant correlation with 

WWR, followed by that of east-facing rooms, and finally that of west-facing rooms. However, WWR 

has a negligible effect on north-facing rooms. With the WWR of 70%, the south-facing, east-facing 

and north-facing residential prototypes could respectively attain the lowest annual energy 

consumption of 190.42 kWh, 465.67 kWh and 745.08 kWh. When the WWR is 60%, the west-facing 

rooms can achieve the lowest energy consumption of 570.72 kWh. Compared to rooms with the WWR 

of 10%, overall energy consumption in rooms with PVCVG decreased by 71.9%, 36.5%, 24.0%, and 

7.0% for the south, east, west, and north directions, respectively. 

 

Figure 10. Overall energy consumption of PVCVG. 

3.2.5. Electrical Power Generation 

The photovoltaic power generation examined in this section does not account for the influence 

of temperature on efficiency. consequently, it is exclusively reliant on the solar radiation incident 

upon the PV glazing. As shown in Figure 11. Electricity production is optimized when oriented 

towards the south, while east and west orientations yield moderate outputs, with north-facing 

installations generating only 50% of the electricity produced by their south-facing counterparts. For 

example, a PVCVG with a 50% WWR and facing south can generate 463.87 kWh of electricity, 

whereas a PVCVG facing north can generate only 210.42 kWh. Furthermore, windows oriented 

towards the east and west can yield approximately 390.89 kWh and 362.09 kWh respectively. The 

energy output from north-facing installations constitutes only 45.3% of that generated by southern 

installations. Therefore, it is advisable to prioritize the installation of photovoltaic glass on southern 

facades, followed by those oriented east and west to maximize energy generation. 

 

Figure 11. Electrical power generation of PVCVG. 

3.2.6. Net Energy Consumption 
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Figure 12 illustrates the influence of WWR and orientations on net energy consumption. The 

annual net energy consumption is predominantly associated with photovoltaic power generation and 

heating energy requirements. When the WWR of the south-facing windows exceeds 40%, the 

electricity generated by these photovoltaic installations is required to fully meet the energy 

requirements of a standard residential prototype. The WWR of the east-facing window should be 

above 60%, and that of the west-facing window should be above 80%, while the net energy 

consumption should be less than zero. When the WWR is 90%, the south-facing windows can 

generate 628.26 kWh of surplus electricity, and the east-facing windows can generate 238.36 kWh of 

surplus electricity. The west-facing windows can produce a maximum of 60.66 kWh of surplus 

electricity, which is only 9.6% of the surplus electricity from the south-facing windows. 

 

Figure 12. Net energy consumption of PVCVG. 

3.3. Energy Satisfaction Ratio 

Considering that passive energy consumption and photovoltaic power generation are 

influenced by varying orientations and WWR, the Energy Satisfaction Ratio (Rs) is ultimately utilized 

to evaluate the comprehensive energy-saving performance of different windows. Rs represents the 

ratio of electrical power generation to overall energy consumption, reflecting the degree to which the 

generated energy satisfies the building's energy consumption requirements. A higher Rs value 

indicates superior comprehensive energy-saving performance of the window system. Specifically, 

when Rs>1, it signifies that the annual power generation from window is sufficient to meet the annual 

energy consumption of the residential prototype. Conversely, when Rs<1, it indicates that the power 

generation of window is insufficient to meet the energy demands of the residential prototype. 

3.3.1. Energy Satisfaction Ratio of Typical PV Windows 

Figure 13 illustrates the energy satisfaction rates of S-PV, D-PV, and PVCVG windows under 

different WWRs. When the WWR<30%, S-PV has the highest Rs. However, when the WWR≥30%, 

PVCVG holds the highest Rs. The Rs of S-PV and D-PV increase along with WWR, reaching up to 

2.12 and 3.16 respectively. At a WWR of 80%, PVCVG demonstrates the best energy performance 

with the Rs of 3.8. For PV windows, when the WWR changes from 10% to 70%, the influence of WWR 

on Rs is relatively significant, and when the WWR varies from 70% to 90%, the impact on Rs is 

relatively minor. The average Rs of S-PV is 1.27, the average Rs of D-PV is 1.67, and the average Rs 

of PVCVG is 2.00. Generally speaking, the adoption of PVCVG in Lhasa will have a better energy-

saving effect. 
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Figure 13. Energy Satisfaction Ratio of typical PV windows. 

