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Abstract

:

Renewable energy sources, particularly solar photovoltaic generation, now dominate generation options. Solar generation advancements have resulted in floating solar photovoltaics, also known as FSPV systems. FSPV systems are one of the fastest growing technologies today, providing a viable replacement for ground-mounted PV systems due to their flexibility and low land-space requirement. This paper presents a systematic approach for implementing a proposed FSPV–grid integrated system in Bhilai Steel Plant’s (BSP) subsections. BSP is a steel manufacturing plant located in Bhilai, Chhattisgarh, and the FSPV system has the potential to generate sufficient energy by accessing two of its reservoirs. The system was simulated in HOMER Pro software, which provided the FSPV system power estimations, area requirements, net present cost (NPC), levelized cost of energy (LCOE), production summary, grid purchasing/selling, IRR, ROI, paybacks and pollutant emissions. A sensitivity analysis for a hike in PV prices globally due to a shortage in poly silicone in international markets during the fiscal year 2021–2022 was undertaken for the proposed FSPV–grid system. Here, the authors considered hikes in the PV price of 1%, 9%and 18% respectively, since the maximum percentage increase in PV prices globally is 18%. The authors also compared the proposed FSPV–grid system to the existing grid-only system for two sections of the BSP and the results obtained showed that the NPC and LCOE would be much lower in the case of the FSPV–grid system than the grid-only system. However, with changes in the percentage hike in PV prices, the NPC and LCOE were found to increase due to changes in the proportion of FSPV–grid systems in production. The pollutant emissions were the minimum in the case of the FSPV–grid system, whereas they were the highest in the case of the existing grid-only system. Furthermore, the payback analysis indicated that the minimum ROI for the above-defined construction would be fully covered in 15.81 years with the nominal 1% pricing for FSPV–grid generation. Therefore, the overall results suggest that the FSPV–grid system has the potential to be a perfect alternative solar energy source that can meet the current electrical energy requirements of the steel manufacturing industry with nominal pricing better than the existing grid-only system, as well as addressing economic constraints and conferring environmental benefits.
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1. Introduction


Solar energy is a time-honoured renewable source of energy due to its ubiquity and sustainability. Solar PV is an accepted and direct form of generation from solar energy in which the heat energy from the sun is directly converted into electrical energy through PV modules, which are made up of thin layers of semiconductor material called polysilicon [1]. Polysilicon exhibits free electrons upon gaining photonic energy from the sun. Based on the availability of space, solar PV mountings are categorized into roof and ground types. However, nowadays, power engineers are making solar PV systems that float on water bodies, which are called floating solar or flotovoltaics [2]. The FSPV system uses a concept that extends the theory of generation from solar energy through only slight modifications to the system’s structure to make it float on water bodies. It is a new method of solar power generation that utilizes the water surfaces of rivers, dams, reservoirs and other water bodies [3]. The efficiency of normal PV is restricted to up to 17–18%, whereas researchers have shown that an efficiency of 20% can be achieved using an FSPV system [4,5,6]. This system has proven to be more successful in recent years. However, the FSPV system has various additional issues that future researchers should address:




	▪

	
Birds are drawn to the projects because they are on water, and their nests, droppings and other debris cause problems;




	▪

	
There are important concerns in terms of freshwater’s difference from saltwater/seawater;




	▪

	
Power losses in PV modules may occur as a result of micro-cracks caused by motions triggered by wind, waves and other external forces;




	▪

	
Solar radiation, fog, the presence of shade and other factors can have a direct impact on generation;




	▪

	
Water level fluctuations, frozen regions, inflows of floating matter, accessibility, interference from dam facilities and so on are all factors that may affect installation and maintenance;




	▪

	
The power system connection, distance to distribution line, load, etc.




	▪

	
There are also legal constraints: water source protection zones, environmental protection, flora and fauna protection, marine activists, etc. [7].









