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ABSTRACT:  

This research presents a Life Cycle Assessment (LCA) of a 40kW rooftop solar system installed in Majholi, Madhya Pradesh, comprising Adani bifacial panels, a 

Havells on-grid inverter, and a GI mounting structure. It evaluates environmental impacts across all life cycle stages—material extraction, manufacturing, transport, 

installation, operation, and disposal. Key findings include an energy payback time of approximately 2.5 years and a reduction of 60–80 metric tons of CO₂ over its 

lifetime. High recyclability of materials like aluminum, glass, and steel enhances sustainability. The study underscores the long-term environmental benefits of 

rooftop solar systems and suggests future improvements in panel efficiency, inverter tech, and smart grid integration to boost performance and scalability. 
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Introduction  

In this research work, case study of Mahila Shakti Sangh Solar power requirement, installation and life cycle assessment has been. This chapter starts 
with the company profile, Current power consumption, Solar panel design consideration, installment and Life cycle assessment Mahila Shakti Sangh is 

a grassroots organization based in Majholi [10], dedicated to empowering women through various social, economic, and community initiatives. 

Established with the vision of enhancing the socio-economic standing of rural women, the Sangh actively works to promote self-reliance, financial 

independence, and skill development among women in the region. The office building at which solar plant is installed is shown below 

 

Installed Solar plant details 

40kW solar plant system components are mentioned in the figure below  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Details of components used in 40kW solar plant 
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Solar panel  

In the discussed premises, bifacial solar panel has been used. Bifacial solar panels are an advanced photovoltaic technology designed to capture sunlight 

on both sides of the panel, maximizing energy generation. Unlike traditional monofacial panels, which only absorb light on their front surface, bifacial 

panels have transparent backsheets or dual glass structures that allow sunlight reflected from the ground or nearby surfaces to hit the rear side. This results 

in increased efficiency, particularly in environments with high ground albedo (reflectivity), such as snowy, sandy, or concrete-covered areas. Solar panel 

name plate is shown in the figure below 

 
Figure 2 Solar panel name plate 

The panels can be installed at different angles, either tilted or vertically, to optimize sunlight exposure from both direct sunlight and reflected light. By 

harnessing the additional energy from the rear side, bifacial panels can generate up to 30% more electricity compared to monofacial counterparts, 

depending on environmental conditions and installation setups. 

Due to their durable design, often using glass on both sides, bifacial panels also have a longer lifespan and better resilience to environmental stressors. 

However, they are generally more expensive than traditional panels, and their performance heavily depends on the installation environment. Despite the 

higher initial cost, the enhanced energy yield and durability make bifacial panels a promising solution for large-scale solar projects and high-efficiency 

installations. 

 

Total 74 panels has been used. Power rating of each solar panel is 540W. Maximum capacity from the solar panel is 74 * 540 = 40kW (approx.)  

 

Life Cycle Assessment (LCA) of 74 Solar Panels (Adani Solar, 540W Each) 

The life cycle assessment (LCA) of solar panels provides a comprehensive evaluation of the environmental impacts associated with each phase of the 

product's life, from raw material extraction to manufacturing, transportation, operation, and end-of-life disposal or recycling. In this case, we will assess 

the LCA of 74 Adani Solar panels, each with a capacity of 540W, amounting to a total capacity of 39.96 kW. 

 Raw Material Extraction and Manufacturing 

Adani Solar panels are primarily made from silicon, glass, aluminum, and polymers. The key stages in manufacturing include silicon extraction, wafer 

production, cell assembly, and panel construction. The energy-intensive silicon purification and wafer production processes are significant contributors 
to the overall environmental impact. 

Table 1 Material consumption in solar panel manufacturing 

Material Function Quantity per Panel Total for 74 Panels 

Silicon Photovoltaic cell material 3 kg 222 kg 

Glass Encapsulation and protection 15 kg 1110 kg 

Aluminum Frame and structural support 5 kg 370 kg 

Polymers (EVA, etc.) Insulation and lamination 1.2 kg 88.8 kg 

The manufacturing process of one 540W panel emits around 450-500 kg CO₂ equivalent due to the energy required for raw material extraction, 

processing, and assembly. 
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 Transportation 

Transportation of solar panels from the manufacturing facility to the installation site involves the use of trucks or ships, depending on the distance. 

