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Abstract:



This paper develops fifth-generation-sized silicon thin-film tandem photovoltaic (PV) modules with animated images. Front PV cell stripes are created using a laser scribing technique, and specially edited and shifted images are printed onto the back glass. After encapsulating the front PV module with the back glass, the animated image effect can then be clearly seen from various positions. The PV module that can display three images has a stabilized power output of 87 W. The remarkable features of this module such as its animated image display, semitransparency, and acceptable power loss give it great potential for use in building-integrated photovoltaics. This paper could help improve the aesthetic appearance of PV modules, which may increase users’ or architects’ willingness to install PV modules on buildings.
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1. Introduction


Building-integrated photovoltaic (BIPV) has gained great attention in recent years because it can serve as a building envelope material. Numerous market research studies have forecasted the rapid expansion of the BIPV market; a report released by SolarPower Europe indicated that the total global installed solar capacity would grow from 306.5 GW in 2016 to 700 GW in 2021 [1]. Conventional silicon wafer-based solar cells have high power conversion efficiency, but they are only selected to be integrated on rooftops in BIPV applications because of the limitations of their optically opaque appearance. In contrast, silicon thin-film PV modules can be made transparent with acceptable power loss using a laser scribing technique [2,3,4], and these so-called “see-through” PV modules have started to be integrated into the windows and curtains of buildings.



Despite the development of see-through modules, they still have a plain appearance. We aim to develop a PV module with animated images that are either based on scanimation or what is also referred to as the moiré animation technique [5,6,7,8,9]. Scanimation comprises a vertical bar pattern superimposed on top of a series of fragmented vertical segments of an image. When the top pattern moves horizontally, the bars or strips obscure each key frame (phase of movement) while revealing another, thus showing a looping animation.



This paper developed animated image silicon thin-film tandem PV modules. The design concept and fabrication process of the PV modules are indicated. The actual fifth-generation-sized (1.1 × 1.4 m2) animated module was installed, and the change in image caused by the different viewing angles to the PV module is demonstrated. Finally, the photovoltaic performance of the animated image PV module is also discussed.




2. Materials and Methods


The schematic structure of an animated image PV module is shown in Figure 1. The module consists of a series-connected silicon tandem cell at the front, encapsulated with back protective glass by ethylene vinyl acetate (EVA). The design and fabrication are described below. The structure of the silicon tandem solar cell was glass/SnO2:F (800 nm)/hydrogenated p-i-n amorphous silicon (300 nm)/hydrogenated microcrystalline p-i-n silicon (1750 nm)/ZnO:B (60 nm)/silver back contact (120 nm). The silicon tandem cell was series-connected using the standard laser processes known as P1 (ablated the front electrode), P2 (ablated the silicon films), and P3 (ablated the back electrode and silicon films) scribing techniques [10,11,12]. The cell width created by P1, P2 and P3 processes was 9 mm. The subsequent laser scribing step (P4) patterned see-through lines in orthogonal direction of P1, P2 and P3 lines to create stripes or bars on the PV module, as shown in Figure 2a. According to the number of animated images desired, the relationship between the widths of the stripes and the intervals (Figure 2b) was given as:


d1 = (n − 1)d2.



(1)




where d1 was the PV cell stripe width (period of the P4 lines), d2 was the P4 line width (30 μm patterned in a single time), and n was the desired image number. The transmittance of the module was defined as:


[image: ]



(2)






Figure 1. Schematic structure of the animated image photovoltaic (PV) modules.
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Figure 2. (a) Front PV cell scribed by a P4 laser; (b) cell stripe width and P4 laser line width; (c) edited and shifted images on back glass; and (d) stripe widths for different images.
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All the laser scribes were carried out by back scribing (i.e., through the glass side) [13,14]. Afterward, the images desired to be shown on the PV module were edited using computer software to appear as vertical stripes and each image was horizontally shifted. Figure 2c shows an example of this, in which three images are edited and shifted. In Figure 2d, every image stripe width (x1 to x3) was set to the same, and this satisfied the following equation:


x1 = x2 = x3 = d2.



(3)







The edited images were then inkjet-printed on a back protective glass. Finally, the front PV cell was EVA-encapsulated with the back glass. The fabrication of the animated image PV module was finished. The current–voltage (I–V) characteristics of the PV modules were measured at AM1.5G (1000 W/m2) using a solar simulator.