India, which is a tropical country, and its state, such as Chhattisgarh, benefit from high and nearly constant solar radiation; the Tropic of Cancer passes through Ambikapur Chhattisgarh, thus offering a suitable condition for solar PV generation. This is a favourable condition for investment in solar PV power generation in Chhattisgarh. However, the PV selling price is the key feature allowing solar power to flourish around the world. Many countries, including India, have provided many rebates to consumers through subsidies to encourage people to adopt solar power. Thus, a slight increase in solar material prices can put energy engineers under great pressure. The Indian government has expressed clear intentions to develop 175 GW of clean, renewable energy by 2022, of which 100 GW would be from solar generation under its National Solar Mission (NSM). This has been possible for decades due to the plummeting trend in the prices of solar modules, which have dropped by up to 90%, a change which can be considered menacing [6].



The hike in PV prices last year was a snag for the solar energy industry. The government has expressed a clear intention to impose a 40% basic customs duty (BCD) on modules. PV modules account for 52–56% of the total capital cost, which, in turn, increases the cost of energy. The module prices have increased by up to 18% over the past year and are expected to increase further if the conditions remain the same [8]. This is due to the increase in the price of polysilicon, which is the raw material for solar modules. China, as a primary supplier, has increased the metal price of polysilicon by one-fifth of the total cost, which, in turn, has increased the capital cost of solar PV. This will affect various nations, especially India, since all raw materials for solar power are imported from China. If this extravagant price continues to increase, then it will affect India in two ways: firstly, it will cause problems in meeting the deadlines of past projects; and, secondly, it will slow down the projects using solar power. The whole scenario will again have a cumulative effect on climate change [9]. Figure 1 shows the percentage increase in solar module pricing for the fiscal year 2021–2022. The trend shows a continuous hike in PV prices in 2021, which reached a maximum of 18% due to the shortage of polysilicon in the international market, and this hike is a bottleneck for solar engineers. The aforementioned problem will disrupt the plans of engineers and researchers to integrate FSPV systems as generation options. However, India is a country rich in resources and, its water bodies have the potential to generate 270 GW of power through FSPV systems [10]. FSPV has the advantage of reducing the cost of land, which is compensated for by its high capital cost, although this can be made to increase by rising PV prices. The International Energy Agency (IEA) has declared that, by 2050, 50% of the total power supply around the world will be generated by solar systems. The present research claimed to analyze the effects of rising PV prices on the overall production proportions of the system and the economic constraints.



Solar generation is attracting remarkable attention among power engineers for use in industrial applications due to its intermittent and sustainable nature. Solar power can be employed in a variety of industrial applications, such as chemical processes, electrical processes, space heating, cooling of buildings, etc. [11]. Studies have proved that solar power is even applicable in industries such as telecommunications, the textiles industry, agriculture, water desalination, etc. Solar energy, when implemented for industrial applications in the form of FSPV systems, can provide a variety of energy demand solutions and will cumulatively improve the reliability of industries [12,13]. When integrated with grid systems, they modify the proportion of energy demand, improving the system sustainability, stability and conversion reduction and, often, enhancing the overall system efficacy [14]. The present research aimed to analyse the compatibility of FSPV–grid systems with industrial applications as compared to existing grid-only systems.




2. Development of the FSPV System and Related Work


This section provides a survey of various research papers that have contributed to the development of FSPV in one way or another throughout their evolution. There is a growing demand for generation in different areas, and solar PV has provided a major contribution for a long time [15]. The following literature review discusses FSPV generation across a wide range.



Trapani et al. stated that the FSPV system was first proposed in Aichi, Japan, in 2007 with a capacity of 20 kW, soon after which many systems were built around the world. The authors provide a historical review of the FSPV system [16].



Sahu et al. presented an extended review of FSPV systems around the world, describing the evolution of FSPV techniques and their modelling and implementation. FSPV systems emerged in early 2007 and were built with fixed angles and simple designs, but they were precisely moored to avoid panel movements. The use of high-density polyethylene (HDPE) as a floating structure with galvanized steel supporting it has recently gained popularity due to its low manufacturing cost [17].



Oliveria et al. observed that HDPE meets the criteria of modularity, flexibility, robustness and safety, and it has become widely popular and currently has the greatest installed capacity; thus, this floating structure was adopted for the study. Due to the improved performance of FSPV systems and the availability of scalable supporting structures, the emphasis has shifted to accurately estimating the solar energy at a given site [18].



Rosa et al. described how pontoons were used to mount FSPV systems in the beginning. Although the structure was strong, it was expensive and not specifically designed for the FSPV systems [19].



