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Abstract

:

Among different perovskite solar cell architectures, the carbon-based perovskite solar cell (C-PSC) is a promising candidate for upscaling and commercialization related to low-cost components and simple manufacturing methods. For upscaling a PV technology, three parameters must be considered, corresponding to efficiency, stability, and cost. While the efficiency and lifetime of perovskite technology are the focus of many research groups, the cost parameter is less studied. This work aims to provide information on the manufacturing cost of C-PSC based on experimental data in order to give the readers a panoramic overview of parameters influencing a fabrication process. To analyze the commercialization viability of this technology, we estimated the cost of raw materials and the manufacturing process for sub-modules using two different methods: registration and scribing. The fabrication cost of a sub-module fabricated using the scribing method with 7.9% efficiency was approximately 44% less than that of a device with 6.8% efficiency prepared using registration. We demonstrated that this is due to both the design parameters and performance. In addition, we showed a 51% cost reduction for registration devices by appropriate choice of solar cell components, fabrication steps, and equipment based on the existing infrastructures for the manufacturing of large-scale devices.
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1. Introduction


Recently perovskite materials have received significant attention due to their excellent performance in variety of applications such as light emitting diodes (LEDs), resistive memories, X-ray imaging, sensors, catalysis, and photovoltaics [1,2]. The broad absorption spectrum and low nonradiative recombination losses of perovskite materials make them suitable for solar cell applications. The power conversion efficiency of perovskite solar cells (PSCs) has rapidly increased from 3.8% in the first report in 2009 by Miyasaka to 25.2% in 2021, for an aperture area of 0.0804 cm2 [3,4]. One of the key advantages of PSCs is their low-cost manufacturing process related to the low-temperature and solution-based methods using inexpensive and abundant materials [5,6]. Recently, the use of additive manufacturing in solar cell fabrication has shown significant opportunities to establish innovative technologies at a larger size, lighter devices, high throughput processing, and lower manufacturing costs [7,8]. Various steps in the manufacturing process of PSCs are compatible with flexible substrates as well. The fast progress in increasing cell efficiencies whilst decreasing manufacturing cost has motivated researchers around the globe to investigate their potential commercialization.



The main parameters for commercialization viability of a PV technology are efficiency, stability, and cost. Efficiency of PSCs is now exceeding those of multicrystalline silicon, copper indium gallium selenide (CIGS), and cadmium telluride (CdTe) solar cells, which are commercially available PV technologies [9,10].



The long-term stability of perovskite solar cells is still the main barrier for large-scale applications, related to their sensitivity to changes in ambient environments such as humidity, oxygen content, temperature, thermal stress, and UV light [1,11]. Efforts to improve the stability of PSCs include tuning the perovskite structure, device architecture modification, and device encapsulation [12,13,14,15]. An important issue for large-scale applications is the toxicity of lead. Lead-free perovskite solar cells have been reported; however, they are as of yet less efficient and less stable [16,17,18].



When considering cost, this is dependent on the manufacturing approach and choice of materials, which in turn, are dependent on device architecture. There are two main architectures for perovskite solar cells: (i) planar (PPSCs) and (ii) mesoporous (MPSCs) [11,14]. Both devices have shown excellent performance; however, the presence of unstable and expensive hole-transporting materials (HTM) and costly noble metals as counter electrodes increase their manufacturing costs. Han et al. have developed a carbon-based perovskite solar cell (C-PSC) as a fully printable architecture and a promising candidate for large-scale applications related to the easy and cost-effective manufacturing process using stable and abundant materials [19,20,21,22,23]. This innovative architecture can be fabricated without high capital cost equipment, as shown by the production of an A4-sized module using only screen-printing [24] (see a schematic view of screen-printing in Figure S1). Lifetimes of >10,000 h have been reported for this promising technology [15,25].



