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 The rapid adoption of electric vehicles (EVs) requires charging infrastructure 

that is sustainable, power-electronically efficient, and grid-compatible. This 

study presents a techno-economic and environmental optimization of a hybrid 

renewable energy-based EV charging station near Guru Nanak Dev 

Engineering College (GNDEC), Ludhiana, India, as a sustainable alternative 

to conventional petrol stations. Unlike studies based on assumed EV load 

profiles, the proposed framework integrates real-world e-rickshaw utilization 

data, inverter efficiency, and sensitivity analysis within a HOMER Pro 

optimization framework. The system combines solar photovoltaic (PV), 

battery storage, and grid supply through a bidirectional inverter to manage 

dynamic charging demand. Local solar irradiance (~5.6 kWh/m²/day) and 

actual e-rickshaw usage data were used as simulation inputs. Configurations 

were evaluated using net present cost (NPC), levelized cost of energy 

(LCOE), inverter efficiency, and CO₂ emissions. The optimal PV-battery-grid 

configuration achieved an NPC of $28,500, LCOE of $0.11/kWh, inverter 

efficiency of 95%, and approximately 95% lower CO₂ emissions than grid-

connected configuration, with a 6.5-year payback period. The findings 

highlight the importance of power-electronic efficiency and energy 

management for economically viable, low-carbon EV charging infrastructure, 

supporting SDGs 7 and 9. 
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1. INTRODUCTION 

Despite extensive research on renewable energy–based electric vehicle (EV) charging stations, key 

limitations persist. Most studies rely on assumed EV load profiles rather than real operational data, reducing 

practical relevance. Moreover, many HOMER-based techno-economic analyses focus on cost and emissions 

while neglecting power-electronics factors, such as inverter and charger efficiency. Sensitivity analysis is also 

often limited, particularly for solar variability and load uncertainty in semi-urban and institutional contexts. 

These gaps highlight the need for realistic and power-electronics-aware EV charging system designs. The rapid 

adoption of electric vehicles (EVs) presents a significant opportunity to reduce greenhouse gas emissions and 

dependence on fossil fuels. However, this potential can only be fully achieved through the development of 

efficient, reliable, and low-emission charging infrastructure. In areas such as Punjab, India, where urban 

https://creativecommons.org/licenses/by-sa/4.0/
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growth, escalating fuel prices, and power quality being top concerns—sustainable EV charging infrastructure 

is needed in order to assist green mobility [1], [2]. The conventional petrol filling station near Guru Nanak Dev 

Engineering College (GNDEC), Ludhiana, Punjab, presents a suitable case study for planning and testing such 

infrastructure. The area enjoys robust solar potential with average daily solar irradiance levels between 5.4 to 

5.8 kWh/m². Coupled with campus-based e-rickshaws and a feasible load profile, GNDEC proves to be an 

effective and replicable testbed for hybrid EV charging systems [3]-[5]. 

HOMER Pro, a microgrid simulation and optimization software, allows for modeling hybrid systems 

of solar photovoltaic (PV), battery energy storage systems (BESS), and traditional grid power. By combining 

all components, a highly optimized EV charging station can lower operating costs, improve energy resilience, 

and help meet carbon neutrality targets. The techno-economic and environmental viability of a hybrid 

renewable energy-driven EV charging station at GNDEC has been examined in this study. The performance 

parameters like net present cost (NPC), levelized cost of energy (LCOE), and carbon dioxide emissions (CO₂) 

have been analyzed [6]. Configurations are compared to determine the most economically viable and 

sustainable solution under local conditions. In addition, the role of battery storage in enhancing system 

reliability, lowering grid dependence, and maximizing renewable energy utilization is explored. 

While several previous studies have used HOMER-based optimization for EV charging stations, few 

have considered real-world e-rickshaw demand patterns in semi-urban India, or integrated sensitivity analysis 

and inverter/charger efficiency into the design. This gap motivates the present study, which uniquely 

benchmarks different configurations, tests their robustness under uncertain parameters, and highlights power 

electronics considerations. The results provide important recommendations for educational institutions, 

policymakers, and infrastructure developers aiming to implement decentralized and clean EV charging solutions 

across South Asia [7], [8]. A comparative summary of existing HOMER-based EVCS studies indicates that 

while many focus on techno-economic feasibility, they often overlook sensitivity to solar intermittency, battery 

degradation, and converter efficiency. Table 1 highlights these gaps and demonstrates the distinct contribution 

of the present study, which integrates local e-rickshaw demand modeling with hybrid-system optimization and 

power-electronics considerations. 
 