Choi et al. stated that reduced weight rather than a strong mechanical structure is the key advantage of FSPV systems [20].



Rosa et al. estimated the cost of 1 MW in an FSPV system to be USD 1,081,398. The authors used the enhanced FSPV system and focused on optimizing it [21].



Choi et al. presented the performances of two FSPV systems of 100 and 500 kW compared to that of a 1 MW PV plant located in Hapcheon, China. The site had the same amount of GHI and temperature. The efficiency obtained for the FSPV system was approximately 4% greater than that of the overland PV system [22].



Liu et al. explained that the increased efficiency of FSPV systems is possible due to their self-cooling effect, since the efficiency depends upon the cell temperature. FSPV systems maintain an ambient temperature due to their positioning on water bodies. The authors observed a temperature difference of 3.5 °C between FSPV and overland PV systems [23].



Gisbert et al. observed that the cost of installing an FSPV system is nearly 30% higher than for a conventional overland PV system. This is due to additional components, such as mooring systems, floaters and supporting platforms. Furthermore, the type of material greatly affects the structures, since they have to robustly withstand the environmental conditions. The authors carried out the study at an agriculture reservoir in Spain and utilized only 7%of its area for FSPV generation [24].



Green et al. explained that the lifetime of PV systems is currently 25 years and it may be extended to 30 years in the near future. Furthermore, the power duration will reach 90% after 12 years and up to 80% after 25 years [25].



Aryani et al. analyzed the system performance of a stand-alone FSPV system supplying power to loads with a battery for energy storage. The simulation was accomplished by using small values for the PV module, battery and load, with all the components being integrated, and safe operation was maintained using a solar charge controller. The FSPV system was compared to ground PV in terms of efficiency and higher efficiencies were achieved in the case of the FSPV system, as the cell temperature was maintained in an optimum condition [26].



Rizvi et al. proposed a system architecture for the steel industry with economic benefits and reduced pollutant emissions. The authors simulated the systems with the lowest cost of energy and capital costs and reduced pollutant emissions for various proposed applications in the steel industry [27].



Yanlai et al. proposed an artificial intelligence-based system driven by FSPV and used the grasshopper algorithm optimization technique to maximize the FSPV output with the aim of promoting this energy scenario in Taiwan. Sufficiently improved benefits were observed in water storage, food production and FSPV output, respectively, with varying tilt angles during summer and winter. FSPV provides a feasible scheme thanks to its sustainability and ubiquity [28].



Lee et al. presented a decision-making review of hybrid floating PV systems and their technical potential using publicly available data. The authors identified significant potential for FSPV system operational benefits in existing and planned systems [29].




3. Site Selection, Resources and System Modelling


This section deals with the site selection (BSP), the availability of solar global horizontal index (GHI) resources at the site and the system modelling. BSP is located at 21°10.7 N latitude and 81°23.4 E longitude 319 m above sea level. BSP, headquartered in Bhilai, Chhattisgarh, is the country’s first and largest producer of steel rails, as well as a major producer of wide steel plates and other steel products. It also manufactures steel and sells various chemicals by-products produced by its various sections. It was founded in 1959 with the assistance of the Soviet Union [30,31,32,33]. It has various sections, such as a blast furnace, steel melting shop, coke oven and rail mill, among which two—namely, the BSP oxygen plant (BSP Oxy Plant) and BSP plant operations (BSP Plant Operat)—were selected for simulation and analysis. BSP currently operates with a grid-only system, purchasing power at USD 0.100/kWh. BSP has two main reservoirs named Maroda Reservoir-1 and Maroda Reservoir-2 within its plant area, as shown in Figure 2. Maroda Reservoir-1 is not used by BSP, whereas Maroda Reservoir-2 water is used for the treatment processes in some plant operations. Presently, there is no generation system installed in either of these two reservoirs. The data for the two reservoirs were obtained from BSP for further research evaluation and demonstrated that they have a high potential for the generation of power with an FSPV system. As a result, the authors of this study proposed an FSPV–grid system for these two reservoirs. Figure 3 shows the step-wise methodological flow chart adopted for the research.



