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Abstract. 
A 120 kWp building-integrated photovoltaic (BIPV) system was installed on the south facade of the Solar Energy Research Institute building in Yunnan Normal University. The area of the curtain wall was 1560 m2 (26 m × 60 m), which consisted of 720 semitransparent monocrystalline silicon double-glazing PV panels. This paper studied the yearly and monthly variations of power generation in terms of solar data and meteorological parameters. The total amount of power generation of the BIPV system measured from October 2014 to September 2015 was 64.607 MWh, and the simulation results with TRNSYS (Transient Systems Simulation Program) provided the 75.515 MWh predicted value of annual electricity production with the meteorological database of Meteonorm, while, based on the average value of the performance ratio (PR) of 60% and the life cycle assessment (LCA) of the system, the energy payback time (EPBT) of 9.38 years and the potential for pollutant emission reductions have been evaluated and the environmental cost is RMB ¥0.01053 per kWh. Finally, an economic analysis was carried out; the net present value (NPV) and the economic payback time of the BIPV system were estimated to be RMB ¥359,347 and 15 years, respectively.



1. Introduction
In the last 20 years, the world’s energy consumption has sharply increased (40%), and it is expected to continue increasing by one-third in the period 2035 [1]. 20% to 40% of this global energy is consumed in the built environment [2]. In China, building energy consumption has been continuously increasing, which has been doubled during the last decades in China [3]. According to the growing trend of developed countries, the building energy consumption will account for at least 40% of all social total energy consumption in China [4]. In this situation, (nearly) zero-energy buildings (NZEB) have been considered the priority solutions for the architecture trend in the future. NZEB implies that all building-related operating energy is generated on the building site itself by renewable sources [5]. One of the most promising approaches to realize NZEB is by adopting solar energy-generating devices in the form of photovoltaic (PV) modules for electricity. As a kind of new energy, solar energy is the most abundant and inexhaustible, so several policies have been proposed by the Chinese government, such as the plan of the solar roof of buildings [6]. However, in modern urban cities, most buildings are high-rise and the roof area would be very limited for stand-alone PV system installation [7]. So the integration of PV systems into buildings becomes an imperative [8]. Building-integrated photovoltaics (BIPV) replacing part of the external walls with PV panels would be an appropriate alternative form of the PV system [9]. Integration of PV systems with distribution networks (grid-connected) could reduce the maximum demand charge and energy losses [10]. Moreover, BIPV can serve as a shading device for a window, a semitransparent glass facade, a building exterior cladding panel, a skylight, and a parapet unit or roofing system [11].
Li et al. [12] investigated the energy performance of a semitransparent a-Si PV facade. The simulation results revealed that the semitransparent PV facade was able to reduce the annual building energy use and peak cooling load by 1203 MWh and 450 kW, respectively. And in 2013, they conducted a study of the operational performance of a grid-connected BIPV system in Hong Kong. Annually, the electricity generation of 42,450 kWh was recorded and emissions of CO2, SO2, NOx, and particulates could be reduced, respectively, by 32 tons, 43.3 kg, 41.8 kg, and 2.07 kg [13]. Furthermore, Hong et al. conducted a sensitivity analysis on how the impact factors of the rooftop PV system affect its electricity generation and developed a GIS-based optimization model for estimating the electricity generation of the rooftop PV system [14]. On a fixed PV array performance, its best electrical configuration had been researched by analyzing annual energy production with the surrounding obstacles causing partial shading conditions [15]. And the multiple calculations had been provided to determine whether solar energy has a viable strategic role in the global energy market [16]. The embodied energy payback period for a photovoltaic system integrated with the building was reported within the range of 12–13 years for the southern and western facades in the United Arab Emirates [17]. Besides, a lot of the previous studies researched the energy harvested and evaluated the performance of BIPV systems [18–21].
However, there is still a lack of research on the performance of semitransparent BIPV facades compared with conventional glazing in low-latitude and high-altitude cities, such as the city of Kunming. This experiment was the first and largest BIPV application installed on the building facade of the Solar Energy Research Institute of Yunnan Normal University. Thus, the aim of this paper is to analyze the PV power generation performance and evaluate the economic benefits of a grid-connected semitransparent BIPV system. The energy output and meteorological data were recorded and analyzed, and a TRNSYS (Transient Systems Simulation Program) model was built; the net energy benefit, carbon emission reduction, and cost savings as well as energy, carbon emissions, and cost payback were evaluated by using life cycle assessment (LCA). The results can be used to evaluate the performance and provide the reference data for more applications of semitransparent BIPV under the actual operating environments.
2. BIPV System Description
The BIPV system was built in Kunming City in June 2014; then, it was put into operation in October 2014. Kunming City at the southwest of China is a special plateau city, which receives an annual total solar radiation at the horizontal plane of ~1530.24 kWh/m2. It also has the mildest climates characterized by short, cool dry winters with mild days and crisp night, and long, warm, and humid summers. Therefore, the climate and location of Kunming are suitable for the development of solar energy, and a lot of PV systems have been built and running in Kunming. The first and largest grid-connected semitransparent BIPV system of Kunming in this study (Figure 1) was installed outside of the south facade of the building of the Solar Energy Research Institute in Yunnan Normal University. The BIPV system was 60 m in length and 26 m in height at the south face of the 5-storey building with a total area of 1560 m2, including 720 monocrystalline silicon double-glazing PV modules. The modules were installed with 85° tilt angles and were 6 m apart from the building for the ventilation. The PV arrays were comprised of 30 parallel strings where each string has 24 modules, and the peak power and voltage of each string were 4080 Wp and 796 V, respectively. The specifications of the semitransparent PV modules are given in Table 1. Each PV module with dimensions of 1985 × 1038 mm consisted of 64 pieces of the solar cell and a 6 mm transparent glass cover, a 6 mm glass backside, and a certain space between the PV cells to transmit light in order to ensure a 47% light transmittance as shown in Figure 2. Solar cells adopted in the PV module were monocrystalline silicon wafer cells with an 8.25% efficiency, and the dimensions of each cell were 125 × 125 mm. The reason why the efficiency of the PV module was lower than that of the conventional monocrystalline silicon module was that the areas of the 64 pieces of solar cells in a module were just 48.5% of the total area of a PV module. It was based on the cost of sacrificing the efficiency of the PV module to ensure partial light transmission. The laminated glass forms were installed on both the west and east directions and on the rooftops of the PV curtain wall (Figure 3). And some ventilation blinds were placed at the top and the bottom of the PV curtain wall for proper ventilation (Figure 4). The PV module temperature will be controlled or affected according to the adjustment of these ventilation blinds by opening or closing it in different seasons.