The C-PSC device consists of a blocking layer, which is usually deposited by spray pyrolysis, and three mesoporous layers (triple stack) of TiO2 as an active layer, ZrO2 or Al2O3 as insulator, and carbon as the counter electrode [19,26]. The perovskite precursor solution is infiltrated through the triple stack to form the perovskite absorber material. The infiltration and conversion processes can be carried out via a one-step or two-step deposition method [27,28]. In the two-step (sequential) method, a solution of lead iodide (PbI2) in DMF is drop-casted onto the carbon layer, and after drying and solvent evaporation, the stack is immersed into a solution of methylammonium iodide (MAI) in isopropyl alcohol (IPA) for a couple of minutes to form the perovskite. In the one-step deposition method, both perovskite infiltration and conversion take place in one step, using a mixture of PbI2 and MAI in an organic solvent such as gamma-butyrolactone (GBL), dimethyl sulfoxide (DMSO), a mixture of DMSO and dimethylformamide (DMF) and, n-methyl-2-pyrrolidone (NMP) [29,30,31,32]. The choice of one-step or two-step perovskite deposition method affects the properties of the perovskite layer. It is reported in the literature that high-quality crystalline perovskite can be obtained from the two-step method. The perovskite morphology obtained from the sequential technique shows larger grain size and less grain boundaries, resulting in better photovoltaic performance and reproducibility.



On the contrary, the one-step deposition technique may result in incomplete conversion, smaller degree of perovskite coverage, and non-homogeneous particle size of the perovskite grains. However, the two-step deposition method is suitable for fabrication in the laboratory and achieving high performance, while the one-step method is ideal for the fabrication of large-scale devices, as will be explained later [33,34].



To achieve high-efficiency and reproducible devices, experimental parameters such as layer thickness, type of solvent, solution composition, concentration and temperature, infiltration drop volume, annealing temperature, and conversion time need to be optimized [35,36,37,38,39]. Up to now the power conversion efficiency (PCE) of the triple stack devices has been between 10% and 16% for cells with a small active area up to 1 cm2 [38,40,41,42,43,44].



There are only a few reports on the scale-up of the C-PSCs to larger devices. Hu et al. fabricated a monolithic module with a large area of 10 × 10 cm2, which consisted of 10 serially connected sub-cells with a total active area of 49 cm2. The module achieved an efficiency of 10.40% and one year indoor stability for an unsealed module in the dark, and one month outdoor stability of the encapsulated module under local environment in China [45]. Priyadarshi et al. modified the module design and active area, and examined the performance of three different carbon pastes to achieve the lowest electrical resistance and the highest perovskite filling fraction of the TiO2 and ZrO2 by modification of the carbon particle size. They also used a 100-cm2 area substrate (device area) to fabricate a monolithic module with 10 connected cells in series, and total active area of 70 cm2. They obtained an efficiency of 10.75% and ambient stability of more than 2000 h [46]. De Rossi et al. reported the fabrication process of a device using the registration of the overlapping layers with 198 cm2 of active area and an average PCE of 6%. They studied the effect of patterning the TiO2 blocking layer to improve the interconnection between adjacent cells, resulting in lowering the contact resistance and improving the fill factor and module performance. For future increase in the module efficiency, they proposed a humidity post-treatment in the dark and obtained over two months of stability for unencapsulated devices [24]. In recent work of Meroni et al., the manufacture and performance of a 10 × 10-cm2 device using the so-called mechanical scribing method is reported addressing a systematic study of the interconnection area between adjacent cells. A geometrical fill factor of 90% and a module efficiency of 10.37% were obtained showing that a critical element in achieving appropriate interconnects is the contact resistance at the FTO/carbon interface [47].



Related to the limited extent of scale-up efforts, to our knowledge there are no reports on the manufacturing cost of large-area perovskite devices based on experimental data. For an appropriate cost estimation for the viability of a solar project, the choice of PV module architecture, raw materials and components, and manufacturing steps are very important to reduce the levelized cost of energy (LCOE) value.



In this paper, we propose two different configurations for carbon-based perovskite solar modules, and we discuss how the manufacturing cost can be reduced by an accurate choice of raw materials and fabrication steps considering different fabrication strategies. The cost per kWh for each proposed strategy is calculated using experimental data in order to obtain a comparison of the manufacturing cost of a solar module. The LCOE calculation is beyond the scope of this paper; however, the proposed optimum module architecture and manufacturing process in this paper will be the starting point for the cost estimation and feasibility study of economics and facilities for production of printed photovoltaics.