Assuming these panels are transported over 1,500 kilometers from Adani's manufacturing plant in India to the installation site, the emissions associated 

with transportation are calculated based on fuel consumption and vehicle efficiency. 

• Total weight per panel: Approximately 25 kg 

• Total weight for 74 panels: 1850 kg 

• Emission factor for road transport: 0.1 kg CO₂ per ton-km 

Thus, for 74 panels over 1,500 km, the transportation emissions are: 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 1.85 𝑡𝑜𝑛𝑠 ∗ 1500 𝑘𝑚 ∗ 0.1𝑘𝑔
𝐶𝑂2

𝑡𝑜𝑛−𝑘𝑚
= 277.5𝑘𝑔 𝐶𝑂2₂ 

Installation 

During the installation phase, the panels are mounted on supporting structures, typically made of steel or aluminum. The impact from installation is 

minimal compared to other phases, but it involves the use of machinery (cranes, etc.), manual labor, and energy. 

• Total installation emissions: Estimated at 10-15 kg CO₂ per panel. 

Operational Phase (Energy Generation) 

The panels are designed to generate electricity for 25-30 years with minimal degradation. Each panel, with a capacity of 540W, operates at around 80-

85% efficiency over its lifespan. Assuming an average capacity factor of 20% (accounting for weather, orientation, and site conditions), each panel 
produces approximately 950 kWh per year. 

For 74 panels: 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 950𝑘𝑊ℎ ∗ 74 = 𝟕𝟎, 𝟑𝟎𝟎
𝒌𝑾𝒉

𝒀𝒆𝒂𝒓
 

Over 25 years, the total energy generated will be: 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 70,300
𝑘𝑊ℎ

𝑌𝑒𝑎𝑟
∗ 25 = 𝟏, 𝟕𝟓𝟕, 𝟓𝟎𝟎 𝒌𝑾𝒉 

 End of Life (Recycling and Disposal) 

After 25-30 years, solar panels typically reach the end of their useful life. The disposal or recycling of the panels involves disassembly and recovery of 

valuable materials like silicon, glass, and metals. Recycling reduces the need for virgin material extraction, thus lowering the overall environmental 
impact. 

Recycling potential: 85-90% of the panel’s materials are recyclable, particularly aluminum frames, glass, and silicon. 

End-of-life emissions: Minimal, as recycling processes offset much of the environmental cost. 

 Environmental Impact Summary 

Table 2 Environmental impact summary from solar panel 

Life Cycle Stage Estimated Emissions (kg CO₂/panel) Total Emissions for 74 Panels (kg CO₂) 

Raw Material & Manufacturing 500 37,000 

Transportation 4 277.5 

Installation 15 1,110 

Operation (Emission Savings) Negative (Energy generation offsets) Energy savings over lifespan 

End of Life Minimal (due to recycling) Minimal 
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The LCA of 74 Adani Solar panels, each with a capacity of 540W, reveals that while the initial environmental impact from manufacturing and 

transportation is significant (about 38,387.5 kg CO₂), the panels' operational phase offers substantial emissions savings by generating clean energy. Over 

their 25-year lifespan, these panels will produce approximately 1.76 GWh of electricity, effectively offsetting a considerable amount of carbon emissions. 

Moreover, with 85-90% recyclability, the end-of-life phase has a minimal environmental footprint. Thus, solar panels provide a net positive environmental 

impact by displacing fossil fuel-based energy generation, contributing to global decarbonization efforts. 

 

Ongrid Solar inverter 

In the premises, Havell’s solar on grid inverter of 40kW is used. A solar on-grid inverter, also known as a grid-tied or grid-connected inverter, is a critical 

component of modern solar power systems that are directly connected to the electrical grid. Its primary function is to convert the direct current (DC) 

generated by photovoltaic (PV) solar panels into alternating current (AC), which is the form of electricity compatible with both household appliances and 

the utility grid. Unlike off-grid inverters that rely on batteries for storage and operation, on-grid inverters do not require batteries. They work in harmony 

with the grid, using it as a backup power source when solar energy production is low or when demand exceeds generation. This type of system is 

particularly popular in urban and suburban areas because of its efficiency, ease of use, and potential for economic benefits through programs like net 

metering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Havell 40kW solar on grid inverter 