		Figure 1: Yunnan Normal University BIPV system.


Table 1: The PV module specifications under standard test conditions (STCs).
	

	Number	Item	Parameter
	

	1	Dimensions of one module (mm)	1985 × 1038 × 13.52
	2	Weight of one module (kg)	63
	3	Light transmittance	47%
	4	Nominal power of one module (Wp)	170
	5	Short-circuit current (A)	5.65
	6	Open-circuit voltage (V)	39.6
	7	Efficiency	8.25%
	8	Maximum power point current (A)	5.12
	9	Maximum power point voltage (V)	33.2
	10	Layer structure	Toughened glass (6 mm) + PVB (2.28 mm) + (125 × 125 mm) sc-Si cells + toughened glass (6 mm)
	







		Figure 2: The semitransparent double-glazing PV module.






		Figure 3: The inside view of the PV curtain wall.






		(a)




		(b)
Figure 4: The ventilation blinds at the top and bottom of the PV curtain wall.


The 720 solar modules were configured to 25 (parallel) × 24 (series) and 5 (parallel) × 24 (series). The 600 modules were connected to the inverter (Growatt CP100 with a matching maximum DC voltage of 1000 V and a maximum input current of 250 A, maximum efficiency of 97.1%, and maximum DC input power of 115 kW), and the remaining 120 modules were connected to another inverter (Growatt 20000UE with a matching maximum DC voltage of 1000 V and a maximum input current of 20 A, maximum efficiency of 98%, and maximum DC input power of 20.8 kW). The 120 kWp power generated was synchronized and supplied to the 400 V campus grid through a grid export conditioner. The Maximum Power Point Tracker (MPPT) was used to adjust the voltage of the PV generator to operate at its maximum power point.
Figure 5 shows the schematic diagram of the electrical system and the monitoring system, and each data is collected by 2 photovoltaic inverters connected with a power-monitoring module bus to investigate the generating characteristics of the BIPV system. A pyrheliometer, thermometers, a watt-hour meter, and so forth are also installed to collect the data needed for a detailed analysis of the BIPV system.