2. Materials and Methods


2.1. Solar Module Manufacturing Process


Two modules with different design parameters were fabricated. The fabrication steps are presented in Figure 1 for both devices. One was manufactured using the registration method (R module) where the overlaying of layers is required for interconnection; this is achieved using printing accuracy instead of material removal. The second module was fabricated using the scribing method (S module). In this method, the interconnections are created based on a material removal approach to achieve a high geometrical fill factor (ratio between the active area and total area).



The details of the manufacturing process have been reported previously [24,47]. First, the P1 isolating line was scribed on the FTO substrate using an Nd:YVO4 laser. The substrate (XOP Glass) size was 27.5 × 21 and 22 × 16.5 cm2 for R and S modules, respectively. The substrate cleaning, blocking layer deposition, triple stack screen-printing, and the annealing processes were carried out using the same procedures as for the small solar cells described in supplementary materials [41]. The final thickness of the mesoporous TiO2, ZrO2, and carbon films was 0.8, 1.2, and 12 µm, respectively, and all three layers were printed from commercially available pastes. For the S module, the P2 and P3 scribes were applied mechanically using a steel blade. For more details see reference [47]. The AVA-MAPI precursor solution was prepared with 439 mg of PbI2, 151.4 mg of MAI, and 6.7 mg of 5-AVAI in 1 mL of GBL. A so-called robotic mesh (RbM) method was used to spread the precursor solution on the surface of the triple stack [41]. The wet devices were kept in a closed petri dish for 10 min at room temperature and then heated at 50 °C in an oven for 2 h. Then the modules were treated at 70% RH inside the humidity oven at 25 °C for 24 h. Figure 2 shows the schematic views of the R and S modules, and Table S1 in the supplementary materials shows the design parameters for each module. Both modules are fabricated on FTO substrates and consist of 22 large cells that include a blocking layer, and titania, zirconia, and carbon layers.



For both modules, first, the P1 line was scribed onto the FTO substrate using a laser machine to remove the transparent conductive layer from the substrate. Then, titania and zirconia layers were screen-printed. For module R, accurate registration is necessary to print the titania layer above and close to the P1 line without contacting it. The zirconia layer is printed on the top of the titania layer to cover it, and it should also cover the P1 line. For module S, titania and zirconia layers are printed on the entire substrates, and then the P2 line is mechanically scribed to remove the unwanted areas. The carbon layer is printed on the top of the two previous layers. In module R, care must be taken to print the carbon layer in such a way as to avoid any contact with the adjacent carbon layer from the neighbouring cell. In the scribing module, the carbon is printed on the top of two other layers and the unwanted areas are removed by applying P3 lines mechanically.




2.2. Cost Analysis: Solar Module Manufacturing Process


The cost analysis and manufacturing cost calculations are based on a bottom-up strategy. It means that the cost of each raw material and electricity consumption of each process, which are required to fabricate the registration (R) and scribing (S) modules, was calculated. This calculation is based on the quantity and cost of raw materials used in the structure of each module, as well as the duration of each fabrication process and electricity price (see Tables S2–S5). To estimate the fabrication cost of sub-modules based on cost reduction strategies, different configurations were investigated for each type of module, i.e., R1 to R6 and S1 and S2, assuming the following innovations. The R1 sub-module is considered to be the most expensive device consisting of the use of commercially available pastes, the two-step perovskite deposition method, and three conventional heat treatments in a furnace. The R2 sub-module has the same configuration as the R1 device; however, the one-step method for perovskite deposition was implemented. To reduce the fabrication cost in the R3 device, the use of low-cost pastes was proposed [48,49]. In the R4 sub-module, low-cost pastes and one-step perovskite deposition were assumed. In addition, to reduce the manufacturing cost, two heat treatments after zirconia and carbon layer deposition were considered instead of three heat treatments. For the R5 device, all three conventional heat treatments were replaced with an NIR treatment. The R6 sub-module is considered to be the most cost-effective device among the R-series devices. This sub-module consists of the triple stack prepared from low-cost pastes, one-step perovskite deposition, NIR treatment, and production under ambient atmosphere instead of dry room facilities, as the steps considered for the fabrication. For the S-series sub-module, the S1 device was prepared with commercially available pastes, one-step perovskite deposition, and three conventional heat treatments. The S2 device is a cost-effective configuration fabricated with low-cost pastes, one-step perovskite deposition, NIR treatments, and ambient atmosphere.