The advantages of solar on-grid inverters are numerous. One of the primary benefits is their cost-efficiency, as they eliminate the need for expensive 

batteries by using the grid as a virtual storage system. This not only reduces upfront costs but also simplifies installation and maintenance. Moreover, on-

grid inverters enhance energy efficiency since there are no storage-related energy losses. They ensure that the maximum amount of solar energy is either 

used or fed into the grid. Through net metering, users can earn credits for the excess energy they produce, making solar on-grid systems financially 

attractive in many regions. Additionally, the simplicity of on-grid systems makes them ideal for urban environments where space may be limited, as there 

is no need for large battery banksIn conclusion, solar on-grid inverters are essential for connecting solar energy systems to the electrical grid, making 

them an accessible and economical solution for those seeking to harness solar power. By efficiently converting DC to AC and providing seamless grid 

integration, they enable solar power to be used in real-time while offering financial incentives through surplus energy sales. This technology continues 

to drive the adoption of solar energy in residential and commercial applications worldwide. 

Life cycle assessment of 40kW solar on grid inverter 

To present the Life Cycle Assessment (LCA) of a 40kW Havells solar on-grid inverter clearly and concisely, the following table breaks down each 
stage of the inverter’s life cycle, identifying its key environmental impacts, benefits, and areas for potential improvement. 

Table 3 Life Cycle Assessment (LCA) of a 40kW Havells solar on-grid inverter 

Life Cycle Stage Key Processes Environmental Impact Potential Improvements 

1. Raw Material Extraction & 

Manufacturing 

- Extraction of metals (copper, 
aluminum, silicon)  

- Processing and component 

manufacturing 

- Resource depletion  
- Energy consumption  

- Emissions from material 

processing 

- Use recycled materials  

- Improve energy efficiency in 
manufacturing 

2. Transportation & Installation 
- Transport from factory to site  

- Installation on-site 

- Emissions from transportation  
- Minor impact from installation 

equipment 

- Optimize logistics  

- Use eco-friendly transport methods 

3. Operational Stage 
- Conversion of DC to AC  

- Grid synchronization 

- High efficiency minimizes 

energy loss  
- Low standby power 

- Increase conversion efficiency to 

reduce losses further 
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Life Cycle Stage Key Processes Environmental Impact Potential Improvements 

consumption 

4. Maintenance 

- Periodic checks  

- Component replacements 
(capacitors, etc.) 

- Energy and resources used in 

maintenance  
- Component degradation 

- Extend component life through design 

improvements  
- Use long-lasting parts 

5. End-of-Life & Recycling 
- Disposal or recycling of electronic 

components 

- Potential e-waste if improperly 

disposed  

- Recycling saves valuable 
materials 

- Develop take-back programs for 
recycling  

- Design for easier disassembly 

Detailed Analysis: 

 Raw Material Extraction & Manufacturing 

The first stage of the LCA involves extracting raw materials, including metals like copper, aluminum, and silicon. These are crucial for the inverter's 

circuitry and housing. The manufacturing process also consumes energy and resources, generating greenhouse gas emissions. 

Table 4 Material used for inverter (non electronic) 

Material Used Purpose Environmental Impact 

Copper Wiring and circuits Resource depletion, mining-related emissions 

Aluminum Casing and heat sinks Energy-intensive extraction, emissions 

Silicon Semiconductors Energy for purification and processing 

Potential Improvements: Sourcing recycled metals or optimizing energy efficiency in production can lower the environmental footprint. 

 Transportation & Installation 

Once manufactured, the inverter is transported to the installation site. Transportation contributes to carbon emissions, depending on the distance and 

means of transport. Installation has a relatively low environmental impact but requires minimal materials and manpower. 

Table 5 Inverter transportation 

Transport Mode Impact Installation Requirements 

Truck or Sea Freight Emissions based on fuel consumption Electrical connection and mounting 

Installation Equipment Minor impact from tool use Low material consumption 

Potential Improvements: Optimizing logistics, such as shipping efficiency or using low-emission transport, could reduce the transportation impact. 

 Operational Stage 

During operation, the 40kW Havells inverter converts DC electricity from solar panels to grid-compatible AC, enabling solar energy to power homes and 

businesses. This stage is the most environmentally beneficial, as it enables renewable energy use. 