3.1. Load/Demand Assessment


The load profile included two plant loads; the first load was the BSP oxygen plant, which is capable of supplying 265 litres of medical oxygen per day in Chhattisgarh and eight other states in India [34]. This plant has acted as a lifeline during pandemics in previous years. The second load was BSP plant operations, which include the lighting, fans, air conditioning and various mechanical loads involved in steel production. The hourly load profiles for both loads for the months of the fiscal year 2021–2022 are shown in Figure 4a,b, whereas Figure 4c shows the histogram profile for both loads.



For the BSP oxygen plant and BSP plant operations loads, the energy demand was 1903.90 kWh/day and 7414.80 kWh/day, with a peak demand of 159.74 kW and 611.46 kW in March 2021 and load factors of 0.5 and 0.51, respectively.




3.2. Availability of Solar GHI Resources


The solar global horizontal index (GHI) resources at the selected location were collected from the United States National Aeronautics and Space Administration (NASA) Prediction of Worldwide Energy Resource (POWER) database. The annual average temperature is 26.16 °C and the scaled annual average value for solar radiation is 5.08 kWh/m2/day. The highest daily solar radiation values obtained were 6.710 kWh/m2/day and 6.580 kWh/m2/day in the peak summer months of April and May 2021 and the clearness index values were 0.639 and 0.601, respectively, as shown in Figure 5a,b. Figure 5c shows the monthly global solar daily profile.




3.3. Input Data for Homer Pro and System Modelling


The system configurations of the grid-only and FSPV–grid systems with sensitivity inputs are shown in Figure 6a,b, respectively.



The above-mentioned data for the systems were entered into HOMER Pro. The technical inputs provided in HOMER Pro for the installation of an FSPV–grid system based on load demand and the availability of solar GHI resources are described below.



3.3.1. FSPV Module Input


Peimar SG370M PV panels with parameters changed to suit an FSPV system were selected. The array sizes considered for the search space in kW were 0, 200, 400, 600, 1000, 2000, 3000, 4000 and 5000. The capital cost, replacement cost and operation and maintenance cost of the FSPV array were considered in all simulations with HOMER Pro. The expected lifetime of the FSPV system was 30 years.




3.3.2. Converter Inputs


An Eaton1000 was selected as the power converter with sizes of 0, 200, 400, 600, 800, 1000, 2000 and 3000 kW. The capital cost, replacement cost and operation and maintenance cost of the converter were considered in all simulations with HOMER Pro, with an expected An Was with an expected lifetime of 15 years and 98% efficiency.




3.3.3. Grid Inputs


A national grid with scheduled rates and net purchases calculated monthly was selected. The grid supplies power to fulfil the load demand and absorbs power when excessive power is available. It was set to provide power at USD 0.1000/kWh and the FSPV–grid system sell back power was set at USD 0.0500/kWh. The grid system was included in all of the simulation optimizing systems. The rates of pollutant emission from the grid were set to 632 g/kWh of carbon dioxide, 274 g/kWh of sulphur dioxide and 134 g/kWh of nitrogen oxides.




3.3.4. Controlling Inputs


The simulation approach applied was the HOMER cycle charging process and HOMER load-following was used for the control. The load following always followed the complete load with minimum supply from the grid and the maximum from the FSPV system to achieve the optimal cost for the system design. The excess power generated was supplied back to the grid to make the overall FSPV–grid system more economical as compared to the existing grid-only system.




3.3.5. Economic Inputs


The defined inputs for simulation were the variables for project lifetime, which was 30 years with an interest rate of 6% and inflation growth of 2% annually. The costs of various constructions, the cost of administration and the charges set by license authorities were together considered system fixed costs in HOMER Pro.




3.3.6. System Constraints


The loads need a continuous power supply without a break; thus, to achieve a 100% reliable system, the parameter known as the capacity shortage was set to zero for the production of excess electricity that occurs in some cases with FSPV–grids systems.




3.3.7. Sensitivity Parameters


To analyze the effect of PV price hikes on the design of the FSPV–grid system, different percentage increases in PV prices were input into HOMER Pro as sensitivity cases. Considering the PV price percentage increases, the sensitivity cases were 1% (nominal), 9% and 18%.