In this case, we considered the cost of raw materials, components, and equipment electricity consumption for the different manufacturing steps. The results of the cost analysis show which component or process step has the largest cost contribution in the manufacturing process of a triple stack module. Strategies to reduce the final cost were proposed, and an optimum module design to achieve an improvement in the performance and decrease of the cost was presented. In addition, the manufacturing cost per Watt·hour was calculated to determine a cost-effective strategy for the future module production line.





3. Results


3.1. Module Performance


Figure 3 shows the IV curves for the R and S modules. The photovoltaic performance parameters are listed in Table 1. Although the R module has a higher current density and open circuit voltage; its fill factor and thus the power conversion efficiency are lower than those of the S module. For the R module, the interconnections were created using an accurate registration of each layer via the screen-printing technique. A margin was considered to prevent possible shunts; however, this resulted in increasing the total un-used area and, hence, decreases the geometrical fill factor. In the S module, the Ohmic losses through the carbon electrode were minimized using narrow scribing lines which ensure sufficient interconnection area between adjacent cells and result in an improvement in module fill factor and efficiency.




3.2. Module Cost


Here, we calculated the fabrication cost of a module based on the existing laboratory infrastructure, and we proposed various strategies to reduce the device cost by replacing raw materials and modifying the module design. The difference among R-series modules (from R1 to R6 in Figure 4) is in the replacement of low-cost raw materials and/or changing the fabrication process (one-step perovskite deposition vs. two-step technique). Both strategies result in a reduction in cost and quantity of required materials. The difference between R and S modules is the module’s design. By changing the design, a smaller conductive glass substrate was used for the S module. The conductive glass substrate has the largest contribution in cost of raw materials according to our calculations (see Tables S2 and S4). Therefore, by changing the design parameters, a lower quantity of raw materials was needed, which directly led to a reduction in the materials’ cost.



Table S2 in the supplementary materials shows the R module components, their purchasing price ($/kg), and the required quantity of each component for module manufacturing (kg). Table S3 shows the processes used in module manufacturing and the corresponding electricity consumption. The manufacturing costs in US dollars ($) were calculated using these two tables and are shown in Figure 4, where the contribution of each component and process in the cost of module manufacture is presented. Each module in this figure represents a new strategy to reduce the manufacturing cost. Note that the cost of raw materials such as cleaning agents and Sn wire, and processes such as humidity treatment, blocking layer deposition, triple stack screen-printing, patterning by laser, substrate cleaning, and soldering were considered in our calculations (see Tables S2–S5); however, as these values were negligible, they are not shown in Figure 4. For R-series modules, the fabrication method was registration and for S-series modules the mechanical scribing method was used. For both configurations, the FTO glass had the highest cost contribution as compared to the other components. Module R1 was fabricated using the commercially available pastes of titania, zirconia, and carbon, and the two-step perovskite deposition technique in which the solution of PbI2 in DMF was infiltrated into the triple stack. After annealing, the substrate was immersed into the solution of MAI in anhydrous IPA. This method is commonly used for small-scale cell fabrication. There are several reports in literature that consider the MAI dip coating step for large-scale applications [21,50]. However, the viability of this method for large-scale manufacturing is questionable due to the large amount of raw materials required and the generation of significant residues.