Table 6 Operational analysis of solar inverter 

Performance Metric Value Impact 

Conversion Efficiency > 95% Minimal energy loss, low emissions 

Standby Power Consumption Very low (few watts) Continuous but minor energy usage 

Potential Improvements: Increasing the inverter’s conversion efficiency even further could further reduce energy losses. 

 Maintenance 

Maintenance involves occasional replacement of parts, such as capacitors, which degrade over time. The environmental impact of this stage is minimal 

but involves resource consumption for part replacements. 

Table 7 Maintenance analysis of solar inverter 

Component Replacement Frequency Environmental Impact 

Capacitors Every 7-10 years Minor material and energy usage for replacements 

Potential Improvements: Designing longer-lasting components could extend maintenance intervals and reduce the environmental impact over time. 

 End-of-Life & Recycling 

At the end of its life cycle, the inverter must be either recycled or disposed of. Recycling reduces e-waste and recovers valuable materials, but improper 
disposal can result in environmental harm due to toxic components. 

Table 8 End of life cycle for solar inverter 

Material Recyclability Impact if Not Recycled 

Metals (copper, aluminum) High Resource wastage and e-waste pollution 
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Material Recyclability Impact if Not Recycled 

Electronic Components Moderate to High Potential for harmful e-waste 

Potential Improvements: Developing recycling programs or designing for easy disassembly could improve the sustainability of the end-of-life stage. 

The Life Cycle Assessment of a 40kW Havells solar on-grid inverter highlights that while there are environmental impacts during material extraction, 

manufacturing, and maintenance, the operational stage offers significant environmental benefits by enabling the use of clean solar energy. Improvements 

in recycling practices, energy efficiency, and material sourcing can further reduce the overall footprint, making this inverter a more sustainable choice 

for solar energy systems. 

GI roof top structure 

A Life Cycle Assessment (LCA) of a galvanized iron (GI) rooftop structure for a 40kW solar panel system evaluates the environmental impacts throughout 

its entire life cycle, from material extraction to disposal. The rooftop structure plays a crucial role in supporting and securing solar panels, ensuring 

optimal orientation and durability. Conducting an LCA helps assess the sustainability of the GI structure and identifies areas where improvements can be 

made to reduce its environmental footprint. 

 

Figure4 GI roof top structure 

Raw Material Extraction and Manufacturing 

The primary material used in rooftop structures for solar panels is galvanized iron (GI), a form of steel that is coated with a protective layer of zinc to 

prevent corrosion. The life cycle begins with the extraction of iron ore and zinc, both of which are energy-intensive processes. These raw materials 

undergo smelting and processing to produce steel, which is then galvanized through a process involving molten zinc. 

Table 9 Raw Material Extraction and Manufacturing for GI support structure 

Material Purpose Environmental Impact 

Iron Base material for structural strength Energy use, mining impacts, greenhouse gas (GHG) emissions 

Zinc Corrosion protection (galvanization) Resource depletion, high energy consumption in extraction 

The manufacturing stage involves shaping, cutting, and welding the GI material into components like rails, brackets, and mounting structures. This phase 

also consumes significant energy and generates emissions from industrial processes. However, the durability of GI helps extend the lifespan of the 

structure, reducing the need for frequent replacements. 

Potential Improvements: Reducing the energy consumption in manufacturing and exploring the use of recycled steel and zinc can lower the environmental 

impact. Additionally, enhancing manufacturing efficiency and minimizing material waste during production can also contribute to a reduced footprint. 

Transportation and Installation 

Once manufactured, the GI rooftop structure components are transported to the installation site. This stage typically involves emissions from the use of 

fossil-fuel-powered vehicles, depending on the distance from the factory to the installation location. 

Table 10 Transportation and installation analysis of GI structure 

Stage Environmental Impact 

Transportation Fuel consumption, GHG emissions during transit 

Installation Process Minimal environmental impact from assembly tools 
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The installation process itself involves assembling the GI structure on the rooftop, which usually has a minor environmental impact as it requires only 

basic tools and labor. However, proper installation ensures the long-term durability and stability of the structure, supporting the 40kW solar panel system 

for decades. 

Potential Improvements: Optimizing the logistics and transportation routes, as well as using fuel-efficient or electric vehicles, can reduce the carbon 

footprint of the transportation stage. 