3.3.2. Energy Satisfaction Ratio of PVCVG 

For specific WWR, the Rs of PVCVG exhibits a tendency where south-facing installations are 

considerably superior to those facing east, west, and north. As shown in Figure 14. At 50% WWR, Rs 

reaches 1.92, indicating that the power generation is nearly twice the annual overall energy 

consumption. Under the same direction, Rs displayed an evident upward trend along with the 

increase of WWR. For instance, in a south-facing PVCVG, Rs rises from 0.11 to 3.82 as WWR changes, 

and selecting the appropriate WWR can expand Rs by 33.3 times. The optimal Rs is achieved when 

the WWR of PVCVG facing south is 85%. At 85% WWR, Rs for east-facing, west-facing, and north-

facing rooms are approximately 37.4%, 27.6%, and 12.7% of those for south-facing rooms. 

 

Figure 14. Energy Satisfaction Ratio of PVCVG. 

4. Discussion 

The results presented in this paper demonstrate that it is feasible to identify an optimal WWR 

value that minimizes the total energy consumption for heating, cooling, lighting, and even generates 

excess electricity. Each type and orientation of the window requires a specific optimum WWR. 

Regarding the influence of WWR on the energy consumption of typical windows, it is revealed 

that WWR exerts a certain impact on the composition of the annual energy consumption. When the 

WWR changes from 10% to 90%, the lighting energy consumption of all window types is stable at 

around 50-60 kWh. This might be because of the strong solar radiation in Lhasa and the low lighting 
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demand of the residential prototype. The visible light transmittance of the window affects the lighting 

energy consumption of the building. The low visible light transmittance of the PV window makes its 

lighting energy consumption slightly higher than that of ordinary windows without PV installation. 

Traditional windows like SG, DG, and VG have high solar radiation transmittance, leading to higher 

cooling energy consumption for traditional windows than PV windows. While the heating energy 

consumption of traditional windows is much lower than that of PV windows. Additionally, the 

results of this study show that the traditional window type generates more cooling energy 

consumption when WWR≥40%. This may be because the residential room in this study is only used 

during the day. However, for the PV windows S-PV, D-PV, and PVCVG, regardless of the WWR 

conditions, the heating energy consumption is the main part of the annual energy consumption. 

Annual overall energy consumption varies greatly with WWR. When the WWR≤50%, the 

overall annual energy consumption of traditional windows is lower. When WWR> 50%, the overall 

energy consumption of PV windows is lower. Specifically, when the 30%<WWR<40%, the traditional 

windows without PV module have the lowest overall energy consumption, suggesting that the most 

suitable WWR for the three window types in Lhasa is within 30% to 40%. For windows with PV 

module, the effect of S-PV, D-PV, and PVCVG on the passive energy consumption of the room can 

be seen through the annual energy consumption. When WWR is 60%, S-PV has the lowest annual 

energy consumption of 320.95 kWh. When WWR is 70%, D-PV and PVCVG have the lowest annual 

energy consumption of 240.08 kWh and 190.42 kWh respectively. Similarly, Musameh et al. also 

demonstrated that transparent double-glazed systems typically exhibit lower energy consumption 

compared to photovoltaic glass when the WWR<30%, and PV glazing would be more efficient when 

the glazing cover more than 70% of the wall area in cold climate conditions [34]. 

By analyzing the net energy consumption of the window type, it is discovered that the annual 

energy-saving effect of the six windows varies. The integration of photovoltaic glass can significantly 

reduce the net energy consumption of the building, and the surplus electricity of PV windows 

increases along with the growth of WWR. When the WWR is 90%, S-PV, D-PV, and PVCVG can 

obtain the maximum surplus power. PVCVG demonstrates the highest energy-saving potential, 

followed by S-PV and D-PV. Among traditional windows, VG is more appropriate for Lhasa than 

DG and SG. Cheng et al. [35] also demonstrated the PVCVG also has superior performance than other 

competitors, including the double-pane window with low-e coating, the double PV glazing and the 

vacuum glazing. 

This study further deliberates on the most appropriate window types for residential buildings 

in Lhasa under different WWR: When WWR<30%, the VG window has the lowest net energy 

consumption, indicating better energy conservation. When WWR≥30%, the PVCVG window has the 

lowest net energy consumption compared to other windows. Moreover, as the WWR increases, 

PVCVG shows more significant advantages. Therefore, when WWR<30%, VG windows should be 

adopted, and when WWR≥30%, PVCVG can reduce the net energy consumption of buildings. 