			
			
			
			
			
			
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		Figure 5: The connection schematic diagram of the system.


3. BIPV System Performance Analysis
3.1. Experimental Analysis of Power-Generating Performance of BIPV
Figure 6 shows the amount of power generation in the building from October 2014 to September 2015 monthly. The monthly average amount of generation was 5383.9 kWh, while the cumulative amount for 12 months was 64,607.5 kWh. The month with the least generated amount (740.2 kWh) was September. This is because of the installation tilt and operating temperature. The BIPV system was installed with an 85° tilt angle facing towards the south, due to the solar zenith angle being high in summer, so that the solar irradiation received by the PV modules decreased significantly in September. Besides, the generated amount (1664.9 kWh) was also less in March. This is because February and March in Kunming’s climate correspond to the coldest season. This was especially true, and it even snowed in 2015, so the solar radiation sharply lowered with the extended severe climate and affected the power generation; however, this kind of extreme weather was just for the year 2015. The month with the highest generated amount (11,025 kWh) was December, up to 14.9 times compared with that in September.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
		
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 6: Amount of monthly power generation.


However, the operating temperature (or the panel temperature) of PV modules seems to be a little different between summer and winter for Kunming City, as shown in Figure 7(a), which shows the average operating temperature of PV modules in the sunny days of June 14 and December 15. It was found that the average operating temperature of summer and winter before 8:29 in the morning was identical, while in the noon, the temperature in winter was about 10°C higher than the operating temperature of summer. The operating temperatures of both days increased rapidly from 9:00, and about 3 hours later, the temperatures reached the maximum temperature and then gradually decreased and got close to each other. One of the reasons why the average operating temperature was lower in summer was that the ventilation blinds on the top and bottom of the PV curtain wall as shown in Figure 4 were opened in order to decrease the air temperatures and reduce the cooling load of the building. Although the operating temperature of the PV module in December was up to 55.2°C, the air temperature in the gap between the PV curtain wall and the exterior wall of the building was just 32°C, and the average of the 1st–5th floor temperatures eventually reached around 22°C, which was 6°C higher than the ambient temperature as shown in Figure 7(b). Because the ventilation blinds on the top and bottom of the PV curtain wall were closed, the increased air temperature could be used to keep the rooms warm without any auxiliary heating in winter. Another reason was that the PV modules can receive more solar irradiation in winter because of the installed inclination angles of the PV curtain wall. The solar radiation intensity on the surface of the PV curtain facing south with an 85° tilt angle in the two typical sunny days of June 2015 and December 2014 is shown in Figure 8. The highest and average solar radiation intensities on the vertical surface of the PV modules (957 W/m2 and 417 W/m2) in a typical day of December were both up to 2 times higher than those in June (495 W/m2 and 233 W/m2), respectively. It seems that the solar radiation would have the largest effect on the power generation. Furthermore, the daily power generation in December of 2014 and in the two identical months of 2014 and 2015 is shown in Figures 9 and 10, respectively. It indicates that the daily power generation may fluctuate greatly even in the same month of different years, due to the solar radiation variation which was the typical climate in Kunming.
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		(b)
Figure 7: (a) The average operating temperature of PV modules and (b) the air temperature in the gap between the PV curtain wall and the exterior wall of the building.






			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
		
			
			
			
			
		
			
		
			
		
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
		
			
		
			
		
			
		Figure 8: Solar radiation intensity on the vertical surface of the PV curtain wall.






			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
		
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
		
			
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		Figure 9: Daily December power generation.






			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
			
				
			
			
				
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
			
				
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
				
				
			
		
			
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		Figure 10: Power generation compared in the same month of different years.


3.2. TRNSYS Simulation Results and Discussion
TRNSYS is a transient system energy modeling software developed to solve complex energy system problems. The software uses individual components referred to as types connected to each other with each representing one part of the overall system. Figure 11 shows the TRNSYS model used to simulate the power generation of the PV system, which has a weather database to predict the behavior of PV installations in many locations such as Kunming. In this work, a five-parameter model (Type 194 “photovoltaic array”) has been used to determine the maximum power point from I-V curves in the operating conditions which are given by the meteorological inputs. The inverter information is given as a text file to the PV component in Type 194.