 

Table 1. Comparative literature review 
Authors, 

year 
Location/case Tool/method Focus of study Key findings Gap/limitation 

Rad et al. 

(2025) [9] 

85 world 

capitals 

HOMER Grid; 

techno-economic 

optimization 

Near-zero-

emission EV 

charging 

>80% renewable contribution; 

LCOE varied by city and 

charging period 

No local e-rickshaw 

demand, biomass 

integration, or detailed 
power-electronics analysis 

Demirci et 

al. (2026) 
[10] 

Five European 

capitals; Ankara 
case 

HOMER Grid; 

scenario and 
sensitivity analysis 

PV–storage EV 

charging 

Evaluated demand, carbon tax, 

PV, and ESS cost scenarios 

No biomass integration or e-

rickshaw-specific demand; 
V2G left for future work 

Veza et al. 

(2026) 
[11] 

Five Indonesian 

cities 

HOMER Pro; 

techno-economic 
optimization 

PV–battery–

hydrogen EV 
charging 

Identified city-specific optimal 

PV–hydrogen configurations 
and LCOE/LCOH 

No e-rickshaw demand 

modeling, PV–biomass 
integration, or power-

electronics analysis 

Güven et 
al. (2025) 

[12] 

Çukurova, 
Adana (Turkey) 

HOMER Pro Six hybrid EVCS 
scenarios (PV, 

biomass, H₂, 
grid) 

PV–biomass–H₂–grid mix gave 
NPC $611k, LCOE $0.0215 

Complex setup, not easily 
scalable 

Hüner 

(2025) 
[13] 

Hatay (Turkey) HOMER Pro PV–biogas–H₂ 

hybrid system 

NPC $1.92M, cost 

$0.2094/kWh, 95.78% CO₂ 
reduction 

Off-grid only; high capital 

cost 

Zhou et al. 

(2025) 
[14] 

China HOMER Pro Wind–solar–

storage 
optimization 

Grid-connected (purchase–sale) 

had lowest NPC (1.87M CNY), 
74.7% RE 

Grid-focused; limited EV 

integration 

Alhazmi 

(2025) 
[15] 

Saudi Arabia 

(Highways) 

HOMER Grid Siting & sizing of 

fast-charging 
stations 

200–500 kW FCS simulated; 

500 kW station gave 3.2 
GWh/year; cost $2.79M 

High cost; limited 

battery/storage integration 

Present 

Work 
(2025) 

GNDEC, 

Ludhiana (India) 

HOMER Pro + 

sensitivity + 
benchmarking 

Hybrid PV–

battery–grid 
EVCS for e-

rickshaws 

Achieved 89% solar share, NPC 

$28.5k, LCOE $0.11/kWh, 95% 
CO₂ reduction; included 

sensitivity (solar, load, battery) 

and inverter efficiency 

Lacks real-world pilot 

validation and detailed 
degradation modeling; 

scope for V2G and AI-based 

control in future 

 

 

The growing demand for EVs in South Asia burdens fossil fuel-reliant grids, particularly where 

connectivity is not reliable, and thus necessitates decentralized, low-carbon charging infrastructure. Current 

studies hardly tune hybrid setups that integrate grid supply, solar PV, and batteries for optimal performance or 
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consider real-world factors such as seasonal changes in demand and battery aging. There is also a deficiency 

of end-to-end techno-economic studies employing indicators such as NPC, LCOE, and payback period [16], 

[17]. This research bridges these gaps by employing HOMER Pro to design and evaluate a hybrid EV charging 

station based on cost, reliability, and environmental considerations for scalable, sustainable deployment. The 

main objectives are: i) To simulate and design a hybrid renewable energy-based electric vehicle (EV) charging 

station for GNDEC, Ludhiana, using HOMER Pro; and ii) To assess its techno-economic performance in terms 

of NPC, levelized cost of energy (LCOE), and carbon emissions. 
 
 

2. METHOD 

2.1.  Location and data collection 

The EV charging station location selected for this study is opposite Guru Nanak Dev Engineering 

College (GNDEC), Ludhiana, Punjab, India. Local solar irradiance data, with an average value of 

approximately 5.6 kWh/m²/day, were obtained from the HOMER Pro database. Real EV usage data were 

collected from campus-operated e-rickshaws, forming the basis for realistic load modeling. Hourly solar 

availability and EV charging demand profiles were used as inputs for simulation [17]. 