 Operational Stage 

During the operational stage, the GI structure provides a stable and durable foundation for the solar panels, allowing them to capture sunlight and generate 

electricity. The environmental impact at this stage is minimal, as the structure does not emit any pollutants or consume resources during operation. 

However, its ability to withstand harsh weather conditions and prevent corrosion is key to ensuring the long-term functionality of the solar panel system. 

Table 11 Durability and lifetime analysis of GI structure 

Performance Metric Value 

Durability High resistance to corrosion and weather 

Lifespan 25-30 years (aligned with the lifespan of solar panels) 

Potential Improvements: Although the environmental impact during operation is minimal, further research into more corrosion-resistant materials or 
coatings that require less zinc could make the structure even more sustainable. 

 Maintenance 

The GI rooftop structure typically requires little to no maintenance during its operational life due to its corrosion-resistant properties. However, periodic 

inspections may be necessary to ensure structural integrity, especially in regions prone to extreme weather. Minor repairs, such as tightening bolts or 

replacing damaged parts, could have minimal environmental impact. 

Table 12 Maintenance frequency and environmental imapact 

Maintenance Frequency Environmental Impact 

Rare (every few years) Negligible—minor energy or material use 

Potential Improvements: Developing more advanced coatings that extend the life of the galvanized layer or introducing designs that require even less 

maintenance can further enhance the sustainability of the structure. 

. End-of-Life and Recycling 

At the end of the rooftop structure's life cycle, recycling plays a critical role in minimizing environmental impact. Steel is one of the most recycled 

materials in the world, and the GI structure can be repurposed or recycled at the end of its life, reducing the need for new raw materials. 

Table 13 End-of-Life and Recycling GI structure 

Material Recyclability Impact if Recycled 

Steel (Iron) Highly recyclable (up to 90%) Reduced need for new mining and smelting 

Zinc Coating Recoverable during steel recycling process Lower environmental footprint with reuse 

If improperly disposed of, however, the structure could contribute to waste, particularly through the zinc coating, which might leach into the 

environment. Recycling the GI structure recaptures much of the embedded energy from its production, making this stage critical for sustainability. 

Potential Improvements: Designing the GI rooftop structure with easy disassembly in mind can facilitate more efficient recycling. Additionally, promoting 

recycling programs for end-of-life components can ensure that valuable materials are reused. 

The Life Cycle Assessment of a GI rooftop structure for a 40kW solar panel system highlights both the environmental impacts and benefits at various 

stages. While the extraction and manufacturing of galvanized steel are resource-intensive, the long operational life of the structure and its recyclability at 

the end of its life significantly reduce its overall environmental footprint. Improvements in material sourcing, manufacturing efficiency, and recycling 

infrastructure can further enhance the sustainability of GI rooftop structures, making them a durable and eco-friendly choice for supporting solar energy 

systems. 

Proposed model for environmental analysis and Thermal set point    validation  

The methodology involves developing a MATLAB-based computational model capable of processing four primary input variables to produce three 

essential output metrics. This analytical framework is tailored to handle varying load conditions and different levels of renewable energy generation, 

ensuring adaptability and relevance across various energy management scenarios. 

 

Inputs and Outputs 

Input Variables: 

• Forecasted Load (MW): The predicted power demand for a specific time period. 

• Forecasted Renewable Generation (MW): The estimated power supply from renewable energy sources. 

• Actual Load (MW): The real-time power demand, dynamically ranging between 0 and 100 MW. 
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• Actual Renewable Generation (MW): The actual power output provided by renewable energy sources in real-time. 

Output Metrics: 

• Thermal Set Point (MW): The necessary thermal power output to balance the load demand. 

• Total Coal Saving (kg): The amount of coal conserved as a result of utilizing renewable energy sources. 

• Total CO2 Emission Saving (kg): The reduction in carbon dioxide emissions achieved through decreased coal usage. 

 Mathematical Formulation 

The equations for calculating each output are defined as follows: 

Thermal Set Point Calculation: 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑠𝑒𝑡 𝑝𝑜𝑖𝑛𝑡 = max (0, 𝐴𝑐𝑡𝑢𝑎𝑙 𝑙𝑜𝑎𝑑 − 𝐴𝑐𝑡𝑢𝑎𝑙 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ) 

This ensures that the thermal set point is non-negative, as a negative value would indicate excess renewable generation. 