			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		Figure 11: Scheme of the TRNSYS PV model.


3.2.1. TRNSYS Model Validation
The PV system model was created using TRNSYS 16 with known photovoltaic cell envelope characteristics. The model was then validated with the data collected using pyrheliometers, thermometers, and so forth. The meteorological inputs used in the Type 109-User were the in-field monitoring data. From the results of the data collection, a curve was developed illustrating the power output of one day with respect to the solar radiation. This curve was used to validate the TRNSYS model by matching the TRNSYS power outputs at various solar radiations. Figure 12 demonstrates the power output of the 20 kW inverter array parts at a monitoring weather condition which was matched with the TRNSYS model power output. The weather condition and PV power output of the day of November 25, 2015, had been chosen to verify the accuracy of the TRNSYS model.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
				
			
			
				
				
				
				
			
		
			
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
			
			
				
				
				
				
				
				
				
				
				
			
		Figure 12: TRNSYS PV model validation for the power output of a day.


It could be found from Figure 12 that there were some differences between the hourly measured power output and the simulation results with the TRNSYS model on a sunny day. Maybe the reason was that the temperature provided to Type 194 was the ambient temperature during the test periods and not the real temperature of the PV curtain wall; in addition, the solar radiation intensity provided to Type 109 was the total radiation on the horizontal. Type 194 used temperature data from the standard NOCT (nominal operating cell temperature) measurements to compute the module temperature Tc at each time step. The NOCT temperature is the operating temperature of the module with a wind speed of 1 m/s, no electrical load, and a certainly specified insolation and ambient temperature. Besides, Type 194 uses the NOCT data to determine the ratio of the module transmittance-reflectance product to the module loss coefficient [22]. And indeed, the literature shows that the choice of the temperature model is relevant only on a daily basis but has a small effect on the annual predicted PV output [23]. Besides, the calculation of the radiation on a tilted surface derives from the radiation on the horizontal surface. This calculation involves the use of a global diffuse correlation and of a tilted surface radiation model to estimate the direct, diffuse, and albedo components of the radiation on the tilted surface. The literature has shown that the Perez model (model 4 in TRNSYS) can be a good choice to predict the energy output. However, the relative error of the hourly power generation was less than 17%, and the relative error of the average hourly power generation was just 6.25%. The calculated result agreed with the measured result on the amount of power generation of the day, 98.6 kWh and 104.4 kWh, respectively, and the relative error between the measured result and simulation result was 5.55%. In general terms, the five-parameter model (Type 194) provides a simple tool to predict the PV production accurately.
3.2.2. The BIPV Energy Output according to the TRNSYS Model
The yearly energy PV production has been calculated with TRNSYS, using the meteorological database of Meteonorm and Type 109 and assuming that the PV installation is connected to the grid with no failures. The annual PV power generation for the BIPV system is shown in Figure 13. The results reveal that the calculated annual electricity production of the BIPV is about 75.515 MWh. On the other hand, the monthly peak production was reached in November with 9.67 MWh and the lowest was found in June with 3.789 MWh.




			
			
				
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
			
				
			
			
				
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
		Figure 13: Predicted monthly BIPV power output using the TRNSYS model.