 

2.2.  System design 

The proposed hybrid EV charging system consists of solar photovoltaic (PV) panels, battery energy 

storage, grid connection, inverter, EV charging units, and an energy management system (EMS), as illustrated 

in Figure 1 and summarized in Table 2. PV panels generate DC power from solar energy, while battery storage 

retains surplus energy for use during low solar availability. The grid acts as a backup source to ensure 

uninterrupted charging. A bidirectional inverter converts DC power to AC for compatibility with EV chargers 

and the grid. System component sizes were selected based on local solar potential, EV energy demand, and 

scalability considerations [19]. 
 

2.3.  Simulation framework 

System modeling and simulations were carried out using HOMER Pro software over a full annual 

period of 8,760 hours. Several configurations—including grid-only, PV + Grid, PV + Battery, and PV + Battery 

+ Grid—were developed and simulated. Hourly dispatch strategies were employed to manage power flow 

between PV, battery storage, and grid supply to meet EV charging demand [20], [21]. 
 

 

 
 

Figure 1. Schematic diagram of an EV charging station 
 

 

Table 2. Component specification 
Component Value/specification 

Number of E-Rickshaws 20 

Battery capacity (per e-rickshaw) 4.8 kWh 

Total battery capacity 4.8 kWh x 20 = 96 kWh 
Daily energy consumption (per e-rickshaw) 1.5 - 2 kWh (per day) 

Total daily energy consumption 1.5 kWh x 20 = 30 kWh to 2 kWh x 20 = 40 kWh (per day) 

Charging time (per e-rickshaw) 4 - 6 hours (average, typically staggered to avoid simultaneous peak demand) 
Total energy requirement (for 1 full charge) 96 kWh (for all e-rickshaws) 

PV solar panel system size 20 - 30 kW (to meet daily energy demand, depending on location) 

Battery storage (if off-grid or backup required) 30 - 40 kWh (for 1 day’s backup energy) 
Inverter size 10 kW to 30 kW (depending on charging speed and capacity) 

Number of charging stations 1-2 stations (with 10 kW to 20 kW per station for fast charging) 

Grid connection (if hybrid) 20% of total system capacity (backup capacity for peak times) 
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2.4.  Optimization criteria 

The primary optimization objective was to minimize the NPC while ensuring reliable charging and 

maximizing renewable energy utilization. Additional performance indicators included levelized cost of energy 

(LCOE), carbon dioxide (CO₂) emissions, system autonomy, and payback period. Comparative analysis was 

performed to identify the most cost-effective and environmentally sustainable configuration. 
 

2.5.  Sensitivity analysis and power electronics considerations 

Sensitivity analysis was conducted to evaluate system robustness under variations in solar irradiance, 

EV load demand, battery cost, and inverter efficiency. Inverter efficiency (assumed as 95%) and charger 

characteristics were explicitly incorporated into the HOMER simulations, as they significantly influence 

system losses and energy cost. This analysis ensures reliable integration of PV, battery storage, and grid supply 

while maintaining stable charging performance for e-rickshaws [22], [23]. 
 
 

3. RESULTS AND DISCUSSIONS 

3.1.  Results 

This section first presents the quantitative simulation results obtained from HOMER Pro, followed by 

a focused discussion interpreting the techno-economic, environmental, and sensitivity outcomes. The hybrid 

renewable EV charging system designed for 20 e-rickshaws consists of a 25 kW solar PV array and 40 kWh 

battery storage. The total daily energy demand ranges between 35–40 kWh. As shown in Table 3, solar PV 

supplies approximately 89% of the total energy demand, while the grid contributes around 11%, primarily 

during periods of low solar availability [24]. 

The initial capital cost of the system is approximately USD 25,000, and the net present cost (NPC) 

over the project lifetime is estimated at USD 28,500. The levelized cost of energy (LCOE) is calculated as 

USD 0.11/kWh, with an estimated payback period of 6.5 years. Annual operation and maintenance costs are 

approximately USD 1,050. In terms of environmental performance, the hybrid system results in annual CO₂ 

emissions of approximately 0.35 tons, whereas a grid-only charging system emits about 4.2 tons per year, 

corresponding to an emission reduction of nearly 95%, as illustrated in Figure 2. 
 
 

Table 3. Optimization results 
Category Parameter Value Explanation 

Technical Solar PV capacity 25 kW Power generated from solar panels; sized to meet most daily 
charging needs. 

Battery storage capacity 40 kWh Stores solar energy for night/cloudy day use; enough for one 

day of charging. 
Daily energy demand 35–40 kWh/day Total energy needed to fully charge 20 e-rickshaws daily. 