3. Results and Discussion


Figure 3 shows a scheme of the change in the image display on the PV module observed at different position angles. Based on the width design shown in Equations (1) and (3), the front PV cell stripe will reveal one kind of image at a time and hide the others. Therefore, observing the module from positions 1, 2, and 3 shows different images. It is inevitable that some overlap will be observable between the images, but this will be reduced as the distance between the observer and module increases.


Figure 3. Scheme of the image display on the animated image PV module at different viewing position angles.
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Figure 4 shows the actual 1.1 × 1.4 m2 fifth-generation-sized animated image PV modules corresponding to Positions 1, 2, and 3, as depicted in Figure 3. The viewing angles of Images 1, 2 and 3 were 20°, 0° and −20°, respectively. The Equation (3) is valid when the angle is 0°. For other angles, the overlap of the images will be observable depending on the distance between see-through line and animated image. The PV module is semitransparent because of the P4 see-through lines. This work uses three images, which corresponds to a module transmittance of approximately 33%. Overall, images can be clearly distinguished even though there are some slight image overlaps. When an observer moves from Position 1 to Position 3, continuously acting images can be observed.


Figure 4. Appearance of the fifth-generation-sized animated image PV modules observed at (a) Position 1; (b) Position 2; and (c) Position 3.
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Figure 5 shows a comparison of the I–V characteristics between the animated image silicon tandem PV module and the standard opaque module, which had been fabricated in the same manner, except without P4 laser scribing. The detailed photovoltaic parameters of the modules such as the maximum power output (Pmax), open-circuit voltage (Voc), short-circuit current (Isc), fill factor (FF), and conversion efficiency are also indicated. As the a-Si:H contained solar cells will suffer from well-known light-induced degradation, standard light-soaking tests were performed on the PV modules for 1000 h at 60 °C in accordance with IEC61647 [15] to obtain the stabilized PV module performance. It can be seen that compared to the standard module, the animated image PV module shows a 40% decrease in power output, from 144.9 to 87.6 W. This loss mainly results from the area loss of the silicon active layers, which is about 33% in this work. This is also directly reflected in the 35% decrease of Isc. The remaining 5% loss may be attributed to the laser scribing damage to the silicon layers, which leads to decreases in Voc and FF. Therefore, this result indicates that the most efficient method of reducing power loss is decreasing the ablation area, which in turn means less transparency. This can be done by increasing the image number. For example, if the image number increases to ten, the transparency will be 10% with an acceptable power loss of about 15–20%, as observed in a typical see-through PV module.


Figure 5. Current-voltage (I–V) characteristics of standard and animated image PV modules.
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Figure 6 shows the performance of the standard PV module and a 33%-transmittance animated image PV module as a function of the irradiance. It can be seen that at an irradiance of approximately 250 W/m2, the Voc and FF of the animated image PV module reach greater than 90% of their standard value (at 1000 W/m2). This confirms that the animated image PV module still has high maintenance of Voc and FF in weak light conditions, which is the most remarkable feature of silicon thin-film solar cells. The Isc of the animated PV modules again exhibits a slope approximately 1/3 smaller than that of the standard PV module due to the ablation loss of the silicon active layer. This result is helpful for evaluation of the performance of PV modules with different tilt angles (θt). When the tilt angle changes, the irradiance (Ir) on the module will be varied according to Ir = I0 × cosθt, where I0 is the applied irradiance. Then the corresponded cell performance can be found.


Figure 6. Performance of the standard PV module and animated image PV module as a function of the irradiance, (a) open-circuit voltage, (b) short-circuit current, (c) fill factor, (d) conversion efficiency.



[image: Energies 10 01712 g006a][image: Energies 10 01712 g006b]







4. Conclusions


Fifth-generation-sized animated image PV modules have been fabricated in this paper. A PV module with three images is demonstrated, and the images can be clearly seen from different angles. The power output of the animated image PV module is 87.6 W, which can be further improved by decreasing the see-through transmittance and increasing the number of animated images. The remarkable features of this module such as the animated image display, semitransparency, and acceptable power loss provide an option that adds a personal style and unique design to the building. This module could help improve customer acceptance and elevate the esthetic appearance of building-integrated PV modules.
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