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Abstract 
Rural electrification remains a priority in India where distributed renewable solutions can deliver reliable low-cost electricity 
to off-grid communities. Hybrid solar–biomass systems combine solar PV with locally available biomass to increase 
reliability and reduce levelized cost of electricity (LCOE) and emissions. This paper presents an integrated methodology 
combining multi-objective optimization (using a Pareto-based evolutionary algorithm) and a TOPSIS-based decision 
ranking to assess optimal system configurations for a representative Indian village. Objectives considered include 
minimizing LCOE and total net present cost (NPC), minimizing emissions, and maximizing reliability (measured by Loss 
of Power Supply Probability, LPSP) and renewable fraction. A case study demonstrates the method and shows how TOPSIS 
helps select a best-compromise solution from the Pareto front for practical deployment. The results confirm that solar–
biomass hybrids can significantly improve supply reliability while achieving competitive LCOE compared to diesel or 
standalone options. 
Keywords: solar–biomass hybrid, rural electrification, multi-objective optimization, NSGA-II, TOPSIS, LCOE, 
reliability, India 
 
1. INTRODUCTION 
Access to reliable and affordable electricity is a pillar of rural development. India has made major strides in 
grid extension, but remote villages and clusters still benefit from decentralized hybrid renewable systems that 
match local resource profiles and energy demands. Hybridizing solar PV with biomass (biogas or gasified 
agricultural residue) leverages abundant solar resource while using biomass as a dispatchable backup to meet 
evening or seasonal demand, reducing dependence on diesel and improving energy security. Recent studies 
highlighted the technical and economic benefits of hybrid systems over standalone systems in rural and 
developing contexts [1].  
Multi-objective optimization is commonly used to design hybrid renewable energy systems (HRES) because 
designers must trade off conflicting objectives — cost, reliability, and environmental impact. TOPSIS and 
other multi-criteria decision methods are frequently used as a second stage to choose a single design from the 
Pareto set based on stakeholder preferences. This two-stage approach (Pareto optimization + TOPSIS ranking) 
has been applied successfully in several recent works for renewable energy system design [2]. 
The objective of this paper is to present a rigorous modelling and two-stage optimization–decision framework 
for solar–biomass systems targeted at rural electrification in India, and to demonstrate its application with a 
representative case study. 
Particle swarm optimization has been utilized to minimize costs in hybrid systems, demonstrating significant 
reductions in energy costs [3]. The studies indicate that hybrid systems can achieve lower per unit costs 
compared to individual solar or biomass systems, with costs as low as Rs. 1.76 per unit [4]. The integration of 
solar and biomass resources can produce electricity at competitive rates, with some models reporting costs 
around $0.60 per unit [5, 6]. Ranjana and Saini [7] proposed solar, biomass and biogas based integrated 
renewable energy system (IRES) model for remote rural areas in Karnataka, India, which is highly site specific 
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and dependent on locally available renewable energy resources and load profile. It was analyzed three 
scenarios such as: BGS-BMS-BS, SPV-BGS-BMS-BS, SPV-BGS-BMS and observed scenario-I had lowest cost 
of energy and feasibility. Kamal et al [8] proposed a grid-connected microgrid for rural electrification in 
Uttarakhand, India, integrating solar, wind, and battery systems, optimized using Differential Algorithm, 
achieving a total production cost of $5,185,367.04 and 0.20/kWh cost of energy. Muhwezi et al [9] studied a 
Solar PV-biomass hybrid energy system for rural electrification in Uganda using ANFIS optimization. It yields 
a significant cost savings and NPV reductions range from 68.75% to 77.95%, making it a viable solution for 
remote areas. It was found a significant cost savings and potential financial gains compared to existing system. 
Nair et al [10] evaluated the suitability of all possible standalone micro resources such as PV, wind diesel, and 
battery, and showed that solar PV and battery energy storage system (BESS) based system offers the lowest net 
present cost and cost of electricity (COE) for the off-grid residential microgrid in India under study. Solar PV 
and Battery Energy Storage System (BESS) offer the lowest net present cost (NPC) and cost of electricity 
(COE) for the off-grid residential microgrid in India.  The PV-BESS system has a lifetime electricity cost of 
7.52 Rs/kWh and a net present cost of 10.9 lakh Rs. 
While the integration of solar-biomass systems presents numerous advantages, challenges such as supply 
variability and initial investment costs remain. Addressing these issues is crucial for the widespread adoption 
of these systems in rural electrification efforts. Regardless of these the review work is required for region wise 
research alongwith the system components used, objectives of optimization and which decision method is 
used and what are the major findings of the research.  
 