Solar contribution ~89% The majority of power comes from solar; reduces grid 

dependence and emissions. 
Grid contribution ~11% Backup power source for low solar periods; kept minimal to 

lower costs. 

Economic Initial capital cost ~$25,000 USD Total upfront investment for PV, batteries, inverter, and setup. 
Net present cost (NPC) ~$28,500 USD Total cost over system lifetime, discounted to present value. 

Levelized cost of energy 

(LCOE) 

~$0.11/kWh Average cost of generated electricity over time; competitive 

with grid rates. 
Payback period ~6.5 years Time to recover investment through savings; shorter period 

means better return. 

Annual O&M Cost ~$1,050 USD Yearly maintenance and minor replacement costs. 
Environmental CO₂ emissions (hybrid) ~0.35 tons/year Very low emissions, mostly from occasional grid use. 

CO₂ emissions (grid-only) ~4.2 tons/year Estimated emissions if the system used only grid power. 

Emissions reduction ~95% Significant reduction in carbon footprint due to solar-based 
design. 

 

 

 
 

Figure 2. EV charging system performance for 20 E-Rickshaws 
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Sensitivity analysis was conducted to examine the impact of variations in key parameters on system 

performance. The weekly heatmap shown in Figure 3 illustrates the aggregate power generation from solar PV, 

battery storage, and grid supply over a seven-day period. Peak generation occurs during midday due to higher 

solar availability, while battery and grid sources contribute during early morning and evening hours [25]. 

Results presented in Table 4 indicate that variations in solar irradiance and EV load demand cause the largest 

changes in NPC and renewable fraction. Battery cost and inverter efficiency show moderate effects on NPC 

and LCOE, while changes in discount rate mainly influence long-term economic indicators. 
 

3.2.  Discussion 

The results indicate that integrating PV generation with battery storage significantly reduces grid 

dependence and emissions while maintaining acceptable economic performance. The obtained LCOE of USD 

0.11/kWh is comparable to values reported in similar EV charging studies conducted in India and Turkey [12]-

[14], while the achieved CO₂ reduction exceeds many grid-connected configurations reported in the literature. 

Sensitivity analysis further indicates that system performance remains stable under variations in solar 

availability and load demand, highlighting the importance of accurate local data for reliable system design. 

The techno-economic outcomes are influenced by power electronics parameters. The assumed 

inverter efficiency of 95% contributes to lower conversion losses and reduces LCOE by approximately USD 

0.01/kWh compared to lower-efficiency scenarios. In addition to economic indicators, system reliability, 

energy autonomy, and charger utilization metrics (Table 5) provide a broader assessment of system 

performance beyond cost minimization. 

While HOMER Pro is effective for preliminary sizing and techno-economic optimization, 

complementary tools such as MATLAB/Simulink and RETScreen can support dynamic control validation and 

financial screening, as summarized in Table 6. Furthermore, policy support through incentives, tariff reforms, 

interoperability standards, and smart-grid integration can facilitate large-scale deployment of hybrid EV 

charging systems. Vehicle-to-grid (V2G) integration using fleet-based EVs such as e-rickshaws presents 

additional opportunities for grid support, subject to suitable regulatory frameworks. 
 

 

 
 

Figure 3. Heatmap of total power output 
 

 

Table 4. Sensitivity analysis of key system parameters 
Parameter varied Range tested Effect on NPC Effect on LCOE Effect on renewable fraction 

Solar irradiance 4.5–6.5 

kWh/m²/day 

NPC varied by ±12% LCOE varied from $0.10–

0.13/kWh 

Renewable fraction 75–92% 

Battery cost –30% to +30% NPC varied by ±9% LCOE varied from $0.10–
0.12/kWh 

Minimal impact 

Load demand ±15% NPC varied by ±15% LCOE ranged from $0.09–

0.12/kWh 

Renewable fraction stable at 

85–90% 
Discount rate 2–6% NPC increased by 18% at 6% LCOE varied slightly No effect 

Inverter efficiency 90–97% NPC reduced by 5% at higher 

efficiency 

LCOE dropped by 

$0.01/kWh 

Renewable fraction 

unchanged 
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Table 5. Key performance metrics for the proposed hybrid EV charging system 
Metric Definition Formula Insight provided 

System reliability 
(%) 

Ability to meet EV charging 
demand without unmet load 

𝐸𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐸𝑆𝑒𝑟𝑣𝑒𝑑

𝐸𝐷𝑒𝑚𝑎𝑛𝑑

×  100 
High values indicate dependable 
charging availability 

Energy autonomy 
index (EAI) 