4. Analysis and Discussion
4.1. Performance Assessment
In order to identify the performance of the BIPV system, the performance ratio (PR) was calculated. The PR, which is a crucial parameter for the PV performance evaluation, describes the relationship between the actual and theoretical energy outputs of the PV array. It represents the energy losses such as loss due to temperature, wiring loss, shadowing, soiling, inverter, mismatch loss, and loss across the bypass diodes and shows the incomplete utilization of incoming solar radiation and proportion of energy available at the grid after losses in grid-connected PV systems. It is the most widely used performance parameter for comparative analysis of different PV panel technologies and is also used for comparing grid-connected PV systems irrespective of their location, power capacity, and mounting structure [24]. The main equation was used to investigate the PR as follows [25]:
where Ey-s is the energy generated by the PV system during the year [Wh], H is the annual solar irradiation on the PV modules [Wh/m2 ⋅ year], and Pn-s is the nominal power of the system measured at STC [Wp].
According to the test data of the first year of installation (the year 2015), the PR of the BIPV system is calculated as being equal to 64.3%, which includes some extreme weather events like snows in this year. The BIPV system has just run for two years since it was completed; more precise data for calculating the performance ratio of the system have not been acquired during its working period. However, such PR value can be considered within the normal range; literature showed that PV arrays installed in Italy have a PR value varying across the range from 62% to 81% [26], though it has a different tilt angle and different system structure. Some research shows that the climatic conditions have a great impact on the PR [27]. For example, the year that had the greatest number of days with bad weather (rain, snow, or fog) had the lower PR; on the contrary, the highest PR occurred in the year with the maximum recorded number of clear days [25]. So if there are no extreme weather events in a year, the PR of the BIPV system could be higher than 65%. While considering the typical degradation rate of PV modules (equal to 1%–2%/year) [24], the average value of PR could be 60% according to the simulated data of the TRNSYS model during the BIPV system with an expected lifetime of 25 years. The reason for the low PR of the BIPV system is that the area of solar cells in a module was just 48.5% of the total area of a PV module; however, the solar irradiation H in (1) includes all solar irradiation received by a module. In order to ensure partial light transmission and building daylighting, it is the only choice to sacrifice the efficiency of the PV module for the moment. From this view, it can be supposed that different types of solar cells and different designed schemes of the envelope curtain wall could improve the PR of a BIPV system; for example, a new kind of solar module which has a lower light transmittance, known as a higher efficiency, would be employed to replace the existing one.
4.2. Environmental Assessment
It is generally known that the PV system is widely recognized as one of the most clean technologies for power generation. However, it consumes energy during its life cycle, particularly in the manufacturing processes, which may be larger than its energy output during its whole life. In order to thoroughly investigate the life cycle environmental effects and energy payback performance of the BIPV system, life cycle assessment (LCA) is used to measure its sustainability. LCA is usually used as a technique to compare and analyze various aspects associated with the development of a product and its potential impact throughout the product’s life [28]. The goal of an LCA is to quantify nonrenewable (fossil) primary energy use and global warming potential in electricity generation. According to LCA, the life cycle primary energy use is considered the sum of the energy consumed in three life cycle phases, which includes energy consumed in exploration, extraction, processing, manufacturing, decommissioning, and disposal of all the materials associated with the power generation system [29]. Besides, the energy payback time (EPBT) would be used, in order to find out whether the BIPV system can bring a net gain of energy for the user during its whole lifetime, and if so then to what extent. The EPBT is defined as the years required for a PV system to generate a certain amount of energy (converted into equivalent primary energy) for compensation of the energy consumption over its life cycle, including energy requirements in PV modules’ manufacturing, assembly, transportation, system installation, operation and maintenance, and system decommissioning or recycling [30]. The equation of EPBT is presented as follows:
where Einput is the primary energy input of the PV module during the life cycle, which includes energy requirements in module manufacturing, transportation, installation, operation and maintenance, and module decommissioning or recycling [MWh]. EBOS,E is the energy requirement of the balance of system (BOS) components, which include support structures, cabling, electronic and electrical components, inverters, and batteries [MWh]. Eoutput is the annual primary energy savings due to electricity generation by the PV system [MWh].
There were very few papers using the actual energy yield to conduct an LCA study on BIPV systems in China, especially on a BIPV system of mono-Si modules, on account of many unavailable data of mono-Si production from the manufacturers, in particular, the energy consumption data of the Czochralski procedure. Besides, different manufacturers have different energy requirements for silicon purification and crystallization processes, which increases the difficulty of the research. Lastly, there is a rapid technological improvement in the PV industry and cell production in China, and it is difficult to accurately estimate the energy requirements of mono-Si module production by experience. So this paper conducts the life cycle assessment study for the mono-Si BIPV system and discusses the energy payback performance just according to the data from literature [31–36].
The equivalent primary energy consumption for manufacturing solar mono-Si double-glazing PV modules is estimated as 4.67 MWh/kWp. And the BOS component is estimated as 1.12 MWh/kWp in this system, because the supporting structure is steel which is built outside the building exterior wall, and the battery can be saved in consideration of the special structure of the double-glazing module and the grid-connected scheme. And the energy consumption of the other components, including transportation, installation, operation and maintenance, and module decommissioning or recycling, would be 2-3 orders of magnitude lower than the energy consumption of PV module manufacturing and the BOS component; thus, they could be negligible when the life cycle energy requirement is calculated in the equation of EPBT. The EPBT of the BIPV system is calculated to be 9.38 years, so during the PV module’s lifetime (normally expected to be 25 years), the BIPV system could still generate a substantial amount of electricity and gain additional benefits.
According to relevant Chinese documents of the National Bureau of Statistics, from the year 2006, the electricity consumption converted into the standard coal coefficient should employ the equivalent coefficient of 0.1229 kg/kWh, which means that 0.1229 kg of standard coal generates 1 kWh of power. The environmental benefits of the BIPV system can be calculated as shown in Table 2, where the emission reduction density is calculated by the following formula [37]:
where Der is the emission reduction density while generating 1 kWh of power [kg/kWh] and Re is the emission rate of pollutants per ton standard coal.
Table 2: Environmental benefit measurement and relevant parameters for the BIPV system.
	