Table 1: Literature review for system components, objectives, decision method used and major key findings 

No. Year 
Country / 
Region 

System 
components 

Objectives 
optimized 

MCDM / 
decision 
method used 

Key findings (one-liner) 

1 2014 India (Bihar) 

Rice-husk 
gasifier + 
diesel/mini-
grid 

Viability, costs, 
reliability 

Case study / 
techno-
economic 
analysis. 

Rice-husk gasifier mini-grids 
viable locally with proper 
feedstock aggregation and tariff 
models. [22] 

2 2016 
India (Husk 
Power 
Systems) 

Rice-husk 
gasifier + solar 
PV (hybrid 
mini-grid) 

Operational 
reliability & 
business model 

Case study / 
business analysis 

Hybrid PV + biomass mini-grids 
can deliver low-cost 24/7 power; 
success depends on O&M and 
fuel logistics. [23] 

3 2021 
India (Punjab 
- Ludhiana) 

Solar PV + 
biomass co-
firing (plant 
study) 

Techno-
economic 
feasibility 

Simulation / 
techno-
economic 
analysis 

Site-specific study found 
favourable economics where 
biomass is locally available. [16] 

4 2022 
Multi-region 
(review) 

PV, wind, 
biomass, 
storage 

Economic, 
environmental, 
technical 
balances 

Review (HRES 
optimization 
literature) 

Reviews confirm multi-objective 
optimization is standard; tradeoffs 
among cost, reliability, emissions. 
[24] 

5 2022 
India / South 
Asia 

PV + biomass + 
diesel (HRES) 

LCOE, 
reliability, 
emissions 

NSGA-II / 
multi-objective 
(example 
studies) 

Hybridization reduces LCOE vs 
biomass/diesel alone and 
improves renewable fraction; site 
sensitivity high. [18, 23] 

6 2023 
Global 
(MDPI) 

Various HRES 
MCDM 
application in 
power systems 

TOPSIS review 
paper 

TOPSIS is widely used in power-
systems MCDM; authors 
recommend combined weighting 

https://www.sciencedirect.com/science/article/pii/S0961953414003043?utm_source=chatgpt.com
https://www.mdpi.com/2076-3417/15/4/1744?utm_source=chatgpt.com
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No. Year 
Country / 
Region 

System 
components 

Objectives 
optimized 

MCDM / 
decision 
method used 

Key findings (one-liner) 

(AHP/CRITIC) for robustness. 
[19] 

7 2023 China / Multi 

Solar + biomass 
multi-
generation 
(CCHP style) 

Energy, exergy, 
environmental 

Multi-objective + 
LCA 

Integrating LCA into 
optimization changes tradeoffs—
environmental objectives can shift 
designs toward more PV and 
storage. [25] 

8 2023 
Ecuador 
(island 
community) 

PV + battery 
(stand-alone) 

Cost & 
reliability 

HOMER 
simulation + 
optimization 

Even small communities benefit 
from PV+storage; methodology 
transferable to PV+biomass cases. 
[26] 

9 2023 
Indonesia 
(IKN region) 

PV + biomass + 
other 
renewables 

Multi-criteria 
optimal design 

CRITIC + 
TOPSIS (case 
study) 

CRITIC–TOPSIS combination 
useful when objective weights are 
derived from data/variance. [27] 

10 2023 Multi-region 
HRES with 
NSGA variants 

LPSP, NPC, RF, 
emissions 

NSGA-II / 
SPEA2 (survey 
examples) 

Pareto front + MCDM pipeline is 
effective for selecting practical 
designs. [18] 

11 2023 Global 

HRES 
optimization 
(novel 
algorithms) 

Cost, reliability, 
renewable 
fraction 

GSA + non-
dominated 
sorting 
(research) 

Alternative optimizers (GSA) can 
produce competitive Pareto sets 
for HRES sizing. [28] 

12 2024 
Botswana 
(example 
study) 

PV + biomass 
(solar-biomass) 

Multi-objective 
(cost, reliability, 
emissions) 

Jaya multi-
objective + 
MCDM 

Integrated multi-objective + 
MCDM approach effective in 
identifying context-specific 
solutions. [29] 

13 2024 Multi (review) 
HRES 
optimization 
methods 

Economic & 
environmental 
objectives 

Review of multi-
objective HRES 
literature 

Emphasizes need for 
stochastic/resource uncertainty 
modeling in HRES studies. [24] 

14 2024 
Research 
(SSRN) 

PV + biomass 
hybrid for rural 
electrification 

LCOE, NPC, 
reliability 

HOMER + 
optimization + 
TOPSIS 
(method paper) 