The best alternative to the two-step method is a one-step deposition method, in which an exact quantity of the perovskite precursor solution is infiltrated into the triple stack with the minimum waste of raw materials and almost no residue production. A one-step deposition technique is a material and time saving strategy, and allows for a continuous production process. This can be achieved with the robotic mesh (RbM) method that has been previously reported, which provides homogeneous and effective deposition of the perovskite solution onto the stack [47]. In Figure 4, it can be observed that the R1 module using the two-step perovskite deposition method is $20 more expensive than the R2 module in which the one-step perovskite deposition method is used. Besides the reduction in raw materials quantity and therefore costs, another advantage of the one-step deposition method is its compatibility with other processes in a large-scale production line. It means that after sintering the triple stack, the large module is transferred directly to the next step, which is the RbM one-step infiltration. This strategy matches with a continuous process for large volume production, whereas the two-step deposition technique could be useful for a batch process and low volumes. Applying the one-step deposition technique could decrease the overall production time and increase the production rate (m2/min), which directly influence the total manufacturing costs.



To further decrease the manufacturing costs, commercially available pastes in the R2 module design were replaced with low-cost, home-made titania, and alumina pastes, corresponding to the R3 module. The nanomaterial synthesis, paste preparation, and paste cost analysis are explained in detail in the supplementary materials. The cost of commercial titania and alumina pastes in the R2 module was 9.6% of the total raw materials costs, while for prepared titania and alumina pastes in the R3 module this was only 1.7%. In the R-series modules, the TiO2 printed area was 198 cm2 and the ZrO2 printed area was 327 cm2 (see Table S1). The cost difference between the prepared pastes and commercially available pastes increases for larger scale devices, where the printed area and therefore the amount of required pastes is larger.



Although the carbon-based perovskite devices have shown potential for scale-up, one barrier for large-scale application is the sintering processes in their manufacturing. Usually after each mesoporous layer deposition, the layers are thermally treated for several hours to remove any organic binders of the pastes and to improve the interconnection between nanoparticles. The sintering is costly due to the electricity consumption of conventional furnaces, and it is time consuming, which reduces the production rate. One strategy to overcome this barrier is to decrease the number of sintering steps. Figure 4 illustrates that the sintering processes of titania, zirconia, and carbon have a high contribution in electricity consumption cost, corresponding to about 37% of the total cost of electricity for the manufacturing processes of R1, R2, and R3 modules.



Since both titania and zirconia are metal oxides, the process may be simplified by sintering both layers in one step. In this case, after screen-printing of the titania layer, it was allowed to dry for several minutes before starting the screen-printing of the zirconia layer. Both layers were then sintered in one step at a high temperature in the furnace. It may even be possible to sinter all three mesoporous layers at the same time; however, because of the different nature of the carbon layer, this possibility needs to be carefully evaluated in relation with the performance of the device. Here, we only considered the possibility of two sintering steps in R4 module instead of the three sintering steps in R3. For the R4 module, the electricity consumption related to the two sintering steps was around 29% of the total electricity consumed in all the other processes: decreasing the number of heat treatment steps from 3 to 2 resulted in approximately 11% reduction in total electricity consumption cost of the manufacturing process.



Another strategy for lowering the costs related to sintering is to modify the process using near-infrared (NIR) treatment as reported previously [42]. In the R5 module, after each screen-printing step, the mesoporous layer was left to dry for 5 min and the NIR treatment was applied for 60 s. The total electricity consumption cost decreases by approximately 36% compared with the three sintering steps in a conventional furnace. Another important advantage of this method was a lowering of the processing time, which may result in a significant increase in the production rate. The duration of processes such as cleaning, screen-printing, and spray pyrolysis was almost negligible compared to the heat treatment and annealing processes. If we consider the sintering of a triple stack as a time-dominant process in the fabrication of R modules with 198 cm2 total active area, then the production rate would be 0.5 and 11 cm2/min by conventional furnace and NIR treatment, respectively. Hence, by using the NIR treatment, the manufacturing rate is about 22 times faster compared with the conventional 3 steps heat treatment. This strongly influences the techno-economic aspect of a large-scale production line where the manufacturing cost depends significantly on the production rate.