Share of EV charging energy 
supplied from on-site renewables 

𝐸𝐴𝐼 =
𝐸𝑃𝑉 + 𝐸𝑜𝑡ℎ𝑒𝑟 𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒

𝐸𝑇𝑜𝑡𝑎𝑙

 
Higher EAI shows reduced reliance on 
grid imports 

Charger utilization 
rate (CUR) 

Effectiveness of installed chargers 
𝐶𝑈𝑅 =

𝑇𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝑁𝐶ℎ𝑎𝑟𝑔𝑒𝑟𝑋𝑇𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒

 
Identifies under/over-utilization of 
charging assets 

Renewable 

fraction (RF) 

Portion of system’s energy 

generated from renewables 
𝑅𝐹 =

𝐸𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒

𝐸𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

 
Evaluates sustainability of supply 

Round-trip 

efficiency (RTE) 

Efficiency of energy storage cycle 
𝑅𝑇𝐸 =

𝐸𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑑

𝐸𝐶ℎ𝑎𝑟𝑔𝑒𝑑

 
Captures storage and conversion losses 

Net present cost 

(NPC) 

Total lifecycle cost of the system 

discounted to present value 
𝑁𝑃𝐶 =

𝐶ann,tot

𝐶𝑅𝐹(𝑖, 𝑁)
 

Evaluates overall economic feasibility of 

the EV charging system over its lifetime 

Capital recovery 

factor (CRF) 

Factor used to convert present 

cost into equivalent annual cost 𝐶𝑅𝐹(𝑖, 𝑁) =
𝑖(1 + 𝑖)𝑁

(1 + 𝑖)𝑁 − 1
 

Accounts for the effect of discount rate 

and project lifetime in cost calculations 

 

 

Table 6. Comparative features of simulation tools for EV charging studies 
Feature/capability HOMER Pro MATLAB/Simulink RETScreen 

Primary strength Techno-economic 

optimization, dispatch strategy 

High-fidelity dynamic simulation, 

control validation 

Financial feasibility and policy 

analysis 

Temporal resolution Hourly (default) Sub-second to hourly (user-defined) Monthly/daily (built-in datasets) 
Battery modeling Simplified lifetime and 

replacement 

Detailed electrochemical and thermal 

models 

Basic degradation assumptions 

Grid interaction Simplified tariffs, 
import/export 

Full dynamic grid integration and 
stability 

Tariff-based financial screening 

Ease of use GUI-based, moderate learning 

curve 

Requires modeling expertise Very user-friendly, integrated climate 

data 
Best use case Optimal sizing, cost evaluation Dynamic validation, control design Quick feasibility and financial 

screening 

 

 

4. CONCLUSION 

This study demonstrates the techno-economic and environmental feasibility of a hybrid renewable 

energy–based electric vehicle (EV) charging system designed to meet the daily energy requirements of 20 e-

rickshaws. The proposed PV–Battery–Grid configuration achieves a renewable energy contribution of 

approximately 89%, resulting in significant reductions in energy cost and carbon emissions. Among the 

configurations analyzed, the PV + Battery + Grid system exhibits the lowest net present cost (NPC), the lowest 

levelized cost of energy (LCOE), the shortest payback period, and a CO₂ emission reduction of over 95% 

compared to a grid-only charging scenario. 

The results confirm that decentralized EV charging infrastructure, when optimally designed using tools 

such as HOMER Pro and supported by appropriate power-electronics selection, can be both economically viable 

and environmentally sustainable in solar-rich regions. The key technical contribution of this work is the integration 

of real-world e-rickshaw charging demand with HOMER-based optimization while explicitly accounting for 

inverter and charger efficiency, thereby improving the realism and reproducibility of EV charging system design. 

From a practical perspective, the proposed framework can be directly adopted by educational 

institutions, fleet operators, and municipal authorities for deploying cost-effective EV charging stations as 

alternatives to conventional petrol filling stations. At the policy level, the findings support the need for targeted 

incentives for solar-integrated EV charging, favorable net-metering and time-of-use tariffs, and standardized 

power-electronics requirements to accelerate large-scale adoption. The study aligns with sustainable 

development goal (SDG) 7 (affordable and clean energy) and SDG 13 (climate action) by promoting clean 

energy access and low-carbon transportation. 

Future research should focus on pilot-scale implementation to validate real-time system performance, 

incorporation of battery degradation and lifecycle modeling, and evaluation of vehicle-to-grid (V2G) operation 

using bidirectional inverters. Additionally, AI-based energy management and adaptive control strategies can 

be explored to enhance system efficiency, reliability, and grid interaction under dynamic operating conditions. 
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