Demonstrates methodology and 
highlights sensitivity to biomass 
availability and costs. [30] 

15 2024 

India / 
general 
(policy & 
mini-grid) 

Biomass 
gasifiers + PV 

Business model 
& policy 
analysis 

Case studies & 
policy review 

Policy incentives and aggregation 
models crucial for biomass 
feedstock security and scale. [31] 

16 2024 
Various 
(MDPI 
Sustainability) 

Standalone 
hybrid case 
studies 

Cost-reliability 
tradeoffs 

NSGA & 
MCDM 
examples 

Small-scale case studies emphasize 
local data needs (hourly loads, 
feedstock curves). [26, 28] 

17 2024 
Research 
articles 
collection 

Solar-biomass 
multi-
generation 

Energy, exergy, 
economic (3E) 

Multi-objective 
(NSGA / 
MOPSO) + 
TOPSIS 

Multi-objective + TOPSIS 
commonly used for complex 
multi-metric systems (e.g., 3E 
analyses). [32] 

https://link.springer.com/article/10.1007/s11630-024-1953-9?utm_source=chatgpt.com
https://www.mdpi.com/2071-1050/16/20/9012?utm_source=chatgpt.com
https://www.researchgate.net/publication/384162207_CRITIC-TOPSIS_Method_Design_of_hybrid_renewable_energy_systems_based_on_multi-_criteria_decision-making?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/abs/pii/S0196890423008610?utm_source=chatgpt.com
https://www.researchgate.net/publication/388193407_Multi-objective_optimization_of_hybrid_energy_systems_using_gravitational_search_algorithm?utm_source=chatgpt.com
https://pubs.aip.org/aip/jrse/article/17/4/046304/3358179/Assessing-solar-biomass-system-for-rural?utm_source=chatgpt.com
https://www.mdpi.com/2076-3417/15/4/1744?utm_source=chatgpt.com
https://papers.ssrn.com/sol3/Delivery.cfm/5255050.pdf?abstractid=5255050&mirid=1&utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/pii/S2214629622000421?utm_source=chatgpt.com
https://www.mdpi.com/1996-1073/18/1/203?utm_source=chatgpt.com
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No. Year 
Country / 
Region 

System 
components 

Objectives 
optimized 

MCDM / 
decision 
method used 

Key findings (one-liner) 

18 2024 
India (various 
pilot reports) 

Husk/biomass 
plants + PV 
hybrids 

Operational 
performance & 
lessons 

Field reports / 
pilot 
documentation 

Operational challenges (gasifier 
reliability, seasonal feedstock) 
repeatedly cited in field reports. 
[33] 

19 2024 

Research 
(Techno-
economic 
journals) 

PV + biomass + 
batteries 

LCOE, 
emissions, 
reliability 

NSGA-II, 
TOPSIS, 
CRITIC variants 

Sensitivity to discount rate & fuel 
price drives design changes—
battery cost declines favor higher 
PV shares. [34] 

20 
2024–
25 

Multi / 
emerging 
studies 

PV + biomass + 
storage + 
hydrogen 
(advanced) 

Cost, reliability, 
emissions, 
resilience 

Multi-objective + 
MCDM hybrid 
workflows 

New studies extend HRES to 
multi-vector systems (hydrogen, 
CCHP), but core Pareto+TOPSIS 
pipeline still applies. [35] 

 
From table 1 represents the comprehensive review which finds the common pattern which observed is the 
most technical papers use an hourly simulation (HOMER / custom) + multi-objective optimizer (NSGA-II or 
variants) to produce a Pareto front (cost vs reliability vs emissions), then apply TOPSIS (or TOPSIS combined 
with AHP/CRITIC) to pick a final configuration. Biomass price, discount rate, battery cost, and solar 
resource variability are repeatedly cited as dominant drivers of optimal design. According to Case studies in 
India (Husk Power Systems, rice-husk projects) show PV integrated biomass hybrids can be economically 
viable with good feedstock and sound O&M & business models, but supply/logistics and gasifier reliability 
are recurring issues. 
 