Other costly processes in the fabrication of perovskite solar devices are the perovskite precursor solution preparation and perovskite deposition process. For small solar cells and mini modules, these steps are usually carried out in a dry room where the relative humidity can be controlled using a dehumidifier. However, for large-scale applications, these steps should be carried out in an ambient atmosphere to reduce the electricity consumption corresponding to humidity control. The R6 module shows the cost of an R type module fabricated with the low-cost titania and alumina pastes, one-step perovskite deposition, NIR treatment as sintering step, and infiltration under ambient atmosphere conditions. Using these processes, the electricity consumption cost decreases approximately 75% compared with for the R2 module in which the conventional processes have been used.



Finally, the design parameters of the R module were modified to: (1) decrease the use of the FTO substrate, which has the highest contribution in cost of raw materials, and (2) increase the total active area and, hence, module efficiency. In this case, the total device area was decreased from 577.5 cm2 in the R module design to 363 cm2 in the S module design, while the number of the small cells (22 cells) did not change (see Table S1). The cost per unit area of device is reduced from $51.75 to $25.5 from R1 to R6 and from $23.5 to $18 from S1 to S2.



The cost of raw materials ($/kg) and the fabrication processes for an S module are listed in Tables S4 and S5, respectively. Due to the precision scribing of the P2 and P3 lines, the active area of the S module of 224.2 cm2 is significantly larger than for the R module, where the active area is 198 cm2. Therefore, the total active area for the S module was 61.7% of the total device area, compared to 34.3% for the module R. In Figure 4 the fabrication cost of module S1 is compared with the manufacturing cost of module R2, in which the same raw materials and fabrication steps were used. The final manufacturing cost decreased by about 27%, changing from the R module design to the S module configuration. In module S2, the manufacturing cost could be decreased even further by using the low-cost pastes and the fast NIR heat treatment under ambient conditions.



In Figure 4, the total manufacturing cost of different modules was shown without considering their photovoltaic performance. In the cost reduction scheme we presented in this work, we showed that the manufacturing cost can be reduced by choice of low-cost pastes, adequate equipment, and proper design parameters. These strategies are reflected in all modules presented, from R1 to S2. The S2 module represents the optimum module design and a choice of the most adequate raw materials and processes. For a fair comparison of modules cost, and to show the effect of the solar energy conversion efficiency and device lifetime on the total manufacturing cost of each module, the cost per kWh was calculated, which is presented in Figure 5. The reported efficiencies in Table 1 correspond to the R2 and S1 modules, which were fabricated in the laboratory. For this reason, in the following lines, we focus on the comparison between these two modules. In addition, a lifetime of 1440 h was reported for these modules [24]. These parameters, based on experimental data for R2 and S1 modules, are shown in the inset of Figure 5. Although the other modules (R1, R3, R4, R5, R6, and S2) were not fabricated and are “simulated devices” representing the effects of cost reduction strategies, the same parameters for the efficiency and lifetime were assumed.



The total manufacturing cost decreased from 16.4 to 9.2 $/kWh by changing the design parameters of the R2 module to the S1 module. The approximate 44% cost reduction was due to the decrease in the amount of raw materials used, such as FTO and printed zirconia and carbon, as well as an improvement in module active area and, hence, efficiency and output power. The manufacturing cost can be decreased to US $7 per kWh by replacing the sintering processes in a conventional furnace by the fast NIR heat treatment. As is well known, to evaluate the commercial feasibility of a new PV technology, the levelized cost of electricity or energy (LCOE) of a solar power plant based on that PV technology is calculated and compared with the LCOE of the commercially available PV technologies. The LCOE is the total cost of building an electricity generating plant over the total energy produced by the plant during its lifetime. According to this definition, a feasible PV technology for commercialization must meet a low capital cost, high efficiency, and long lifetime. The first and second-generation solar cells have already reached a very low LCOE, which makes it quite difficult for the perovskite community to compete. Although the capital cost for the manufacturing of the first and second-generation solar panels has significantly decreased in recent years, the low LCOE is mostly due to the high efficiency (>15%) and long lifetime (25–30 years). To our knowledge, in the literature, for an accurate comparison between the cost of the perovskite PV technology and the commercially available solar panels, the efficiency of 15 to 20% and lifetime of 15 to 30 years are assumed to calculate the LCOE [5,10,21,49]. This assumption is due to the lack of the experimental data for the perovskite PVs. It should be mentioned that the cost per kWh in this paper was based on the experimental efficiency of ≈7 and 8% and lifetime of 1440 h. For the S2 module, with the lowest manufacturing cost and the highest experimental efficiency, if we assumed an efficiency of 15% and a lifetime of 15 years (131,400 h), the cost per kWh would be ≈0.041 $/kWh, which is comparable with the cost of the commercially available PV technologies (32–44 $/MWh) [51]. It is worth mentioning that in this paper the module manufacturing cost was calculated based on the existing infrastructure in the laboratory using the cost of raw materials in batch. For a future commercialization, the high cost related to the use of small batches would be reduced significantly by purchasing the raw materials in bulk, which results in a further decrease in cost per kWh of perovskite PV.