4. Results and Sensitivity Analysis


HOMER Pro was used to perform various technical and economic simulations based on the grid-only and proposed FSPV–grid systems for BSP and its inputs. The FSPV nominal value (1%) and price hikes of 9% and 18% were considered for the simulation process since the maximum percentage increase up to the first quarter of 2022 was 18%. For each percentage increase in the sensitivity inputs, many solutions were obtained by HOMER Pro, out of which several were feasible. The criteria selected for defining the results were:




	▪

	
FSPV system power estimations and area requirement;




	▪

	
NPC and LCOE;




	▪

	
Production summary;




	▪

	
Grid purchase/sell;




	▪

	
IRR, ROI and paybacks;




	▪

	
Pollutant emissions.









4.1. FSPV System Power Estimations and Area Requirements


Based on experience with FSPV installations and indications by various installers, a conservative estimate of 40 MW capacities FSPV per square km of reservoir surface area covered was used [35]. Table 1 shows the data for the two reservoirs of BSP and Table 2 shows theoretical calculations for the FSPV system installation for different percentages of the area covered. Table 2 shows the total area requirements for the proposed FSPV–grid system installation on Maroda Reservoirs-1 and -2 based on the optimized FSPV rating results from HOMER Pro.



	▪

	
According to estimates, Maroda Reservoir-1 and Maroda Reservoir-2 have the potential to generate 20 MW and 65 MW, respectively, with a minimum of 20% area coverage. For a maximum of 100% coverage, generation increases to 100 MW and 325 MW, respectively;




	▪

	
According to a conservative estimate of 40 MW capacity FSPV per square km of reservoir surface area covered, as shown in Table 3, a minimum area of 0.083 km2 was calculated for a rating of 4185 kW as selected for FSPV–grid generation with a 1% PV price increase;




	▪

	
Similarly, an area of 0.041 km2 was calculated for a rating of 2097 kW as selected for FSPV–grid generation with the maximum 18% PV price increase;




	▪

	
The above three results were theoretically calculated to be consistent with the optimized HOMER Pro results. Furthermore, the calculated area required for the FSPV installation could come from either Maroda Reservoir-1 or Maroda Reservoir-2.
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Table 3. Effects of PV price hikes on the sizes of the grid and FSPV systems for the fiscal year 2020–2021.






Table 3. Effects of PV price hikes on the sizes of the grid and FSPV systems for the fiscal year 2020–2021.





	System
	FSPV Price Hike (%)
	FSPV (kW)
	Area Required for FSPV Installation (km2)





	Grid-only
	NA
	NA
	NA



	FSPV–grid
	1
	4185
	0.083



	FSPV–grid
	1.09
	3930
	0.078



	FSPV–grid
	1.18
	2097
	0.041









4.2. NPC and LCOE


The NPC is defined as the present value of all installation and operation costs for the component over the project lifespan, less the present value of all revenues earned over the project lifetime. The LCOE is defined as the system’s average cost per kWh of useful electrical energy produced and is represented in form of Equation (1) below:


  LCOE =    C  a t c   −  C m    ×    H S     E S     



(1)




where:



   C  a t c     = total annualized cost of system (USD/year);



   C m   = marginal cost (INR/kWh);



   H S    = total thermal load;



   E S    = total served electric load.



The systems with the lowest NPC and LCOE obtained from HOMER Pro results are tabulated in Table 4. Figure 7 shows a graphical representation of the same. In the case of increasing percentage prices, the following conclusions can be drawn:




	▪

	
The NPC and LCOE varied in direct proportion to the percentage PV price increases;




	▪

	
Hikes in PV prices affected the NPC and LCOE of the proposed FSPV–grid system directly, due to which the initial capital cost and other operating costs changed, reflecting the change in NPC and LCOE;




	▪

	
In comparison to the grid-only system, the NPC dropped to 27% with the FSPV–grid system for the nominal price (1%), 21.1% with the FSPV–grid system for the 9% hike and 16.36% with the FSPV–grid system for an 18% price increase;




	▪

	
The LCOE fell to 69% with the FSPV–grid system for the nominal price (1%), 65.3% with the FSPV–grid system for the 9% hike and 45% with the FSPV–grid system for an 18% price increase.











[image: Table] 





Table 4. Effects of PV price hike on size of grid-only and FSPV-grid systems, along with NPC and LCOE, for the fiscal year 2020–2021.