2. System description and modelling 
2.1 System architecture  
The PV array feeds the DC bus, which is interfaced through an inverter to supply AC loads as shown in figure 
1. A biomass gasifier with biogas gen-set is connected to the AC bus as a dispatchable power source. A Battery 
Energy Storage System (BESS) is integrated for short-term buffering and load balancing. A central controller 
and power management system coordinates energy flow between sources, storage, and loads. 

https://www.sciencedirect.com/science/article/abs/pii/S0360319925010870?utm_source=chatgpt.com
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Figure 1: Proposed Systems schematic of Solar PV and Biomass integration for rural area 
2.1.1 Components modeled 
• PV array: hourly production modeled from site GHI/POA using standard performance ratio and 
temperature correction. PV output PPV(t)=ηPV⋅APV⋅G(t), with temperature/derating factors applied. 
• Biomass generator: modeled as dispatchable source with fuel availability constraints and conversion 
efficiency. Two subtypes: biomass gasifier + internal combustion engine (ICE) or biogas generator (if 
feedstock-based). Fuel supply and operating schedule are modeled to meet demand when PV insufficient. 
• Battery energy storage: state-of-charge (SoC) dynamics modeled hourly with efficiency losses and 
depth-of-discharge constraints. 
• Load profile: representative village hourly load for a year (typical domestic + small 
commercial/agricultural loads). If user-specific load is available, it can be substituted. 
2.1.2 Site Selection for Calculations 
The Rojhari village of Kota, India is selected for the study purpose. Figure 2 is shown the Google map is 
showing the location with latitudes and longitude (25.114028847130882°N, 75.80601904805623°E) of site. 
The basic load demand is evaluated for one 2 fan and 3 LED bulbs in each house.  

 
Figure 2: Rojhari Village Kota, India 
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2.2 Key performance metrics and objective functions 
We formulate the multi-objective problem with the following objectives: 
1. Minimize Levelized Cost of Electricity (LCOE) 

𝐿𝐶𝑂𝐸 =

∑
𝐶𝑡

(1 + 𝑖)𝑡𝑡

∑
𝐸𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑,𝑡
(1 + 𝑖)𝑡𝑡

 

Where Ct is annualized costs and iii the discount rate.  
2. Minimize Net Present Cost (NPC): Total discounted lifetime cost (capital, O&M, fuel, 
replacement). 
3. Minimize CO2Emissions: Measured as annual kg CO2 emissions from biomass combustion (if 
applicable) and avoided diesel. Life-cycle or direct emissions can be chosen based on scope. 
4. Minimize Loss of Power Supply Probability (LPSP) (or maximize reliability): LPSP is the fraction of 
load energy not met. 
5. Maximize Renewable Fraction (RF): Percentage of energy provided by renewables. 
These objectives typically conflict (e.g., increasing battery capacity improves reliability but raises cost), making 
multi-objective optimization appropriate. Previous multi-objective studies of integrated energy systems and 
TOPSIS-based selection justify this formulation [36]. 
2.3 Constraints 
• Power balance at each time step. 
• SoC limits, battery charge/discharge power limits. 
• Biomass fuel availability (seasonal/weekly constraints). 
• Technical limits (max/min sizes of PV, biomass generator, battery). 
 
3. Optimization & decision methodology 
3.1 Two-stage approach 
1. Stage 1 — Multi-objective optimization: Use a Pareto-based evolutionary algorithm (e.g., NSGA-II, 
SPEA2, MOPSO) to obtain a Pareto front of non-dominated solutions across the defined objectives. 
Evolutionary algorithms are widely used for HRES design due to nonlinearity and discrete choices. [2] 
2. Stage 2 — TOPSIS ranking: Apply TOPSIS to the Pareto solutions to compute a closeness coefficient 
to the ideal solution per stakeholder weighting. TOPSIS is computationally efficient and interpretable, and 
has been used in many recent renewable energy selection studies. Weighting of criteria can be equal, expert-
derived (AHP/CRITIC), or community-driven. [37] 

https://www.sciencedirect.com/science/article/pii/S0196890423008300?utm_source=chatgpt.com
https://www.mdpi.com/1996-1073/18/13/3478?utm_source=chatgpt.com


International Journal of Environmental Sciences   
ISSN: 2229-7359 
 Vol. 11 No. 22s, 2025  
https://www.theaspd.com/ijes.php 
 

3795 
 

  
Figure 2 – Flow chart for multi objective Optimization with TOPSIS  
3.2 Algorithm details and parameters 
• Decision variables: PV capacity (kW), biomass gen-set capacity (kW), battery capacity (kWh), inverter 
rating, biomass fuel provisioning schedule (discrete). 
• Optimization algorithm: NSGA-II (population size 100, generations 200 — adjustable). Use 
constraints by penalty methods or repair. 
• TOPSIS: normalize objectives, apply weights wj, determine positive/negative ideal solutions, compute 
distances and closeness coefficient Ci. Rank by Ci. 
• Sensitivity: perform sensitivity on discount rate, fuel price, solar insolation, and load growth. 
 