	The major emission pollutants	Emission rate of pollutants (kg/kgce)	Emission reduction density (kg/kWh)	Emission density (kg/kWh)	Environmental values of pollutants (RMB yuan/kg)	Environmental cost of generation (RMB yuan/kWh)	Environmental benefits of emission reduction (RMB yuan/kWh)
	

	CO2	1.731	2.127 × 10−1	7.986 × 10−2	2.3 × 10−2	0.184 × 10−3	4.893 × 10−3
	SO2	0.018	2.212 × 10−3	8.304 × 10−4	6	4.983 × 10−3	1.327 × 10−2
	NOx	0.008	9.832 × 10−4	3.691 × 10−4	8	2.953 × 10−3	7.866 × 10−3
	CO	0.00026	3.195 × 10−5	1.199 × 10−5	1	1.199 × 10−5	3.195 × 10−5
	Particulate	0.11	1.351 × 10−2	5.075 × 10−3	1.2 × 10−1	6.090 × 10−4	1.622 × 10−3
	Slag	0.03	3.687 × 10−3	1.384 × 10−3	1.0 × 10−1	1.384 × 10−4	3.687 × 10−4
	Total	/	/	/	/	1.053 × 10−2	2.805 × 10−2
	



And the emission density is expressed using the following formula:
where De is the emission density [kg/kWh], Ec,l is the total energy consumption of the BIPV system throughout the lifecycle [kWh], and Eg,l is the total power generation of the entire life span [kWh]. The environmental cost of generation and the environmental benefits of emission reduction are calculated by the following, respectively: 
where Cg is the environmental cost of generating each kilowatt-hour of electricity [RMB/kWh], Vp is the environmental value of per ton of pollutants [RMB/kg], and Br is the environmental benefit of emission reduction for each kilowatt-hour of electricity generated [RMB/kWh].
Because of the grid-connected BIPV system, the annual average emissions of CO2, SO2, NOx, CO, particulates, and slag could be reduced by 1974 kg, 20.53 kg, 9.12 kg, 0.29 kg, 125.46 kg, and 34.22 kg, respectively. By calculation, as shown in Table 2, the environmental cost of the BIPV power generation system is RMB ¥0.01053 per kWh. Without the BIPV system, the environmental cost of power generation would be RMB ¥0.02805 per kWh through the thermal power, which means that the environmental cost could be reduced by RMB ¥0.01752 per kWh due to the benefit of the BIPV system. Given that most parts of China have been affected by fog and haze, the environmental benefits should be a major consideration once such BIPV systems are widely applied in China.
4.3. Economic Analysis
This section shows the procedure followed to calculate the payback time for the BIPV system. The net present value (NPV) is used and can be expressed as follows [6, 38]:
where CI is the cash inflows, CO is the cash outflows, i is the nominal interest rate, p is the life span of PV, in years, and t is the projected age limit. The higher the NPV, the better for the BIPV system, and when NPV is equal to 0, the payback period would be acquired. The initial cost of PV modules and the inverters in this system are RMB ¥20/Wp and RMB ¥1/Wp in the year of 2014, respectively. If including the supplying and fixing of steel framing, wires, and the data acquisition system, the total cost was equal to RMB ¥3,070,400. Fortunately, the public grant covered 80% of the total cost of the BIPV system, with an amount equal to RMB ¥2,500,000. The operation and maintenance (O&M) costs are approximately equal to 0.05%/year of the total cost. According to the real market prices and the expected electricity cost trend for the next years, the average commercial electric tariff for Kunming is expected to be RMB ¥0.6 (≈US $0.1) per kWh; the annual average saving in electricity charge is computed to be RMB ¥45,309 (≈US $7551.5). The other main economic parameters are shown in Table 3. On the basis of these considerations, the payback period is 15 years with government subsidy, and the NPV is RMB ¥359,347 at the end of a lifetime.
Table 3: The economic parameters [39].
	