Therefore, several advantages such as the ease of perovskite PV manufacturing, low capital cost, compatibility with the flexible substrates (suitable for the roll-to-roll process), high open circuit voltage and therefore device functionality under low-light intensity (suitable for indoor and internet of things (IOT) applications), and the stability of the triple stack architecture are the main motivations for the perovskite community to improve the device efficiency and stability to compete with the commercially available PV technologies.




3.3. Future Directions


In this work, we estimated the manufacturing cost of carbon-based perovskite C-PSC solar modules in the laboratory with the available infrastructure and based on experimental performance data. We calculated the manufacturing cost using the purchasing price of raw materials in partial quantities. As a result, the most expensive component for module fabrication was the FTO transparent conducting glass substrate, while the cost and production time that dominate the fabrication process corresponds to the conventional thermal treatment of the triple stack. Usually, for the viability study of a PV technology, a large-scale production line with the capital cost for purchasing the manufacturing equipment and raw materials in bulk are considered. For example, to produce conductive substrates for large devices, glass substrates are purchased at a bulk price and a sputtering set-up is installed to deposit the conductive transparent layer [10,48,49]. As we showed, the second most expensive component of the C-PSC is the separator layer due to the high cost of zirconia or alumina paste and the required quantity of this material for large devices. For a future production line, an extra unit for paste production can be considered in order to reduce the cost of this component as partial purchasing, especially for the countries that must pay a high importation cost for the imported products. Hence, the cost of extra equipment, facilities, utilities, and labor for the material manufacturing synthesis and paste preparation should be considered. In a production line of large-scale devices, all manufacturing steps should be compatible and match with a continuous flow process to avoid a slow production rate and, hence, higher manufacturing cost. One example is the two-step deposition technique which results in: (1) a high volume of raw materials and residues for the MAI conversion process by immersion, and (2) a disconnect in the production line in order to place the large substrate inside the immersion bath. On the other hand, using a one-step deposition technique is a material and time saving strategy, and allows for a continuous production process. For an appropriate cost estimation of a production line, a trade-off between the capital cost and process effectiveness (in cost, time, and performance) should be considered. For example, for R and S modules, most of the fabrication equipment and facilities are the same. The scribing line in the R module can be applied using a low-cost laser machine; however, the P2 and P3 lines in S modules are scribed using more sophisticated and high-cost laser systems. This may increase the capital cost for production of S modules compared to that of R modules. However, analysis of the drawbacks of the R module leads to choosing for a production line with a slightly higher capital cost, but less labor cost and better device performance. The disadvantages of the R module design are: (1) an extra expert labor cost is required for the registration printing process where high accuracy is needed in order to print the layers in their exact positions; (2) reduction in the production rate due to the semi-automatic printing steps with labor supervision; and (3) decrease in quality and device performance. On the contrary, the S module can be fabricated in a continuous process using a highly accurate laser scribing system and higher production rate.