The optimal WWR of traditional windows should be evaluated based on annual energy 

consumption, while that of PV windows should be determined by energy consumption satisfaction 

rate. The Rs of the four orientations showed an obvious increase trend with the rise of WWR. The Rs 

of S-PV and D-PV both reach the optimal Rs when the southbound WWR is 90%, which are 2.12 and 

3.16 respectively. Meanwhile, PVCVG attains the optimal Rs when the southbound WWR is 85%. As 

for orientation, giving priority to the south-facing design is suggested, followed by the east-facing 

and west-facing design. Despite the superior performance of PVCVG, it remains inadvisable to install 

windows facing north. 

It's notable that in cold areas of China, the WWR limit for south-facing windows is 50% [36]. 

Actually, this limit only applies to traditional ones like SG, DG and VG. In contrast, photovoltaic 

windows have a lower SHGC, reducing the penetration of solar radiation into the living space. 

Consequently, the pertinent specifications ought to take into account the features of photovoltaic 

windows and elevate the WWR limit for photovoltaic windows in cold areas. 
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5. Conclusions 

This study assessed the energy performance of Several typical windows and PVCVG with 

various Window-to-Wall Ratio (WWR) design conditions in residential buildings in Lhasa, and 

investigated how the WWR and orientation of PVCVG influence energy consumption by 

DesignBuilder software. The following conclusions may be drawn from the data analysis: 

• When the WWR≥30%，compared to traditional windows（e.g., Vacuum glazing, Single PV 

glazing and Double PV glazing），Photovoltaic windows（e.g., Single PV glazing, Double PV 

glazing and PV combined vacuum glazing）greatly reduce the net energy consumption of 

residential buildings. However, when the south-facing WWR<30%, adopting VG windows is 

more energy-efficient than the three photovoltaic windows. 

• The correlation between the net energy consumption and lighting energy consumption is 

insignificant. The annual energy consumption of traditional windows mainly consists of heating 

consumption and cooling energy consumption, while the net energy consumption of PV 

windows is mainly related to heating energy consumption and energy production. When the 

south-facing WWR≥ 40%, the energy generated by the three PV windows can meet the 

building's requirements. 

• The optimal WWR range for the three traditional windows in Lhasa is 30% to 40%. When the 

WWR is 60%, S-PV achieves its minimum energy consumption. When it's 70% for D-PV, the 

lowest energy consumption is reached. However, When the WWR amounts to 90%, the 

abundant energy generated by S-PV and D-PV leads to the lowest net zero energy consumption. 

• PVCVG exhibits significant advantages in energy performance when compared among several 

window types. The best orientation of PVCVG is south, with the lowest annual energy 

consumption, followed by east and west. PVCVG reaches optimal energy satisfaction when the 

south-facing WWR is 85%. In the design of PVCVG, the WWR of the east-facing window should 

be at least 60%, and that of the west-facing window should be at least 80% to meet the building's 

energy requirements. 

In conclusion, the type, orientation, and WWR of windows all exert a significant influence on 

building energy consumption, and the adoption of reasonable design can notably enhance the energy 

performance of windows. Our study provides a first step in developing design strategies that seek to 

Minimize the net energy consumption of the residence. This study is expected to provide valuable 

information for improving energy efficiency in cold areas abundant solar radiation and promoting 

sustainable building development. 

The research presented in this paper possesses certain limitations, which can serve as a reference 

for the advancement of future research endeavors. Firstly, the results of the study are more relevant 

to daytime rooms like living rooms, chosen for simulation due to their larger WWR compared to 

bedrooms. Simulations in bedrooms may produce different outcomes. Secondly, it assumes an "ideal" 

user who does not interact with set parameters (temperature, ventilation rate), and the occupancy 

schedule is predetermined during optimization. Thirdly, while examining orientation and WWR in 

this paper, costs and economic benefits associated with actual photovoltaic module installations are 

not addressed. 

In future studies, more detailed glass parameters of PVCVG could be taken into account. 

Additionally, the energy consumption of PVCVG applied to various residential rooms might be 

analyzed. Also, the economic analysis of PVCVG with different WWR could be conducted, and 

configuration suggestions of PVCVG more suitable for practical applications could be put forward. 
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