	Life span (years)	Annual output yield (MWh)	PV electricity tariff (RMB yuan/kWh)	Nominal interest rate	Inflation rate
	

	25	75.515	0.6	4%	3%
	



4.4. Energy Capacity Fraction of the Building
The building of the BIPV system in this study (Figure 1) is the Solar Energy Research Institute in Yunnan Normal University; actually, much experimental equipment is placed in the building, including some high-power and high-energy-consuming facilities, for instance, the amorphous silicon thin-film solar cell production equipment, reheat furnaces, and wind tunnel testing facility. So it is meaningful to discuss the energy capacity fraction according to the Chinese national standard “Design standard for energy efficiency of public buildings” GB50189. Especially, because of the climate matter of Kunming, there is hardly any air-conditioning in the building. The lowest energy generation during the year is in June and July according to the results above; fortunately, this is the Chinese university summer vacation period, and so the energy consumption of the building is also the lowest. By the way, the previous research [40] found that due to the chimney effect of the PV curtain wall, the temperature of rooms covered by the PV curtain wall can keep warm without any heating facilities in winter; it can be regarded as another benefit of the BIPV to reduce the energy consumption of the building. Referring to the records of electricity consumption from 2014 up to now and comparing the annual energy consumption with annual cumulative power generation, it can be estimated that the average amount of energy consumed in the building is approximately 57,684 kWh each year in consideration of two long vacations and not any more new equipment, which is less than the amount produced from the photovoltaic system, which totaled 75,515 kWh. According to the definition of the capacity fraction (CF) in [41]
where CF means the energy capacity fraction of the building, EPV is the annual electricity produced by the PV array, and Eload is the annual electricity consumed by the load. Therefore, the final energy capacity fraction is 130.91%, and the energy surplus is 17,831 kWh, which means that the goal of the zero-energy building is achieved. However, few facilities have not been put into full operation in the building, and obviously, the total energy consumption of the building could not be covered by the PV system at all in the future, while taking into account so many experimental facilities fully running. In order to improve the energy capacity fraction, it is possible to optimize the PV panel tilt angle or reduce the operating temperature in order to maximize the electricity production.
5. Discussion
As discussed above, it can be found that the energy payback time (EPBT), the environmental cost, the NPV, and so on, as well as all the performance parameters of the BIPV system are closely related to the amount of power generation. The higher the power generation, the more advantages the BIPV system has, and the main influencing factors to power generation are the solar radiation intensity and the efficiency of the PV modules. The efficiency of the semitransparent PV modules could not be as high as that of the traditional PV modules with opaque panels, since partial light transmission and building daylighting must be ensured, leading to certain areas in a module that have to be sacrificed. However, with the technologies developing, maybe the efficiency of the semitransparent PV modules used in a BIPV system would be improved significantly in the future. At present, the simple and efficient method to increase the power generation is to change the mounting tilt angles of the PV curtain wall. The yearly PV power generations have been calculated with different tilt angles by the TRNSYS models; the results are shown in Table 4.
Table 4: The calculated results with different mounting tilt angles.
	