Coal Saving Calculation: 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔 = 𝐴𝑐𝑡𝑢𝑎𝑙 𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 429 𝑘𝑔 

This calculation is based on empirical data showing that 1 MW of renewable energy generation displaces approximately 429 kg of coal. [20-21] 

CO2 Emission Saving Calculation: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑆𝑎𝑣𝑖𝑛𝑔 = 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔 × 2.42 𝑘𝑔 
The coefficient 2.42 kg represents the average CO2 emitted per kilogram of coal burned .[22] 

Analysis of Thermal Set Point 

The thermal set point provides critical insights into the level of thermal power required after considering renewable energy generation. For instance, if 
the actual load is 80 MW and the actual renewable generation is 50 MW, the thermal set point becomes: 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑆𝑒𝑡 𝑃𝑜𝑖𝑛𝑡 = 80 − 50 = 30 𝑀𝑊 

This implies that the thermal power plant must supply 30 MW to meet the total load demand. [23] 

Coal Saving Potential 

Renewable energy significantly reduces coal consumption. For example, if the actual renewable generation is 40 MW: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔 = 40 × 429 = 17,160 𝑘𝑔 
This figure underscores the large amount of coal that can be saved through renewable integration .[24] 

 CO2 Emission Reduction 

The CO2 emissions saved through reduced coal burning are substantial. Using the total coal saving from the previous calculation: 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑂2 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑆𝑎𝑣𝑖𝑛𝑔 = 17,160 × 2.42 = 41,527.2 𝑘𝑔 
The reduction in emissions achieved through this approach aligns with global greenhouse gas (GHG) reduction targets, showcasing the significant 

environmental benefits of integrating renewable energy into power grids. The Intergovernmental Panel on Climate Change (IPCC) provides 
standardized carbon dioxide (CO₂) emission factors for stationary combustion within the energy sector, calculated using the low heat value (net 

calorific) method [25]: 

• Lignite: 101,000 kg of CO₂ per terajoule (TJ) 

• Subbituminous Coal: 96,100 kg of CO₂ per TJ 

• Bituminous Coal: 94,600 kg of CO₂ per TJ 

• Anthracite: 98,300 kg of CO₂ per TJ 

These figures underscore the variability in CO₂ emissions based on the specific type of coal utilized in energy production, emphasizing the need for 
efficient management and a transition to cleaner energy sources [26]. 

 

Sensitivity Analysis 

To validate the robustness of the model, simulations were run under varying scenarios: 

• High renewable generation: Reduced thermal set point, increased coal savings. 
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Figure 5 Higher renewable generation scenario 

• Low renewable generation: Higher thermal set point, reduced coal savings. 

 

Figure 6 Lower  renewable generation scenario 

The analysis highlighted that as renewable penetration increases, the reliance on thermal power decreases, yielding higher environmental benefits. 

 Controller Design 

The ANN-based controller takes two inputs: 

• Actual Load 

• Actual Renewable Generation 

The controller generates the Thermal Set Point directly as its output. The ANN model was trained using historical data, with thermal set points 

from the MATLAB simulation used as target outputs during training. The ANN architecture includes: 

• Input Layer: 2 nodes (Actual Load, Actual Renewable Generation). 

• Hidden Layers: Fully connected layers optimized during hyperparameter tuning. 

• Output Layer: 1 node (Thermal Set Point).  

ANN controller is shown in the figure below 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 ANN controller prediction 
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Conclusion  

The thermal set points calculated by the MATLAB model and the ANN controller were compared. Equivalency in outputs validates the ANN controller's 

reliability and accuracy.  

 

The Life Cycle Assessment of the 40kW rooftop solar system installed in Majholi, Madhya Pradesh, demonstrates that while the initial production and 

installation phases have environmental impacts, these are significantly outweighed by the long-term benefits of clean energy generation. With an energy 

payback time of approximately 2.5 years and a substantial reduction in carbon emissions, the system proves to be an environmentally sustainable 

alternative to conventional power sources. The recyclability of key components further enhances its ecological value. This study highlights the importance 

of evaluating the entire lifecycle of renewable energy systems and suggests that advancements in solar technology, inverter efficiency, and integration 

with smart grid solutions can further improve their environmental performance and scalability in the future. 
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