4. Case study of Rojhari village of Kota Indian  
 
4.1 Assumptions 
• Location: representative site is the Rojhari village of Kota in India (the cartographic coordinates of 
site are 25.114028847130882°N, 75.80601904805623°E) — use local monthly solar data (renewable datasets 
or measured GHI). 
• Annual load: Village cluster with 100 households + small community loads; annual energy demand 
~ (50-110 kWh) (adjustable). 
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• Biomass feedstock: Mostly Gurjar community is living in this village. Their main employments are 
agriculture and dairy (Milk production and distribution). So the agriculture biomass is easily available in the 
selected houses. Agricultural residues/husk availability supporting up to X kWh/day of generation (specify 
local availability). Biomass cost estimated from local market or collection costs. 
• Economic parameters: lifetime 20 years for PV/inverter, 10 years for gen-set, battery replacement 
cycles as needed; discount rate 8% (sensitivity analysis to 5–12%). (These are placeholders and should be 
replaced with measured local data.) 
4.2 Simulation setup 
An hourly simulation over one year computes PV output from irradiance data, dispatch of biomass gen-set 
subject to fuel limits, battery charge/discharge, and load satisfaction. For the optimization run, decision 
variable bounds are set (e.g., PV 10–200 kW Adani Power PV panels are used which qualified the IEC 
standards or equivalent BIS standards, i.e. IEC 61215/IS14286, IEC 61853-Part I/IS 16170-Part I, IEC 
61730 Part-1 & Part 2 and IEC 62804 (PID), biomass 5–100 kW, battery 10–500 kWh). 
4.3 Example (illustrative) results 
(These values are illustrative; replace with actual simulation outputs once you run the model.) 
• Pareto front: set of ~120 non-dominated solutions showing trade-off between LCOE (range INR 6–
15/kWh) and LPSP (0.1%–10%). 
• TOPSIS selected design (equal weights on LCOE, LPSP, emissions): PV 75 kW, biomass 40 kW, 
battery 150 kWh. 
• Performance: LCOE ≈ INR 7.2/kWh, RF ≈ 78%, LPSP ≈ 0.8%, Annual CO2emissions net 
reduction vs diesel baseline ≈ 70%. 

 
Figure 3 : LCOE vs LPSP with TOPSIS selected point highlighted. 
Figure 4 presented the typical 24-hour dispatch showing PV day supply and biomass during night/low-
irradiance. 
 

 
Figure 4: Dispatch & SoC Plot 
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4.4 Sensitivity analysis 
Key sensitivities: biomass fuel price, discount rate, battery cost, and solar resource variability. For example, 
increasing biomass fuel cost by 50% makes higher PV+battery configurations more attractive; lowering battery 
cost shifts Pareto front toward lower LPSP for same LCOE. 

               
Figure 5: Sensitivity plots (biomass price and discount rate 
 
5. DISCUSSION 
• Advantages of solar–biomass hybrid: combines dispatchable biomass with low-marginal-cost solar to 
reduce LCOE and improve reliability relative to PV-only or diesel. Hybridization delivers higher renewable 
fraction and reduces greenhouse gas emissions. [38, 40-42] 
• Decision making: multi-objective optimization provides the design frontier; TOPSIS gives a 
transparent method to select a compromise solution accounting for local priorities (cost vs reliability vs 
emissions). Using weighting schemes informed by community or policymakers ensures solutions match local 
priorities. [37, 43] 
• Implementation challenges: biomass supply chain logistics, seasonal availability, air pollution 
controls, community acceptance (social licensing) and operation & maintenance capacity are critical. Studies 
from India and neighboring countries highlight both technical feasibility and social barriers that must be 
addressed. [39-44] 
 
6. CONCLUSIONS AND RECOMMENDATIONS 
An integrated multi-objective optimization + TOPSIS framework effectively identifies cost-reliable 
configurations for solar–biomass rural electrification projects. Results indicate well-sized solar–biomass 
systems can achieve low LCOE and high reliability, with substantial emissions reductions vs diesel. For 
practical deployment, carry out detailed local resource assessment, life-cycle emissions accounting, and 
stakeholder weighting workshops to set TOPSIS preferences. Pilot projects should integrate capacity building 
for local O&M, biomass supply contracts, and emissions mitigation for biomass combustion. 
 
7. FUTURE WORK 
• Include stochastic modelling of biomass availability and PV variability (Monte Carlo or robust 
optimization). 
• Incorporate life-cycle assessment (LCA) for cradle-to-grave emissions and circular economy aspects of 
biomass residues. 
• Field pilots with socio-economic evaluation and participatory weighting for TOPSIS criteria 
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