Table 4. Effects of PV price hike on size of grid-only and FSPV-grid systems, along with NPC and LCOE, for the fiscal year 2020–2021.





	System
	FSPV Price Hike

(%)
	Initial Capital

(USD)
	Total NPC

(USD)
	Decrease in NPC

(%)
	LCOE

(USD/kWh)
	Decrease in LCOE

(%)





	Grid-only
	NA
	NA
	4.40 M
	0
	0.1000
	0



	FSPV–grid
	1
	3.87 M
	3.21 M
	27
	0.0310
	69



	FSPV–grid
	1.09
	3.94 M
	3.47 M
	21.1
	0.0347
	65.3



	FSPV–grid
	1.18
	2.25 M
	3.68 M
	16.36
	0.0550
	45










[image: Sustainability 15 02495 g007 550] 





Figure 7. (a) NPC of grid-only and FSPV–grid systems with various price hikes, (b) LCOE of grid-only and FSPV–grid systems with various price hikes. 






Figure 7. (a) NPC of grid-only and FSPV–grid systems with various price hikes, (b) LCOE of grid-only and FSPV–grid systems with various price hikes.
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4.3. Production Summary


Table 5 shows system configuration and the size optimized by HOMER Pro. Figure 8 shows a screenshot of the same. Figure 9 indicates the proportions of the contributions of the renewable FSPV and grid for the grid-only and proposed FSPV–grid systems.



As can be seen, the following conclusions can be drawn:




	▪

	
The most feasible combination of plant loads was the FSPV–grid system with nominal 1% pricing, for which 76.6% was contributed by the FSPV and 22.3% by the grid;




	▪

	
As the percentage price increases, production proportions also change: 75.6% FSPV + 23.5% grid for the 9% price hike and 60.7% + 38.2% grid for the 18% PV price hike;




	▪

	
As optimized by HOMER Pro, the proportions of the FSPV and grid generation systems varied directly with the kW rating of the FSPV and converter system used;




	▪

	
The FSPV rating was reduced to 2097 kW from 4185 kW to obtain a feasible solution with increasing PV prices and, similarly, the converter ratings were also reduced to 1488 kW from 2754 KW, respectively, to support the FSPV ratings.










4.4. Grid Purchase/Sell


Table 6 indicates that the amount of energy purchased from the grid and sold back changes in proportions of FSPV–grid contributions, which, again, resulted from PV price hikes. The amount of energy purchased from the grid was 2,102,061 kWh in the case of an 18% hike, while it was 1,642,883 kWh for a nominal 1% price increase. The system relies more on the grid than FSPV for a PV price hike. Figure 10a,b show the monthly purchase/selling data for 9% and 18% price hikes.




4.5. ROI, IRR and Paybacks


The ROI is an important parameter defined as the annual cost savings in comparison to the initial investment. ROI can be calculated using Equation (2):


  ROI =     ∑   i = 0    R   P j       C b  −  C p    ∑   i = 0    R   P j       C b  − C p    R   P j       C c  −  C  c , b        



(2)




where:



   C b   = annual nominal cash flow for the base system;



   C p   = annual cash flow for the proposed system;



   C c   = capital cost of the proposed system;



   C  c , b    = capital cost of the base system;



   R   P j      = lifetime of the project in years.



The obtained results, as shown in Table 7, for ROI, IRR and paybacks for the grid-only system and proposed FSPV–grid system with increases in PV prices were as follows:




	▪

	
The ROI ultimately remained the same;




	▪

	
The IRR reached 9.0% from 8.8%;




	▪

	
The discounted payback time increased from 15.81 years to 17.37 years and then decreased to 15.44 years due to a change in the production proportions in the FSPV and grid system;




	▪

	
The simple payback time increased from 10.11 years to 10.70 years and then decreased to 9.77 years due to a change in the production proportions in the FSPV and grid system.
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Table 7. Effects of PV price hikes on other economic parameters.






Table 7. Effects of PV price hikes on other economic parameters.