Finally, we have shown that the sintering process in the fabrication of the carbon PSC devices is costly and time consuming. If this step is replaced by an NIR heat treatment, the capital cost may increase; however, the production rate also increases. It means that a larger area (m2) and more devices can be produced during an assumed operation time. This directly influences the $/kWh cost of a module. The choice of the right module configuration and manufacturing process parameters is a key factor for a future design of a carbon PSC module production line. The extensive cost estimation of a large-scale module production line, including the capital, labor and utilities costs, equipment maintenance and depreciation, land, taxes, etc., will be discussed in future work using the optimum module design proposed in this work.





4. Conclusions


In this work, the manufacturing cost of large C-PSC devices was calculated, showing that the FTO substrate is the most expensive raw material and that the sintering process is the most critical factor influencing the cost and production rate. The cost of the separator layer as the second most expensive raw material, can be decreased by a factor of 7.7 using the home-made paste. This can be observed in Figure 4 by the change in height of the bright gray box from the R2 to R3 module configuration, which represents the cost of the separator layer. The results of solar cells performance and reproducibility (see the supplementary materials) show that the pastes developed in this work can be considered as viable low-cost alternatives for large-scale applications. We have shown that the cost per kWh of a module decreases significantly by improving the module efficiency. The cost estimation of the manufacturing process has shown that: (i) the two-step perovskite deposition technique must be replaced by one-step deposition technique; (ii) the registration method for module fabrication should be replaced by scribing method, and (iii) the sintering processes must be conducted in less steps or completely replaced by fast heat treatment methods. We showed an approximately 51% cost reduction for registration devices (from R1 to R6) by appropriate choice of solar cell components, fabrication steps, and equipment based on the existing infrastructures for the manufacturing of large-scale devices. In addition, by applying all these strategies, a 75% reduction in module manufacturing cost could be achieved (from R1 to S2 configuration).



To determine the commercial viability of carbon-based perovskite photovoltaic technology and lab-to-fab transition, the costs of an operating plant with different manufacturing units including capital costs, facilities, wages, and overheads must be determined based on the right choice of materials and process. As commercial viability strongly depends on the efficiency and lifetime of the PV device, extensive research should continue to increase the conversion efficiency and improve the stability of large-scale devices.
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Figure 1. Fabrication steps for R and S sub-modules. 
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Figure 2. Schematic representation of C-PSC modules fabricated using registration (R) and scribing (S) methods. 






Figure 2. Schematic representation of C-PSC modules fabricated using registration (R) and scribing (S) methods.



[image: Energies 15 00641 g002]







[image: Energies 15 00641 g003 550] 





Figure 3. IV curves for the fabricated R (blue) and S (black) modules. The S module is adapted from reference [47]. The inset shows a photograph of these modules. 
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Figure 4. Manufacturing cost of different modules fabricated using the registration (R-series) or scribing (S-series) techniques. R1: commercially available pastes/two-step perovskite deposition/3 conventional heat treatments (HT); R2: commercially available pastes/one-step perovskite deposition/3 conventional HTs; R3: low-cost pastes/one-step perovskite deposition/3 conventional HTs; R4: low-cost pastes/one-step perovskite deposition/2 conventional HTs; R5: low-cost pastes/one-step perovskite deposition/NIR treatment; R6: low-cost pastes/one-step perovskite deposition/NIR treatment/ambient atmosphere; S1: commercially available pastes/one-step perovskite deposition/3 conventional HTs; S2: low-cost pastes/one-step perovskite deposition/NIR treatment/ambient atmosphere. Note: R2 and S1 module costs were calculated based on experimental data, and for the rest of the devices, the module costs were calculated based on the proposed manufacturing strategies. 
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Figure 5. The cost per kWh for R- and S-series modules. Note: R2 and S1 module costs were calculated based on experimental data, and for the rest of the devices, the module costs were calculated based on the proposed manufacturing strategies. The $/kWh was obtained by dividing a module cost ($) by the module power (kW) and lifetime in hours. 
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Table 1. Photovoltaic parameters for the fabricated R and S modules obtained from the IV curves in Figure 3.
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	Device
	VOC (V)
	ISC (mA)
	FF (%)
	PCE (%)





	R Module
	19.48
	195
	34.37
	6.78



	S Module
	18.74
	187
	46.74
	7.87
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