	Tilt angles	90°	85°	80°	70°	60°
	

	Annual power production (MWh)	68.685	75.515	82.359	95.617	107.311
	EPBT (years)	10.32	9.38	8.60	7.41	6.60
	Environmental cost of generation (RMB yuan/kWh)	1.158 × 10−2	1.053 × 10−2	0.965 × 10−2	0.832 × 10−2	0.741 × 10−2
	Payback period (years)	17	15	14	12	11
	NPV (RMB yuan)	272,820	359,347	446,053	614,015	762,164
	



With the mounting tilt angle decreasing from 90° to 60°, the annual power production increases from 68.685 MWh to 107.311 MWh gradually, because the PV modules could receive more solar radiation at the 60° tilt angle than at 90° for a full year. Though more power production can be achieved with a smaller tilt angle, it is impossible for a BIPV system, especially the PV curtain wall integrated with a building, to design a tilt angle smaller than 60 degrees, except in a rooftop PV system. The EPBT, environmental cost of generation, and payback period would reduce with the decrease in tilt angles, and it is beneficial for a designer to decide which angle would be chosen, according to different emphasis points. The payback period and the NPV also are affected by other important factors, such as the total cost of the BIPV system, the nominal rate of interest, and the rate of inflation. In this work, a lot of state subsidies are provided; thus, the payback period can be shortened and benefits can be gotten in its life span. If the nominal interest rate and the inflation rate change in the next 30 years and the government subsidy still remains to be RMB ¥2,500,000, the payback period would be extended. Moreover, the amount of government subsidies plays an essential part in the payback period and NPV of this kind of BIPV systems. The effect of different interest rates and the amount of government subsidy on the payback period and NPV is calculated in Table 5. If the government subsidy reduces to less than RMB ¥2,150,000, the cost of investment could not be recovered during the 25-year life span. Nevertheless, the environmental effects should be beyond the economic benefits; more and more, the similar BIPV system would be employed with the decrease in PV costs. And all of the results above show the comprehensive analysis procedure of a BIPV system, including the methods of evaluation and prediction, which can be referenced for system designing.
Table 5: The variation of the payback period and NPV with the interest rate.
	

	Government subsidy (RMB yuan)	2,500,000	2,500,000	2,500,000	2,200,000	2,400,000	2,600,000
	

	Nominal interest rate	4.00%	4.50%	4.25%	4.00%	4.00%	4.00%
	Inflation rate	3.00%	2.00%	1.50%	3.00%	3.00%	3.00%
	Real rate of interest [39]	0.97%	2.45%	2.71%	0.97%	0.97%	0.97%
	Payback period (years)	15	17	18	24	18	13
	NPV (RMB yuan)	359,347	211,565	189,551	62,133	260,210	458,287
	



6. Conclusions
A study of the operational performance of a grid-connected building-integrated photovoltaic (BIPV) system, a 120 kWp monocrystalline, in Kunming, China, was conducted. The experimental results from October 2014 to September 2015 have been analyzed and have been compared with a TRNSYS model, which provides good agreement with the experimental results. Moreover, the TRNSYS model has been built to predict the amount of power generation of the BIPV system under the meteorological database of Meteonorm, and the annual electricity production of 75.515 MWh was estimated.
The PR of the BIPV system was calculated with the test data of the first year of installation (the year 2015), which was equal to 64.3%. However, according to the simulated data of the TRNSYS model during the BIPV system expecting a lifetime of 25 years, the average value of PR could be 60%. Based on the PR and LCA of the system, the EPBT is calculated to be 9.38 years, which shows that the BIPV system could still generate a substantial amount of electricity in its expected lifetime. Besides, the annual average emissions of CO2, SO2, NOx, CO, particulates, and slag could be reduced by 1974 kg, 20.53 kg, 9.12 kg, 0.29 kg, 125.46 kg, and 34.22 kg, respectively, after the adoption of the BIPV power generation system, the environmental cost of which is RMB ¥0.01053 per kWh and with the environmental economic benefit of RMB ¥0.01752 per kWh. Consequently, the net present value (NPV) and the economic payback time of the BIPV system were estimated. The NPV is equal to approximately RMB ¥359,347 at the end of the life span, and the payback is 15 years. These results mean that the system has both good environmental and economic benefits. Not only that, the BIPV system is also effective in helping the building to achieve the zone energy consumption goal; in other words, nearly all of the existing building’s energy consumption could be covered by the power generation of the installed BIPV system so far, even a surplus. The results can be used as the reference for future studies related to improving the performance of the BIPV system or be effectively extended to the investigation of other BIPV systems.
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