	System
	FSPV Price

Hike (%)
	IRR (%)
	ROI (%)
	Simple

Payback (year)
	Discounted

Payback (year)





	Grid-only
	Not Applicable
	Not Applicable
	Not Applicable
	Not Applicable
	Not Applicable



	FSPV–grid
	1
	8.8
	6.4
	10.11
	15.81



	FSPV–grid
	1.09
	8.2
	5.8
	10.70
	17.37



	FSPV–grid
	1.18
	9.0
	6.4
	9.97
	15.44









4.6. Pollutant Emissions


Table 8 shows the results for the reduction in pollutant emissions, which can be summarized as follows:




	▪

	
Pollutant emissions, such as carbon dioxide, sulphur dioxide and nitrogen dioxide, were high in the case of the grid-only system;




	▪

	
In the case of the FSPV–grid system:




	
Carbon dioxide was reduced by 74.8% for 1%, 63.4% for 9% and 42.9% for 18% increases in PV prices, as shown in Figure 11;



	
Sulphur dioxide was reduced by 44.76% for 1%, 42.4% for 9% and 33.3% for 18% increases in PV prices;



	
Nitrogen oxides were reduced by 54.3% for 1%, 51.9% for 9% and 38.3% for 18% increases in PV prices.
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Table 8. Effects of PV price hikes on pollutant emissions with the size of the system.






Table 8. Effects of PV price hikes on pollutant emissions with the size of the system.





	System
	FSPV Price

Hike

(%)
	Carbon Dioxide

(kg/year)
	Sulphur Dioxides

(kg/year)
	Nitrogen Oxides

(kg/year)
	Decrease in Carbon Dioxide

(%)
	Decrease in Sulphur Dioxide

(%)
	Decrease in

Nitrogen Oxides

(%)





	Grid-only
	Not Applicable
	2,149,681
	9320
	4558
	0
	0
	0



	FSPV–grid
	1
	1,187,451
	5148
	2518
	74.8
	44.76
	54.3



	FSPV–grid
	1.09
	1,194,269
	5178
	2532
	63.4
	42.4
	51.9



	FSPV–grid
	1.18
	1,281,242
	5555
	2717
	41.9
	33.3
	38.3
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Figure 11. Reductions in carbon dioxide percentages for grid-only and FSPV—grid systems. 
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5. Conclusions


This study sought to propose an FSPV–grid system for the electrification of two sections of the BSP—namely, the BSP oxygen plant and BSP plant operations—that could be employed in the two reservoirs (Maroda Reservoir-1 and Maroda Reservoir-2) while accounting for a PV price increase as a sensitivity analysis parameter. The obtained results were then compared with the grid-only system used in the BSP. Global PV price increases are impeding many of the ongoing solar projects proposed by the Government of India under its National Solar Mission in 2022 and will have an impact on global solar production options. The current study aimed to provide better solutions for increasing energy demand with rising PV prices through an FSPV–grid system for BSP. HOMER Pro identified various sizes for the FSPV–grid system with increasing PV prices of 1%, 9% and 18% to make it more economical and feasible.



FSPV system power estimations and area requirements; the NPC and LCOE; the production summary; grid purchasing/selling; IRR, ROI and paybacks; and, last but not least, pollutant emissions were the major categories for the evaluation of the results. The following are the major findings:




	▪

	
Maroda Reservoir-1 and Maroda Reservoir-2, with areas of 2 km2 and 6.5 km2, respectively, have sufficient potential to meet the power requirements of the abovementioned BSP industrial sections;




	▪

	
Theoretically, 100 MW and 325 MW of maximum power could be drawn using an FSPV installation with 100% coverage. However, when the optimized results of HOMER Pro were evaluated, they showed that for an FSPV–grid system with a rating of 4185 kW and a 1% PV price increase, an area of 83 km2 would be required, while an area of 78 km2 would be required for an FSPV–grid system with a rating of 3930 kW and a9% PV price increase and an area of 41 km2 area would be required for an FSPV–grid system with a rating of 2097 kW and an 18% PV price increase;




	▪

	
The above areas for the FSPV installation calculated based on HOMER Pro results could be taken from either reservoir;




	▪

	
The NPC and LCOE were found to be proportional to the percentage increase in the PV price;




	▪

	
The proportion of FSPV and grid generation, as optimized by HOMER Pro, varied directly with the kW rating of the FSPV and converter system used;




	▪

	
The amount of energy purchased from the grid and sold back to it varied with the proportions of the FSPV–grid contributions, which changed as a result of PV price increases;




	▪

	
The ROI ultimately remained constant, while the IRR rose due to changes in the production proportions of the FSPV and grid systems. The discounted payback time and simple payback time rose with PV price increases;




	▪

	
Pollutant emissions, such as carbon dioxide, sulphur dioxide and nitrogen dioxide, were high with the grid-only system, whereas they were significantly reduced in the case of the FSPV–grid system.









Finally, it is possible to conclude that moving toward FSPV–grid integration may bring a variety of benefits, including faster development of solar projects due to reduced land requirements. Despite the many benefits, there is still a need for scientific research on the long-term effects of FSPV systems on marine ecosystems, since these systems can disrupt their biological activities. Reservoir coverage should also be explored in order to achieve a perfect balance between electricity production and nature conservation.
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Figure 1. Percentage increase in PV prices for the fiscal year 2021–2022 (PV Magazine). 
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Figure 2. (a) Satellite view of Maroda Reservoir-1 and Maroda Reservoir-2, (b) Rear view of BSP and its reservoir captured by authors. 
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Figure 3. Flow chart of methodological approach. 






Figure 3. Flow chart of methodological approach.



[image: Sustainability 15 02495 g003]







[image: Sustainability 15 02495 g004a 550][image: Sustainability 15 02495 g004b 550] 





Figure 4. (a) Load profile of BSP oxygen plant for the fiscal year 2021–2022, (b) Load profile of BSP plant operations for the fiscal year 2021–2022, (c) Yearly histogram load profile of the two sections for the fiscal year 2021–2022. 
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Figure 5. (a) Monthly average temperature data, (b) Monthly average solar GHI data and (c) Monthly global solar daily profiles. 
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Figure 6. (a) Schematic of the grid-only simulation model, (b) Schematic of FSPV–grid simulation model. 
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Figure 8. Screenshot of the results obtained in HOMER Pro. 
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Figure 9. (a) Grid-only monthly proportions and (b) FSPV–grid monthly proportions for 1% PV price hike. (c) FSPV–grid monthly proportions for a 9% PV price hike and (d) An 18% PV price hike. 
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Figure 10. (a) Screenshot of HOMER Pro results for energy purchased and sold in FSPV–grid system for 9% PV price hike. (b) Screenshot of HOMER Pro results for energy purchased and sold in FSPV–grid system for 18% PV price hike. 
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Table 1. Reservoir data for BSP.
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	Parameter
	Maroda Reservoir-1
	Maroda Reservoir-2





	Surface area
	2 km2
	6.5 km2



	Maximum depth
	4 m
	8 m



	Average depth
	4 m
	5 m
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Table 2. FSPV installation calculations.
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% Coverage

	
Maroda Reservoir-1

	
Maroda Reservoir-2




	
FSPV Rating

(MW)

	
FSPV Rating

(MW)






	
20

	
20

	
65




	
50

	
50

	
162.5




	
80

	
80

	
260




	
100

	
100

	
325
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Table 5. Effects of PV price hike on the size of the grid and FSPV systems for the fiscal year 2020–2021.
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	System
	FSPV Price

Hike (%)
	FSPV (kW)
	Converter (kW)
	Renewable Fraction (%)
	Grid Fraction

(%)





	Grid-only
	Not Applicable
	Not Applicable
	Not Applicable
	Not Applicable
	100



	FSPV–grid
	1
	4185
	2754
	76.6
	22.3



	FSPV–grid
	1.09
	3930
	2741
	75.6
	23.5



	FSPV–grid
	1.18
	2097
	1488
	60.7
	38.2
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Table 6. Effects of PV price hike on grid purchasing and selling for the fiscal year 2020–2021.
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	System
	FSPV Price

Hike (%)
	Grid Energy

Purchased (kWh)
	Grid Energy

Sold (kWh)
	Grid Energy

Purchased (%)





	Grid-only
	NA
	3,401,394
	NA
	100



	FSPV–grid
	1
	2,642,883
	4,616,014
	22.3



	FSPV–grid
	1.09
	2,602,066
	4,344,722
	23.5



	FSPV–grid
	1.18
	2,102,061
	1,763,246
	38.2
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